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ABSTRACT 

Sak and Plk are protein kinases of the polo family. In lower organisms. Plk homologs 

are required for the precise regulation of mitosis. In this thesis. SAK expression has been 

evaluated in a senes of human colorectal cancers. and compared with that of PLK. In the 

majority of colorectal cancer specimens. both SAK and PLK were more highl y expressed in 

tumours than in adjacent normal intestinal tissue. In both colorectal cancer ce11 lines and 

tumours. expression of SAK was greater in samples showing microsatellite instability 

compared to those with chromosomal instability. PLK expression did not differ between 

these groups. An inducible system was assembled to express a GFP-Sak fusion protein in 

murine fibroblasts, and to examine subcellular localization of the protein during the ceIl 

cycle. While expression and localization of GFP-Sak were similar to patterns reported for 

PLK. differences in nucleolar and perinuclear distribution were obsemed. suggesting a 

distinct function for Sak. 
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CHAPTER 1: INTRODUCTION 

A. REGULATION OF THE EUKARYOTIC CELL CYCLE 

From one cell division to the next, eukaryotic cells pass through an organized series of 

events referred to as the ce11 cycle (see Figure 1.1, page 2). The two key events of the cell cycle 

are replication of DNA, which occun during S-phase (DNA synthesis), and segregation of 

nuclear and cellular material. which is the task of mitosis, or M phase. Gap intervals known as 

GI and Gz precede the onset of DNA replication and mitosis, respectively. During GI a decision 

is made to either continue through the ceIl cycle and divide, or exit the ceIl cycle into a 

prolonged gap phase (Go), generally associated with a differentiation event. If growth factors or 

nutrients are insufficient, cells in tissue culture cannot pass beyond a specific point in Gi known 

as the restriction point (R-point) (Pardee, 1974). Once past the restriction point. however, the 

ce11 is committed to complete the current round of cell division and no longer requires 

extracellular growth signals. Interphase consists of GI, S and Gz phases. and comprises over 

90% of the ce11 cycle time in proliferating cells. 

Regulation of the ce11 cycle is normally precise (for review, see Nurse, 1994). The 

initiation of each event of the ce11 cycle is dependent upon the proper execution of the preceding 

event. Thus, DNA replication (S phase) is completed prior to the onset of mitosis, which 

concludes before cytokinesis begins. The order of these events must be maintained; each round 

of DNA replication is followed by equitable segregation of chromosomes so ploidy levels remain 

the same in daughter cells. To maintain this precise order of events, cellular surveillance 

systems operate at checkpoints throughout the ce11 cycle, responding to erron in such processes 

as DNA replication and spindle formation by blocking further progression through the cycle. 

These temporal dependencies are maintained via a complex regulatory network which involves a 

farnily of cyciin-dependent kinases (cdks) that have been strictly conserved throughout 

eukaryotic evolution (Hartwell, 1992). 
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Spindle Checkpoint 

Cyclin B/A + cdkl 

(3% DNA Damage Checkpoint 

Cyclin A + cdk2 

Cyclin D + cdk4, cdk6 

Restriction Point 

G DNA Damaye Checkpoint 

Cyclin E + cdk2 

Figure 1 . l:  The Eukaryotic Cell Cycle. Phases of the cell cycle are shown, with important 
regulatory cyclin/cdk complexes (in blue) and known cell cycle checkpoints (in red). 



A.l Cyclins and Cyclin-Dependent Kinases 

Progression through the cell cycle depends on the orderly activation and inactivation of a 

series of cyclin-dependent kinases (cdks). This is accomplished by the binding of positive 

effecton, the cyclins. and by activating and inactivating phosphorylation events at three 

conserved sites in the cdk (Morgan, 1995). Cyclin binding to its corresponding cdk is required 

for kinase activation. as is phosphorylation of the cyclidcdk complex by Cdk-activating kinase 

(CAK) (Kaldis et al, 1996; Solomon, 1993). An additional level of control is provided by two 

different families of cdk inhibitory molecules, the kinase inhibitor protein (Cip) famil y, and the 

inhibitor of cdk4 (INK4) family. INK4 family mernbers are specific for the Gi phase cdks, 

whereas members of the Cip family inhibit a broader range of cdks (for reviews, see Reed et al, 

1994; Sherr and Roberts, 1995). 

Cdks are small serindthreonine kinases that are expressed at constant levels throughout 

the cell cycle and are catalytically inactive unless they are bound to cyclins. In contrast, cyclin 

levels oscillate during the ce11 cycle, and cyclin mRNA and protein expression peak at the time 

when maximal cdk activity is required for a specific ceil cycle transition. Degradation of cyclin 

proteins is also stnctly controlled and contributes to the tight temporal regulation of cdk activity 

(see King et al, 1996 for review). 

The family of marnmalian cyclins includes cyclins A to H, al1 of which share a conserved 

domain of approximately 100 amino acids, the cyclin box, where cdk contact occurs (Kobayashi 

et al, 1992; Lees and Harlow, 1993). Different cyclin-cdk associations regulate each cell cycle 

transition. Passage through Gi into S phase fint requires the activity of D-type cyclins. A 

primary role for cyclin Dkdk complexes in vivo is the phosphorylation of the Rb protein, which 

is required to allow progression from Gi to S phase. Cyclin Ekdk2 activity increases after the 

peak of cyclin Dkdk activation, and is also essentiai for entry into S phase. as is evident from 

antibody microinjection studies (Ohtsubo et al, 1995). Cyclin Afcdk2 activation follows 
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thereafter, and is important for progression through S phase. B-type cyclins, also called rnitotic 

cyclins. associate with cdkl (known also as cdc2, the fission yeast homolog) to control entry into 

and exit from mitosis. B-type cyclin levels increase dunng S phase (Pines and Hunter. 1989). 

The abrupt controlled degradation of cyclin B by the ubiquitin-proteasome pathway allows exit 

from mitosis (King et al, 1996). 

A.2 Mitotic Control 

A.2.1 Phosphorylation S tate 

Mitosis is the common mechanism in eukaryotes for partitioning the genetic material 

equally at ce11 division. At this stage, there is a dramatic change in the entire architecture of the 

cell. The nuclear envelope and,the Golgi apparatus disassemble, chromosomes condense, the 

actin and intermediate filament networks are reorganized, and the microtubule network is 

reshaped to fom the spindle. These morphologie rearrangements are accompanied by a large 

increase in the arnount of phosphoprotein within the cell, caused by a pivotai shift in the balance 

of kinase and phosphatase activities. 

Numerous studies have linked activation of the cyclin Bfcdkl complex to the structural 

and functional changes in the aforementioned cellular components (reviewed in Jackrnan and 

Pines, 1997). Inhibitory phosphorylation of cdkl by Weel and Myt l enzymes keeps the kinase 

inactive until the G2/M transition (Booher et al, 1997; McGowan and Russell, 1995; Parker and 

Piwnica-Worms, 1992). To activate cdkl rapidly at prophase, Weel kinase activity must be 

downreguiated and Cdc25C phosphatase activity must be upregulated. This is achieved by 

extensive phosphorylation of both Weel and Cdc25C. such that active Cdc25C can now 

dephosphorylate and activate cdk 1, tnggenng entry into mitosis (Dunph y, 1994). 

The activation of Cdc25C is clearly an important event in ce11 cycle progression, and thus 

investigaton have sought to identify the 'trigger kinase' responsible for phosphoryiating this 



rnolecule. The cyclin Blcdkl complex itself has been implicated, creating a positive feedback 

loop of Cdc25C activation (Hoffmann et al. 1993: Izumi and Maller, 1995). However. more 

recently attention has focused on the polo-like kinase family of ceIl cycle regdators. since the 

Xenopiu polo. Plx 1, has been found to phosphorylate Cdc25C both in vitro (Kumagai and 

Dunphy, 1996) and in vivo (Qian et al. 1999). Functions of the polo-like kinases are discussed in 

greater detail in Section B .3-B .S. 

A.2.2 Spatial Compartmentalization 

A growing body of evidence suggests that the sequestration of kinases and phosphatases 

in either the nuclear or cytoplasmic cornpartment may also control their ability to perform 

necessary functions in mitotic progression (Pines, 1999). The 14-3-3 farnily of proteins regulates 

cellular activity by binding and sequestering phosphorylated proteins in the cytoplasm. 14-3-3o 

normally binds cyclin Blcdkl complexes. and the cytoplasmic localization of these complexes is 

a critical regulator of the Gz/M transition (Jin et al. 1998). Chan et ai (1999) have shown that 

cells lacking 14-3-3a undergo mitotic catastrophe in response to treatment with DNA-damaging 

agents, likely because the cyclin Bkdkl complex is allowed to enter the nucleus prematurely and 

tngger rnitosis before genomic integrity has been restored. Other 14-3-3 proteins similarly 

sequester the Cdc25C phosphatase in the cytoplasm, thus providing another mechanism for 

delayed entry into mitosis untii DNA synthesis or recovery from DNA damage is complete 

(Zeng and Piwnica-Worms, 1999). 

- A second example of compartmentalization regulating function is that of Cdc 14, a protein 

phosphatase that functions to tngger exit from mitosis. Cdc 14 is bound to Cfi 1, an interaction 

which maintains this protein within the nucleolus for the duration of Gi,  S. G2 and early mitosis 

(Visintin et al, 1999). The release of Cdcl4 during anaphase enables it to spread throughout the 

nucleus and cytoplasm. and v igpr  exit from mitosis (Shou et al. 1999; Visintin et al, 1998). The 



mitotic exit network (MEN) is a constellation of at least seven proteins. including Cfi 1, that are 

thought to be involved in modulating the activity of Cdcl4 activity, perhaps through subcellular 

localization (Burke, 2000). 

The localization of kinases and phosphatases to different compartments within the cell 

has obvious implications for substrate specificity and potentiall y for the mechanics of cell cycle 

regulation, because some of these ceil cycle regulaton also translocate between compartments in 

a ce11 cycle-dependent manner. Thus, the use of techniques such as green fluorescent protein 

(GFP)-tagging, to facilitate the tracking of a protein as the ce11 progresses through the cycle, is an 

important approach to discovenng the function of a new putative ce11 cycle regulator. 

A 3 3  Ubiquitin-Mediated Protein Degradation 

A third mechanism for regulating progression through mitosis involves the precise 

temporal degradation of proteins that hold cells at a particular phase of the ce11 cycle. The 

metaphase-to-anaphase transition and the exit from mitosis are two events that are controlled by 

protein degradation. In both cases, this degradation occurs via the ubiquitin pathway, and 

requires the participation of a specific ubiquitin ligase known as the anaphase-promoting 

complex (APC) (formerly called the cyclosome) (King et al, 1995; Sudakin et ai, 1995). To 

undentand the function of the APC. a bief review of ubiquitin-mediated proteolysis is 

necesswy. 

Accumulating evidence indicates that a major system for selective protein degradation in 

eukaryotic cells is the ubiquitin-proteasorne pathway (for reviews, see Ciechanover, 1994; 

Hershko and Ciechanover, 1992). The first step in this pathway is the addition of multiple 

ubiquitin chains to the substrate. Ubiquitin is a highly conserved 76 aa protein, present in al1 

eukaryotes. A ubiquitin-activating enzyme (El) and a ubiquitintonjugating enzyme (E2) 

collabonte to catalyze the transfer of multiple ubiquitin molecules to side chains on target 

proteins in an ATP-dependent reaction. Proteins iigated to multiple ubiquitin units are degraded 
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by a 26s proteasome complex, formed by the assembly of the E l  and E2 components with an 

E3-ubiquitin ligase. which is the 20s 'catalytic core' (Eytan et al, 1989). The assembled 26s 

proteasome degrades the protein moiet y of ubiqui tin-protein conjugates to small peptides. 

Following proteolysis. free and reusable ubiquitin is released. Two groups have genented strong 

experimental evidence to indicate that c yclin degradation is ubiqui tin-mediated (Glotzer et al. 

1991; Hershko et al, 1994). 

The APC is the 20s 'cataiytic core' of the proteasome complex that functions during 

mitosis. APC activity rises abruptly at metaphase, resulting in the destruction of proteins that 

inhibit sister-chromatid separation. APC-dependent destruction of additional regulaton initiates 

spindle disassembly, cytokinesis, and the resetting of replication origins for the cell-division 

cycle (for review see Morgan, 1999). Substrates for the APC include Pdslp/Cut2p at the 

metaphase-to-anaphase transition (Cohen-Fix et al, 1996; Funabiki et al, 1996). and mitotic 

cyclins at exit from rnitosis (Peters, 1998). In budding yeast, the degradation of Pdslp precedes 

that of the Clb2p mitotic cyclin (Shirayama et al. 1998). This presumably controls the orderly 

progression through the completion of rnitosis, with separation of chromosomes k ing  a 

prerequisite for exit from mitosis. Defining the factors that determine the specificity and 

temporal order of degradation of APC substrates is an area of cunent research, and proteins 

implicated include Cdc2O and Cdh 1 (Visintin et al, 1997). In S. cerevisiae. several genes have 

been described whose protein products appear to comprise a late mitotic regulatory network 

governing cyclin-specific proteolysis by the APC (Jaspersen et al, 1998). The importance of 

cyclin destruction for exit from mitosis is undencored by the observation in eukaryotic ceils that 

overexpression of nondestructible forms of cyclin B causes cells to arrest in anaphase (Gallant 

and Nigg, 1992; Murray et al, 1989; Rimmington et al, 1994; Yamano et al, 1996). 

Like many other cell cycle regulators, APC proteins mut  be phosphorylated to becorne 

active (Lahav-Baratz et al, 1995). Among the kinases thought to be important in this step are 
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cdkl (Patra and Dunphy. 1998). and the polo-like kinases (Charles et al. 1998; Kotani et al. 

1998; Shinyama et al. 1998). The interaction between polo family mernbers and the 

components of the APC is descnbed in greater detail in Section B. 

A.3 Ce11 Cycle Checkpoints 

The concept of a ceIl cycle checkpoint was first elaborated by Hanwell and Weinert 

(1989) in connection with their studies of how budding yeast delay anaphase in response to DNA 

damage. A checkpoint is a biochemical pathway that ensures dependence of one event upon 

completion of a prior event; a loss-of-function mutation in a checkpoint gene obviates the 

dependence (Elledge, 1996). Thus, checkpoints are not necessarily essential to the ce11 cycle. but 

will halt progression in the face of stress or darnage (Shen, 1996). A major function of 

checkpoint control is to minimize somatic genetic altentions and preserve the integnty of the 

genome. 

A3.1  Gl DNA Damage Checkpoint 

An important checkpoint in Gi prevents cells with damaged DNA from entering S phase 

(see O'Connor, 1997 for review). Three rnammalian genes control this DNA damage 

checkpoint: mutated in ataxia telangiectasia (ATM) (Painter and Young, 1980; Savitsky et al, 

1995), p53 (Livingstone et al. 1992; Yin et al, 1992), and p21 (Deng et al. 1995). Of these. p53 

is the most widely studied. The p53 gene is the turnour suppressor gene most frequently mutated 

in hurnan cancers (Cox and Lane, 1995; Hollstein et al, 1991; Levine, 1997). It encodes a 

transcription factor that is nomally short-lived in cells, but becomes stabilized following DNA 

damage or alteration in nucleotide pools. Cells defective for p53 are unable to arrest in Gi in 

response to ionizing radiation which induces DNA breaks. Inactivation of wild type p53 is a 

cornmon event during human carcinogenesis and results in loss of the Gi checkpoint after DNA 

damage (Kastan et al, 1992). 



Activated p53 promotes the transcription of several genes. including p2 1. a tight-binding 

inhibitor of the cdks that control entry into S phase (Elledge. 1996). Cells lacking p21 function 

are also deficient in the GI checkpoint (Deng et al, 1995). The ATM gene is known to regulate 

p53 (Kastan et al, 1992). Cells lacking ATM show delayed or defective induction of p53, p21. 

GADD45 and other proteins that function in the p53 signaling pathway, in response to DNA 

damage induced by ionizing radiation (Kastan et al, 1992; Lu and Lane, 1993). Patients with 

ataxia telangiectasia (AT) are imrnunocompromised and have an increased incidence of 

lymphoid malignancy. 

A3.2 G2 DNA Damage Checkpoint 

Cells sensing DNA damage or incompletely replicated DNA may also halt cycling in Gi, 

preventing chromosome segregation if the genome is not intact. In some of the earliest 

biochemical studies on the mammalian G2 checkpoint, Lock and Ross (1990) showed that DNA 

darnage-induced G2 arrest was associated wi th suppression of cdk 1 kinase acti vity . Two 

mechanisms cooperate to suppress this kinase, and thus maintain cells in G?: inhibitory 

phosphorylations (Krek and Nigg, 199 1) and suppression of cyclin B L levels (Kao et al, 1997). 

Central to the DNA damage-induced Gz arrest is the activation of the Chkl kinase, which causes 

an inhibitory phosphorylation on the Cdc25C phosphatase (Zeng et al, 1998a). This allows 

Cdc25C to bind to the 14-3-3 protein, which holds the phosphatase in the cytoplasm, preventing 

it from activating Cdkl, and thus arresting the ce11 in G2 (Fumari et al, 1997; Lopez-Girona et al, 

1999; Rhind et al, 1997; Sanchez et al, 1997; Yang et ai, 1999). 

A.3.3 SpindIe Checkpoint 

A third ce11 cycle checkpoint functions during mitosis. The proper segregation of 

chromosomes requires the execution of a number of processes during mitosis: a bipolar spindle 

must be assembled, chromosomes must attach to the spindle through the kinetochore, a protein 

structure that fonns on the centrorneres of chromosomes, kinetochores of sister chromatids must 
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bind to spindle fibres attached to opposite poles. and properly attached chromosomes must amve 

at the metaphase plate. The spindle assembly checkpoint prewents the onset of anaphase, the 

actual segregation of chromosomes, until these processes have been properly accomplished (for 

reviews, see Amon, 1999; Burke, 2000). 

Genetic analysis in yeast has led to the identification of a group of genes encoding 

proteins required for this spindle checkpoint, including the budding uninhibited by benomyl 

(Bub) proteins (Hoyt et al, 1991). the mitotic mest defective (Mad) proteins (Li and Murray, 

1991). and the Mpsl protein (Weiss and Winey, 1996). In animal cells, Mad and Bub proteins 

reside on unattached kinetochores and may from here trigger a signal to initiate the spindle 

checkpoint. Once unattached kinetochores are sensed, the spindle checkpoint pathway branches 

(Li, 1999). One branch prevents the onset of anaphase through the regulation of Cdc2O activity 

by Bubl, 3, Madl, 2,3, and Mpsl proteins. This inhibits the destruction of securins, including 

Pdsl and Cut2. by the APC, which in tum prevents sister chromatid separation (Fang et al, 

1998). The second branch of the pathway, which involves Bub2, acts to prevent exit from 

rnitosis into Gi, by preventing inactivation of a subset of mitotic cyclins (Clb2 in budding yeast) 

(Alexandru et ai, 1999; Fraschini et al, 1999). 

The S. cerevisiae Mad 1-3 and Bub 1-3 genes are not required for ceIl viability, but 

mutations in these genes abolish mitotic delay in response to unattached kinetochores, increase 

the rate of chromosome loss, and raise the sensitivity of cells to antimicrotubule drugs (Hoyt et 

al, 199 1; Li and Murray, 199 1; Pangilinan and Spencer, 1996). The degree of conservation 

among yeast and animal cell spindle checkpoint proteins is striking. Munne and human 

homologs of several of the yeast checkpoint genes have genetically been shown to be required 

for spindle checkpoint function in animal cells, in studies with dominant negative mutants and 

antibody microinjection (Gorbsky et al, 1998; Li et al, 1997; Taylor and McKeon. 1997). 



The three cell cycle checkpoints described here are the most well characterized and are 

necessary for maintenance of the integnty of the genome. Considerable experimental evidence 

supports the view that loss of the Gi checkpoint can lead to genomic instability. inappropriate 

survival of genetically damaged cells, and the evolution of cells to malignancy (summarized in 

Hartwell and Kastan. 1994). The link between the Gr checkpoint and cancer development has 

recently been strengthened by the finding of gennline mutations in hCHK2 in Li-Fraumeni 

syndrome, a familial cancer phenotype usually associated with mutations in p53 (Bell et al, 

1999). To date, the relationship between the failure of spindle checkpoint function and the 

development of cancer has not k e n  as thoroughly explored (see Section D). 

A.4 Cancer and the Ce11 Cycle 

The requirement for cell cycle regulation in the control of cellular proliferation is 

illustrated by the frequent alterations of cyclins, cdks, and other regulators in human cancer. and 

the tumorigenic effects of mutating such regulators in mice. In human breast carcinomas and 

ce11 lines. aberrant cyclin E and A expression has been reported @utta et al, 1995; Nielsen et al. 

1998), and high cyclin E levels may predict a poor prognosis (Porter et al. 1997). Amplification 

of the cyclin E gene has also k e n  observed in gastric cancer (Sakaguchi et al. 1998) and in colon 

carcinomas (Kitahara et al, 1995; Leach et al. 1993). Cyclin E protein levels are elevated in the 

majority of colorectal cancer cases (Wang et al, 1996). High levels of cyclin A protein have 

k e n  associated with poor prognosis in both colorectal cancers and leiomyosarcomas (Handa et 

al, 1999; Noguchi et al, 2000). 

Cyclin D has been shown to be the target of translocations and amplification in a number 

of human tumour types (Hall and Peten, 1996; Hunter and Pines, 1994; Jiang et al, 1992; 

Lammie et al. 1991). and high cyclin D 1 mRNA and protein levels in colorectal tumours both 

correlate with shortened overall survival (McKay et al, 2000; Oda et al, 1999). When the cyclin 
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D 1 gene is targeted to the mouse marnmary gland as a transgene, it induces mammary 

hyperplasia and carcinomas (Wang et al. 1994). The cdcî5 phosphatases. which activate cdks by 

dephosphorylating inhibitory sites. are overexpressed in some human tumours (Galaktionov et al, 

1995). Mutated cdk4 has been identified in melanoma (Wolfe1 et al, 1995: Zuo et al, 1996). 

The p161NK4a inhibitor, a major turnour suppressor, is mutated in about one third of al1 

human cancers (Kamb et al, 1994; Nobori et al, 1994; Serrano et al, 1993). Furthemore, INK4a 

knockout mice develop tumours at an early age, primarily fibrosarcomas and lymphomas, and 

are very sensitive to carcinogens (Serrano et al, 1996). As previously noted, the tumour 

suppressor p53 is the most frequently mutated gene identified in human cancers to date, 

indicating that functional inactivation of this gene has a central role in the progression of many 

human tumours (Greenblatt et al, 1994; Levine, 1997). Activated p53 arrests ce11 cycle 

progression via p21. p53 knockout mice have a very rapid onset of tumours, primarily of 

lymphoid origin, and succumb by 10 months of age, while p53 heterozygous mice have a more 

delayed tumour onset and acquire both lymphomas and sarcomas of various types (Donehower et 

al, 1995: Jacks et al, 1994; Purdie et al, 1994). p2 1 knockout mice do not develop tumours, but 

do have a defective Gt arrest function in response to DNA darnage (Deng et al, 1995). Another 

inhibitor, p27Cip2, may be degraded in several types of cancen (Catzavelos et al, 1997; Loda et 

al, 1997), and low p27Cip2 levels correlate with poor clinical prognosis (Porter et al, 1997). A 

detailed analysis of p27 nuil mice treated with carcinogens showed that the latency of tumours 

was decreased and the mean number of several tumour types was increased (Fero et al, 1998). 

Expression of the ce11 cycle-inhibitory protein, p19ARF. was reported to be absent in 6596 of small 

ce11 lung cancers and 25% of non-small ce11 cancers in one series (Gazzeri et al, 1998), and mice 

wi th a lgARF gene deletion also show a high incidence of spontaneous and induced tumours 

(Kamijo et al, 1999). 



This discussion illustrates the value of both types of investigation. observational studies 

and manipulative studies, in determining the importance of individual genes in ceIl cycle 

dysregulation and cancer initiation. Such an approach has been utilized in the studies of Sak 

kinase. as described in this thesis. Expression of the human SAK gene was first evaluated in 

colorectal cancer specimens and the pattern of SAK expression compared with that of another 

established ce11 cycle regulatory gene, PLK. Having found a relative increase in expression of 

SAK in tumours compared with normal tissue, a further set of studies were performed to assess 

the effect of overexpression of murine Sak on cells in culture. These studies have attempted to 

define a role for Sak in ce11 cycle progression, and to discern how Sak differs from other 

members of the polo-like kinase gene family to which it beiongs. Genetic and functional 

characteristics of this gene family are described in the following section. 

B. POLO-LIKE KINASES 

B.1 Family Members and Structural Organization 

The polo famil y of serinef threonine protein kinases has recentl y emerged as an important 

group of ce11 cycle regulators. The fint polo gene to be characterized was the ce11 division 

regulator CdcS in the budding yeast Saccharomyces cerevisiae. Cells harboring a temperature- 

sensitive mutation in CdcS (cdc5ts) arrested in mitosis as large budded cells with undivided 

nuclei when grown at the restrictive temperature (Hartwell et al, 1973). Loss of Cdc5 function 

also.resulted in meiotic defects in yeast (Schild and Byen, 1980). Polo was first identified as an 

embryonic lethal Drosophila mutation causing a broad range of mitotic phenotypes, including 

cells with abnormal spindle poles, aberrant chromosome distributions, and monopolar or highly 

branched bipolar spindles with overcondensed chromosomes (Sunkel and Glover, 1988). The 

polo gene was cloned and found to be a sennelthreonine kinase (Llamazares et al. 1991). 



It is thought that both Cdc5 and polo function to maintain the fîdelity of mitosis. It is on 

the basis of sequence and stmctunl similarity. nther than function, that protein kinases from 

several other species have been classified as polo family members. Al1 polo-like kinases (plks) 

share a closely related catalytic domain at the N-terminus and a characteristic sequence motif. 

the polo box, in the non-catalytic C-terminal domain. The polo box has been proposed to target 

the plk to its subcellular substrates (Lee and Erikson, 1997). Most family members possess two 

polo domains in close proximity, known as polo boxes 1 and 2 (pbl. pb2). A dendrognm 

indicating the relative homology between polo family members of various species is shown in 

Figure 1.2, page 15. 

The mammalian members of the polo family include Plk, Prk, Snk. Fnk and Sak. Plk, 

which is present in mice, rats, and humans, was identified simultaneously by several groups 

(Clay et al, 1993; Golsteyn et al. 1994; Hamanaka et al, 1994; Holtnch et al, 1994; Lake and 

Jelinek, 1993). Murine Plk and human PLK (known also as Plkl ) are 95% identical at the arnino 

acid Ievel, suggesting a highly conserved critical function for this protein (Hamanaka et al, 

1994). Furthemore, murine Plk can fully cornpiement a loss of function mutation in Cdc5 (Lee 

and Erikson, 1997). Plk is most closely related to the Drosophila polo, with 65% amino acid 

identity in the N-terminal catalytic domain and 77% identity over the 30 aa region representing 

pb2. 

Human Prk, and murine Snk and Fnk, are more distantly related polo family members. 

Al1 three show peak levels of expression within 1-2 hours of stimulation of quiescent cells with 

either serum or cytokines (Donohue et al, 1995; Li et al, 1996; Sirnmons et al, 1992) suggesting 

that their primary function may be at an earlier phase of the cell cycle than that of the other polos 

(see Section B3). Recent evidence demonstrates that Fnk and Snk also play a role outside the 

ce11 cycle: constitutive expression of these genes was shown in post-mitotic neurons as well as 

dramatic induction of mRNA synthesis in response to stimuli that induce seizures or long term 
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Figure 1.2: Dendrogram of Polo Family Members. 

The relationship of Sak kinase to other members of the polo family is illustrated, based on complete amino acid 
sequence. The catalytic domain of each protein is shown in green, and the polo box domain(s) in yellow. The 
scale represents 0.7 amino acid replacements per site. 



potentiation (Kauselmann et al. 1999). Prk kinase activity peaks during late S and G2 (Ouyang et 

al. 1997a). earlier than the M phase peak described for most plks (see below). However, Prk can 

complement the cdc5ts mutant (Ouyang et al, 1997a). and has recently k e n  shown to 

phosphorylate Cdc25C. the activity of which is critical for the onset and progression of mitosis 

(Sadhu et al, 1990). Thus. Prk may play a dual role in the cet1 cycle. 

Sak is the most recently identified mammalian polo-like kinase, and is distinguished from 

the other family members by the presence of a single polo box domain (see Figure 1.2, previous 

page). A Sak homolog is present in mice. humans, Drosophila and zebrafish. but has not k e n  

identified in yeast. As Sak is the focus of this thesis, it will be discussed in detail in Section C. 

B.2 Tissue-Specific Expression Patterns 

The expression of polo-Iike kinases, both at the message and protein level, has been 

closely linked to active ce11 proliferation. Using Northem blot and in situ hybridization analyses, 

Drosophila polo transcripts were shown to be abundant in tissues and at developmental stages in 

which there is extensive mitotic activity (Llamazares et al, 1991). In the mouse, Plk mRNA is 

detected in hematopoeitic tissues such as bone marrow, spleen and thymus (Clay et al, 1993). It 

has also been demonstrated in piacenta. ovary. testis, lung and small intestine (Golsteyn et al, 

1994; Hamanaka et al, 1994). The fetal mouse also expresses Plk in liver. kidney and brain, 

however it is absent from corresponding adult tissues. The level of Plk transcnpts detected in 

mouse ovary and testis samples varied depending on the age of the animal, li kel y refiecting 

periods of maximal oocyte growth and active spennatogenesis. At the protein level, Takai et al 

(1999) showed a similar pattern of age-specific expression in murine ovaries. Plk expression has 

also k e n  evaluated in rat h e m  where both mRNA and protein levels were found to be highest 

in fetal and neonatal cardiocytes. In an in vitro mode1 of cardiomyocyte differentiation, Plk 



levels decreased in parallel with reduction in prolifentive activity as embryonic stem cells were 

induced to differentiate (Georgescu et al, 1997). 

Human tissues have also k e n  examined for expression of PLK. By Northem blot 

analysis, PLK has been detected only in placenta and colon (Holtrich et al, 1994). Of the 12 

tissue types studied (the others included heart. brain. lung. liver, skeletal muscle. kidney, 

pancreas. esophagus, stomach and spleen), placenta and colon were noted to contain the highest 

percentage of proliferating cells, though this was not directly measured. On this basis, it  was 

predicted that PLK might be expressed preferentially or exclusively in cycling cells (Hamanaka 

et al, 1994). Golsteyn et al (1994) showed that elevated leveis of PLK mRNA and protein 

coincide, wiih a peak protein level dunng mitosis. Thus the presence of PLK protein also seems 

ro be restricted to prolifenting cells (Yuan et al, 1997). In vitro studies with CD4+ lymphocytes 

have shown that PLK mRNA is induced w hen these cells are stimulated to proliferate (Holtrich 

et al, 1994). 

A hallmark of cancer cells is their failure to heed normal signals for cessation of 

progression through the ce11 cycle. Proliferating cells therefore account for a greater proportion 

of a malignant tissue fian they do a normal tissue counterpart. Accordingly, PLK has been 

shown to be expressed in a broad spectrum of malignant tissues, including tumoun of the lung 

(n=5 1). colon (n=4), stomach (n=2), smooth muscle (n=2), and esophagus (n=l), but absent from 

paired sarnples of normal tissue (Holtrich et al, 1994), as measured by Nonhem analysis. 

Markers associated wi th ce1 Iular proli feration have been anal yzed for the prediction of 

tumour progression and the prognosis of cancer patients. Cellular antigens including Ki-67 and 

proliferative cell nuclear antigen (PCNA) appear to be expressed uniquely in cycling cells. 

Estimation of the proportion of tumour cells that express proliferation-dependent antigens has 

demonstrated a relationship between more rapid cell proliferation and poorer prognosis in many 

tumour types (Choi et al, 1997; De Riese et al, 1993; Liao et al, 1997: Lipponen and Eskelinen, 
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1992; Nakae et al. 1998; Ottaviani et al, 1999; Weikel et al, 1995). Two studies have evaluated 

the relationship between polo-like kinases and these other proliferative markers. Takai et al 

(1999) reported that Plk and PCNA protein expression were correlated in the mouse embryo. In 

human turnour tissues from breast and lung, PLK antibodies stained a greater percentage of cells 

when compared with Ki-67 antibodies, suggesting that PLK staining might be a useful new 

marker for evaiuating cellular proliferation (Yuan et al, 1997). A much greater discrepancy 

between PLK and Ki47 protein expression was noted in a recent immunohistochemical 

evaluation of 175 malignant melanomas (Strebhardt et al, 2000), in which expression was 

calculated as the number of positive cells per 2000 total tumour cells counted (multiplied by 

100%). The median PLK expression was 52.9%, compared with a value of 5.4% for Ki-67. This 

implies that PLK expression may not merel y reflect cellular proliferation. but may be subject to 

more complex regulation. 

Immunohistochemical methods for detecting proliferative markers are known to be less 

sensitive than mRNA-based techniques. Three studies have now reported mRNA expression of 

PLK as having prognostic significance in a variety of human solid tumours, including non-small 

ce11 lung cancer (n=l11) (Wolf et al, 1997). head and neck squamous ce11 carcinomas (n=89) 

(Knecht et al, 1999), and esophageal cancer (n=49) (Tokumitsu et al, 1999). For al1 three tumour 

types, patients with high PLK expression in their tumoun, relative to paired normal mucosa. had 

significantly reduced sumival five or ten years after diagnosis, based on Kaplan-Meier analysis. 

Furthemore, high PLK expression was found to be an independent predictor of poor outcome. 

None of these studies included a measurement of the proliferative index of the tissue studied. 

B.3 Ce11 Cycle Regulated Expression and Kinase Activity 

Ce11 cycle regulated expression has k e n  described for S. cerevisiae Cdc5 and munne 

Plk, with a peak level of mRNA transcnpts at the G21M boundary (Kitada et al, 1993; Lake and 
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Jelinek. 1993). Expression declines npidly after mitosis, remains low in G !, and gradua11 y 

increases through S phase and Gz. Transcriptional regulation is thought to be the major 

mechanism controlling Plk expression (Uchiumi et al. i997). Ce11 cycle regulated expression 

has also been shown for human PLK, with protein levels peaking in mitosis and declining rapidly 

thereafter. based on Western blot analysis of synchronized HeLa cells (Golsteyn et al. 1994). and 

a B-cell lymphoma line (CA46) (Hamanaka et al. 1995). The latter investigators also showed 

that the PLK protein becomes phosphorylated during the G2-to-M phase transition and that this 

in tum stimulates its own kinase activity. There is some evidence to suggest 

autophosphorylation as the mechanism of P M  activation dunng mitosis (Mundt et al, 1997). 

however Ellinger-Ziegelbauer et al (2000) have recently described a human protein. SLK (Ste2O- 

like kinase), which phosphorylates and activates murine Plk in vilru. This protein closely 

resembles Xenopus xPlkkl. a 'polo-like kinase kinase' described by Qian et al (1.998a), which 

activates Plxl. The kinase activity of mammalian Plk peaks at the onset of mitosis (Lee et al. 

1995), whereas in Drosophila this peak occurs somewhat later, at the anaphasdtelophase border 

(Fenton and Glover, 1993). 

The kinase function of polo family memben has k e n  assessed using standard substrates 

such as casein, histone and myelin basic protein (Fenton and Glover, 1993; Golsteyn et al, 1995; 

Hamanaka et al. 1995; Kitada et al, 1993; Lee et ai, 1995). The tme in vivo targets of polo-like 

kinase phosphorylation activity have not been clearly identified. However. several in vitro 

studies have provided dues. Drosophila polo protein phosphorylates microtubule-associated 

substrates in Drosopliila embryo extracts (Gonzalez et al, 1998; Tavares et al, 1996). 

CHOIMKLP- 1 is a spindle componenr that has been shown to be required for mitotic progression 

(Nislow et al, 1990). Murine Plk was found to colocaIite with CHO/MKLP-I dunng M-phase, 

and to phosphorylate this protein in vitro (Lee et al, 1995). At least three subunits of the APC 



also appear to be targets of Plk kinase activity, and the resultant APC activation leads to 

ubiquitination of cyclin B (Kotani et al, 1998). 

The above studies hint at a role for the polo-like kinases in mitosis, however. the most 

convincing evidence for this has corne from studies by Kumagai and Dunphy ( 1996). These 

investigators set out to punfy a kinase activity from Xenopus egg extracts that would activate the 

Cdc25 phosphatase. Cdc25 phosphatase activates cdkl. which in tum induces the entry into 

mitosis. The Cdc25-activating kinase they identified was Plx 1. a Xenopits polo homolog. 

Subsequent studies have shown that inactivation of Plxl is required for complete degradation of 

cyclin B2 after anaphase and completion of cytokinesis (Qian et al. 1999). Taken together. these 

data suggest that polo-like kinases have several roles during rnitosis. In support of this are 

molecular studies describing the localization, and genetic studies evaluating the function, of 

various polo family members. These are described below. 

B.4. LocaIization S tudies 

Immunofluorescence microscopy has revealed a consistent pattern of human PLK 

localization during the ceIl cycle in HeLa cells (Golsteyn et al, 1995). PLIS associates with 

centrosomes already present in interphase cells, then associating with duplicating centrosomes 

during prophase. and with spindle poles during metaphase. At anaphase, PLK immunoreactivity 

dissappears from the spindle poles and strong PLIS staining is instead observed in the equatonal 

region of the ceIl where the microtubules emanating from opposite poles overlap. Finally, at the 

end of telophase, intense PLK staining is seen within postmitotic bridges which correspond to 

the cleavage planes (Golsteyn et al, 1995; Pahlavan et al, 2000). Several mitotic spindle proteins 

with a purponed role in progression through mitosis are reported to be localized in the 

postmitotic bridge. Examples include the motor proteins CENP-E (Yen et al, 1991) and MKLP- 



1 (Nislow et al. 1992). and the inner centromere proteins (INCENPs) (Earnshaw and Cooke. 

1991; Mackay et al, 1993). 

The association with spindle poles early in mitosis is a common propeny of al1 plks so far 

examined. including S. cerevisiae CdcS and S. porrhe Pl01 (Mulvihill et al, 1999: Shinyarna et 

al, 1998). In addition, a punctate distribution from prophase until anaphase. in positions that 

correspond to the centromeres, has been described in Drosophila and mouse (Logarinho and 

Sunkel, 1998; Wianny et al, 1998). The use of green fluorescent protein fused to PLK has 

reveaied localization of the fusion protein to the kinetochorelcentromere region of mitotic 

chromosomes in hurnan cells (Arnaud et al. 1998). and meiotic centrosomes in mouse oocytes 

(Wianny et al, 1998). In the last stages of division in human cells, GFP-PLK was seen at the 

midbody i.e. the central part of the postmi totic bridge (Arnaud et al, 1998). The midbody 

contains the remnants of the contractile ring, and such localization suggests that plks may play an 

important role in the temporal and spatial control of cytokinesis, as fint suggested by Glover et 

al (1996). 

Furthemore, there is now strong evidence to indicate that the polo box directs the 

subcellular localization of polo family members during the ce11 cycle (Lee et al, 1998; Lee et al, 

1999a; Song et al, 2000). Three mutations in the polo box domain of Cdc5 completely abrogate 

the ability of the CdcS protein to localize to spindle poles and cytokinetic neck filaments in S. 

cerevisiae (Song et al, 2000). By expressing murine Plk in the budding yeast, Lee et al (1998) 

found that a change in a single conserved amino acid in the polo box was sufficient to abolish 

localization, indicating a conserved function of this protein domain. 

B.5 Roles of Polo in Ce11 Cycle Progression 

The ceIl c ycle-regulated expression of mammalian polo-like kinase. at both the mRNA 

and protein levels, the peak kinase activity in mitosis, and the well-defined specific subcellular 

localization of the protein during M-phase al1 suggest an important role for PLK in progression 
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through mi!osis. Genetic and biochemical studies have now confirmed and defined multiple the 

mitotic functions of PLK during mitosis, described below. 

B.S.1 Centrosome Maturation 

Polo-like kinases appear to be required for the functional maturation of mitotic 

centrosornes. Centrosomes increase in size shonly before the onset of mitosis due to the 

accumulation of multiple proteins including y-tubulin (Lajoie-Mazenc et al, 1994) and MPM-2 

reactive phosphoepitopes (Vandré, 1986). y-tubulin is critical for centrosomal microtubule 

nucleation (Joshi et al, 1992; Stearns and Kirschner, 1994). Lane and Nigg (1996) observed a 

marked impairment of ce11 division following microinjection of anti-PLK antibodies into HeLa 

cells. and inspection of these mitotically arrested cells revealed duplicated but unsepanted 

centrosomes forming only monopolar spindle arrays. Centrosomes were much smaller than in 

untreated ceils, and the accumulation of both y-tubulin and MPMZ proteins was reduced. Thus, 

one of the early functions of PLK in the ce11 cycle may be the recruitment of specific proteins to 

centrosomes. Consequently, through this interaction with centrosomes, mammalian Plk may be 

instrumental in the establishment of a bipolar spindle. These results are consistent with 

observations on CdcS in fission yeast (Ohkura et al, 1995). polo in Drosophila (Logarinho and 

Sunkel, 1998), and Plxl in Xenopus (Qian et al, 1998b). 

BS.2 Activation of Cdc25 and Entry into Mitosis 

The polo-like kinases have also k e n  implicated in the activation of Cdc25, which then 

triggers the initiation of mitosis through its activation of the cyclin Blcdkl complex. Initial in 

vitro experiments showed that Xenopiis Plx 1 could phosphorylate and activate Cdc25 (Kumagai 

and Dunphy. 1996). Cdc25 activation has now k e n  shown to be a two-step process, with Plx 1 

activity required for the second step, resulting in phosphorylation of Cdc25, and the initiation of 

an amplification loop to activate cyclin Bicdkl (also referred to as maturation promoting factor, 



or MPF) (Karaïskou et al, 1999). Furthemore. cyclin Blcdkl activates Plxl in a positive 

feedback loop (Kotani et al, 1998). 

B.5.3 Replation of the Anaphase Promoting Complex (APC) 

At a later stage in mitosis, mammalian Plk appean to regulate the APC (Shirayarna et al. 

1998). The activation of APC in vivo is required for entry into anaphase. Murine Plk was found 

to associate with. and io phosphorylate at least three members of the APC, resulting in activation 

of the complex in vitro (Kotani et al, 1998). Irnportantly, activation of the APC by Plk was 

dependent on the prior activation of Plk by the cyclin Bfcdkl complex, suggesting that Plk acts 

downstream of cdkl in regulating APC activity (Kotani et al. 1998). Regulation of the APC may 

be a conserved function of polo family members of various species (Charles et al, 1998). The 

absence of Plx1 activity in Xenopus leads to stabilization of the mitotic cyclins and other 

substrates of the APC (Descombes and Nigg. 1998); the same is m e  of CdcS in S. cerevisiae 

(Shirayama et al, 1998). 

Polo-like kinases are not only regulaton of the APC but also substrates. Cheng et ai 

(1998) first noted a drop in the level of CdcS as yeast cells completed anaphase and obsewed 

that the degradation of Cdc5 was sensitive to mutations in a component of the APC. Fems et al 

(1998) detected ubiquitinated forms of murine Plk by Western blotting, and showed that a 

specific proteasorne inhibitor can block Plk protein degradation in vitro and in vivo. Qian et al 

(1999) demonstrated that inactivation of Xenopus Plx 1 is required for the complete degradation 

of cyclin B2. Thus, the destruction of polo-like kinases may be an important initial event in the 

exit from mitosis. 

B.5.4 Role in Cytokinesis 

Finally, at least four of the polo family members have been shown to be involved in the 

mechanism of cytokinesis. In budding yeast, overexpression of either CdcS or murine Plk 

induced a class of cells with abnonnally elongated buds and ectopic septal structures (Lee et al, 
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1999a; Lee and Erikson, 1997; Song et al. 2000). In fission yeast, cells lacking Pl01 are not able 

to form the actin ring that is required to initiate cytokinesis, or to organize any septal material 

(Ohkura et al, 1995). Conditional Pl01 mutants can alter the selection of the site for the actin 

ring. and overexpression of Pl01 resulted in inappropriate septation in interphase cells (Biihler et 

al, 1998). Thus, Pl01 appears to be a key molecule in the spatial and temporal coordination of 

cytokinesis.with mitosis. The dependence of proper cytokinesis on intact polo in Drosopliila 

spermatocytes has been described by Carmena et al (1998). The consequence of overexpression 

of human P X  in HeLa cells was the appearance of numerous large cells displaying multiple 

andor fragmented nuclei, suggesting a failure of these cells to undergo proper cytokinesis 

(Mundt et al. 1997). Furthemore. constitutive overexpression of murine Plk in NM 3T3 cells 

led to loss of contact inhibition, anchorage independent growth, and tumour formation after 

subcutaneous injection of cells into nude mice (Smith et al, 1997). 

The functions of polo-like kinases in lower organisms are relatively well defined. 

Mammalian cells possess more intricate regulatory pathwa ys for mitosis and cytokinesis, and 

hence the functions of polo proteins in these cells are proving more complex. Previous work has 

established a link between dismption of ceIl cycle control mechanisms and cancer initiation (see 

Section A.4, page Il). As discussed above, inappropriate expression of polo-like kinases may 

penurb ce11 cycling, and indeed can precipitate malignant transformation as in the case of Plk 

(Smith et al, 1997). Considerably less is known about expression patterns or function(s) of Sak 

kinase. another mammalian polo family member. A summary of our current understanding of 

Sak is presented in the next section. The studies described in this thesis have aimed to evaluate 

the relationship between expression of this gene and the malignant phenotype. 



C. SAK 

C.1 Gene Structure 

The murine Sak gene was cloned and characterized in 1994 (Fode et al, 1994). The name 

Sak derives from SnkPlk-akin kinase. indicating the relationship of this gene to other members 

of the polo family of protein kinases. Sak homologues have been identified in Drosopliila and 

humans ( K m  et al, 1997), and most recently in zebrafish (Hudson et al, in preparation). The 

munne Sak gene is located on chromosome 13p (Hudson et al. 2000a). Human SAK maps to 

chromosome 4q27-28 (Deloukas et al, 1998). Two other genes have been identified with similar 

mapping patterns, MADHl and ITK, suggesting a region of synteny between mouse L3p and 

human 4q (Mouse Genome Informatics at the Jackson Laboratory). 

In mice, the Sak gene is expressed as two altematel y spliced forms, Sak-a and Sak-b. 

which translate to proteins of 103 kDa and 53 kDa, respectively. The first 416 aa of both 

proteins are identical, including the kinase domain, however, the C-terminal regions differ 

(Hudson et al. 2000a). The human SAK gene, described by Kam et al (1997), shows 82.3% 

sequence identity to mouse Sak. The single open reading frame of 2910 nucleotides predicts a 

109 kDa polypeptide of 970 aa. At present, the existence of a human Sak-b protein has not k e n  

described. and the significance of murine Sak-b in not known. Thus, in this thesis, the term SAK 

will refer to the human gene and protein, and Sak will indicate the munne Sak gene and Sak-a 

protein, unless othenvise speci fied. 

The munne Sak gene shares two stnictunl features with other rnembers of the polo 

family (see Figure 1.2, page 15). The N-terminal region, containing the kinase domain, has 

signifiant homology to Drosophilu polo kinase (Llamazares et al, 1991), munne Snk (Simmons 

et al, 1992), S. cerevisiae Cdc5 (Ki tada et al, 1993), and murine Plk (Clay et al, 1993) (42%, 

4 1 %, 39%. and 37% identity, respective1 y). As previousl y noted, polo-related kinases also share 

two characteristic consensus motifs near their C-terminal end, termed polo boxes (Glover et al, 
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1996). A single polo box at amino acids 847-9 1 1 has recently k e n  descnbed in Sak (Hudson, J. 

and Dennis, J.W., personal communication), providing further evidence to support the 

classification of Sak as a polo family member. 

Two other characteristics of the Sak cDNA sequence pmvided early dues about the 

expression of this gene. First, the GC-rich 5'-UTR of Sak predicts a highly stmctured leader 

sequence that may be capable of reducing the efficiency of translation, a regulatory mechanism 

commonly seen in genes whose expression at inappropriate times may be detrimental (Kozak. 

1991). Secondly, three PEST motifs, nch in proline (P), serine (S), threonine (T), glutamate (E), 

and aspartate (D), have been identified in Sak (Fode et ai, 1994). These sequences are associated 

with proteins that have shon intracellular half-lives, and may contnbute directly to protein 

instability (Rogers et al, 1986). Thus, the Sak protein may be rapidly tumed over, another 

property of many ce11 cycle-regulatory molecules. 

C.2 Expression Patterns 

In a detailed study of murine Sak expression in adult and embryonic tissues. Fode et al 

(1994) showed a strong correlation between Sak expression and active cell proliferation. In the 

adult mouse, expression of Sak was most prominent in the testis, t h v u s  and spleen, and was 

notabiy absent from non-dividing, terminally differentiated ceil populations of the brain, kidney, 

liver, and hem. In embryos, Sak transcnpts localized to the basal region of the intestinal crypts. 

where ce11 division was occumng, and were not detected in the epithelium lining the rest of the 

villi. The very high levels of Sak mRNA in spermatocytes, and absence of expression in 

surrounding Senoli and Leydig cells of the testis, suggested a role for Sak in meiotic ceil 

division. 

Human SAK expression patterns were studied by Nonhem blot analysis, and SAK was 

found to be abundant in testis and thymus, but not detectable in 14 other tissue types, including 
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colon and liver ( K m  et al. 1997). This study had two limitations: first. the number of samples 

of each tissue type was not specified and could be quite small, and second. the high stringency 

conditions used for Northem blotting could mean that low SAK mRNA tnnscript levels may 

have been rnissed. Nonetheless, SAK was also not detected in tumoun from lung, breast or 

brain. leading the investigators to conclude that hurnan SAK expression is not as close1 y linked 

to cellular proliferation as is the case for murine Sak, or for human PLK. 

Many ce11 cycle regulatory proteins are expressed periodically in cycling cells, and this 

often reflects the ce11 cycle phase in which they function. Fode et al (1996) examined the 

expression of Sak in NIH 3T3 cells by Northern blot analysis and noted increasing Sak mRNA 

levels from the point of entry into S-phase to a peak in mitosis. Transcripts decreased as cells 

returned to Gi, and were not detected in mid-to-late Gt. Growth inhibited Go cells did not 

express Sak. These results suggest that the protein functions some time after the Gi restriction 

point, following the cornmitment of a ce11 to another round of ce11 division. As noted previously, 

products of several polo-related genes have been shown to peak in either level of expression or 

kinase activity during mitosis, consistent with a role in the latter portion of the ce11 cycle (Fenton 

and Glover, 1993; Golsteyn et al, 1994; Kitada et al, 1993; Lake and Jelinek, 1993). 

Regulation of Sak activity may also occur at the protein level. Fode et al (1996) showed 

that endogenous Sak protein is maintained at very low levels in most ce11 types, even when they 

are proliferating. The protein was shown to have a short half-life of 2-3 hours in CHO cells 

(Fode et al, 1996), and in a rabbit reticulocyte lysate (Fode, 1995). This latter assay revealed that 

the Sak protein is subject to ubiquitination. Degradation by the 26s proteasome of the APC 

would presumably facilitate precise temporal regulation of Sak activity during the ce11 cycle. 



C.3 Requirement for Ce11 Growth 

Two lines of evidence indicate that Sak levels must be precisely regulated in cycling 

cells. First, Fode et al (1994) observed that expression of antisense Sak led to a 20-fold 

reduction in colony forming efficiency by CHO cells, suggesting that the Sak protein is required 

for ce11 proliferation. In a second set of experiments, overexpression of Sak via transient 

transfection was also observed to suppress CHO ceIl growth, although cells continued to cycle 

(Fode et al, 1996). Multinucleated cells accumulated, suggesting that overexpression of Sak was 

disrupting karyokinesis. A sirnilar phenotype has been observed with overexpression of human 

PLK (Mundt et al, 1997). The loss of viability of cells overexpressing Sak was seen over several 

cell divisions, and may therefore have resulted from disruption of nuclear integnty. 

Though these latter studies provided suggestive evidence for the functional importance of 

Sak in the ce11 cycle. there were some important technical limitations. First, the overexpression 

of Sak was of limited duration. as the gene was within a circularized expression vector, so 

integration into the host genome would not occur. Thus, the effects of overexpression of Sak 

could not be observed much beyond 48-72 hours pst-transfection, when cells predictably lose 

the constmct. Second, this type of transfection often results in the uptake of multiple copies of 

the vector into a single ce11 such that gene expression is markedly upregulated. The degree of 

overexpression cannot be controlled and indeed the relative level of overexpression may change 

in individual cells as vector copy number declines. Finally, it is unclear from these expenments 

whether the observed loss of viability of cells overexpressing Sak was due to the initial 

magnitude. or the duration, of upregulated expression. One purpose of the current work was to 

establish stable and inducible Sak expression, to help address some of these issues. 



D. MECHANISMS OF GENOMIC INSTABILITY IN CANCER 

The variety of chromosomal aberrations cornmonly observed in malignant cells and the 

striking heterogeneity of tumours suggest that cancer cells are genetically unstable. Genomic 

instability refers to an ongoing increased rate of genetic alterations which include sequence 

changes (e.g. base substitutions or deletions), alterations in chromosome number, translocations 

and amplifications. Loeb (1 99 1 ) determined that the spontaneous mutation rate of genes is 

unlikely to be able to account for the numerous genetic alterations obsewed in tumours, and 

subrnitted that tumorigenesis is dependent on the early acquisition of mutations in genes that 

function to ensure the integrity of the genome. Recent studies have suggested two important 

rnechanisms for the generation of genomic instability, one based on mutations in DNA mismatch 

repair genes, which results in microsatellite instability (MIN), and the other based on mutations 

in genes that are required for chromosoma1 segregation, which results in large DNA aberrations, 

known as chromosomal instability (CIN). Alterations in polo-like kinases in yeast and 

mammalian cells cause dismption of mitosis and abnormal cytokinesis, and therefore it  is 

possible that these could contribute to the acquisition of CIN. Both MIN and CIN are discussed 

in further detail below. 

D. 1 Microsatellite Instability 

In normal cells, virtually d l  DNA damage incurred in the course of ce11 cycling is 

repaired without error. Failure of the DNA repair machinery would be expected to result in 

increased overall mutation rates and consequently a higher likelihood of oncogenic mutations. In 

fact, many inherited DNA repair deficiencies in humans are associated with increased cancer 

susceptibility, such as Xeroderma pigrnentosum (nucleotide excision repair defect) (Cleaver, 

l968), and Fanconi's anemia (crosslink repair defect) (Sasaki, 1975). Defective mismatch repair 



contributes to the development of several types of human solid tumours. and will be briefly 

outlined here. 

Mismatch repair (MMR) was described in prokaryotes many yean ago, and has proven to 

be a highly conserved mechanism for ensuring the fidelity of DNA replication. This system 

identifies and repais errors made by DNA polymerase, and in bacteria, a total of 10 enzymes are 

required to .cmy out the important steps of mismatch recognition, excision, and DNA resynthesis 

(Kolodner, 1995). At least seven homologs of E. coli MMR enzymes have now been described 

in humans: hMSH2. hMSH3, hMSH6/GTBP, hMLH1. hPMS1, hPMS2; others may exist. Gene 

inactivation, either through mutation (Bronner et al, 1994; Fishel et al, 1993; Moslein et al, 

1996), or promoter methylation (Cunningham et al, 1998; Herman et al, 1998; Kane et ai, 1997), 

confen a propensity to accumulate mutations. 

Replication errors are more likely to occur in stretches of repetitive sequence DNA 

known as microsatellites. Microsatellite loci are shon units (1-5 bp) of DNA that are repeated in 

tandem. These repetitive sequences are numerous and randoml y distributed throughout the 

genome. Microsatellite instability (MIN) refen to an increased rate of acquisition of expansions 

(insertions) or contractions (deletions) in these simple repeated sequences, resulting in frameshift 

mutations. MIN was fint recognized in studies comparing colorectal tumour tissue to normal 

mucosa, and is also referred to as the replication error-positive (RER+) phenotype. It is now 

known that the molecular defects responsible for microsatellite instability in human tumoun 

involve the genes encoding proteins required for normal DNA mismatch repair. 

Hereditary nonpolyposis colorectal cancer (HNPCC) is a familial cancer syndrome 

characterized by a high incidence of colorectal cancer. often in young individuals (Liu et al, 

1995a). The inclusion criteria for HNPCC are based on phenotypic evidence of a familial 

predisposition to develop colorectal and other cancen at a young age. In particular, an increased 

incidence of other gastrointestinal, gynecologic, and genitourinary cancen is seen in HNPCC 

30 



families. Microsatellite instability has been detected in nearly al1 cases of HNPCC, and in these 

cases gerrnline mutation of one or more of the human DNA MMR genes is present, often 

accompanied by somatic inactivation of the second wild-type allele in the cancer itself 

(Vogelstein et al, 1988). MIN has also been detected in apparently sporadic malignancies. 

however. In 1993, Ionov et al noted alterations of numerous adenine mononucleotide repeats 

(polyA tracts) in 12% of sporadic colorectal cancers, and subsequent studies have demonstnted 

MIN in IO-15% of such cancers (Gryfe et al, 2000; Thibodeau et al, 1993), and in lower 

proportions of other sporadic cancers including endometrial carcinoma, pancreatic and gastric 

cancers, and ovarian cancer (reviewed in Coleman and Tsongalis, 1999). Gryfe et al (2000) have 

recently shown that the presence of MIN in sporadic colorectal cancers is independently 

predictive of a favourable outcorne, and is associated with a lower likelihood of metastatic 

progression. 

Though most microsatellite loci are located in intronic (non-protein coding) regions of 

DNA, at least three genes have been found to possess mutations in single base (A or C) repeat 

sequences, in a high proportion of HNPCC tumoun. The transforming growth factor B type iI 

receptor (TBRLI) is mutated and nonfunctional in the majority of RER+ tumours (Markowitz et 

al, 1995; Parsons et al, 1995). TBRII inactivation correlates with progression from adenoma to 

carcinoma (Grady et al, 1998), and can contribute to colorectal carcinogenesis. Microsatellite 

instability has also been causally linked to inactivating mutations in the pro-apoptotic gene, BAX 

(Rampino et al, 1997). Finall y, the insulin growth factor II receptor (IGF 2R) gene is also 

mutated in a number of colorectal, endometrial, and stomach cancers demonstrating MIN 

(Ouyang et al, 1997b; Souza et ai, 1996). The discovery of additional genes not typically 

involved in sporadic colorectal carcinogenesis but specifically mutated in HNPCC as a result of 

MMR deficiencies could contribute to further undentanding of the differences in biologic 



behaviour between these tumours. Clearly, loss of genetic stability in cells through absence of 

functional mismatch repair has proven to be an important factor in tumorigenesis (Eshleman and 

Markowitz, 1995). 

D.2 Chromosornai Instability 

Ch~omosomal instability describes an increased rate of loss or gain of large fragments of 

DNA, including whole chromosomes. Although instability is defined as a rate. and thus cannot 

be assessed at a single time point, there is evidence that vatiation in chromosome number, or 

aneuploidy, can be used as a surrogate marker for instability (Miyazaki et al, 1999). Aneuploidy, 

resulting from chromosome missegregation, is thought to reflect tme genomic instability that 

persists throughout tumorigenesis (Lengauer et al, 1997; Phear et al, 1996). 

Initial studies suggested that aneuploidy could arise from a transient tetraploid state that 

occurred when cells carried out two rounds of DNA synthesis without an intewening mitosis 

(Giaretti, 1994). Populations of tetraploid cells are found in a variety of human tumours (Atkin, 

2000); Andreassen et al (1996) showed that this state is genetically unstable, with cells becoming 

aneuploid at the subsequent mitosis. This led to the prediction that cancer cells might be 

defective in mitotic regdatory pathways. 

An understanding of the molecular buis of MIN in human cancers was aided by studies 

of unicellular organisms with MMR defects. Similarly, the molecular bais of CIN is being 

suggested by studies of mitotic defects in yeast. Genes encoding proteins required for sister 

chromatid cohesion, centrosome1microtubule formation and dynamics, and the spindle 

checkpoint, when mutated, lead to chromosome missegregation, as will be described in the next 

few paragraphs. The discovery of homologous genes in humans. and definition of their 

importance in cancer pathogenesis, is the subject of current investigation in many cell cycle 

Iaboratories. 
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D.2.1 Sister Chromatid Cohesion Defects 

Following S phase, sister chromatids must remain physically paired until al1 chromatid 

pain can be aligned on the mitotic spindle. Genetic studies in yeast have identified at least eight 

proteins essential for sister chromatid cohesion. Four of these form a multisubunit complex 

called cohesin. which is vital for proper mitosis. as even partial defects cause very high rates of 

chromosome loss (Tanaka et al, 2000). Cohesin is also needed for maintenance of sister 

chromatid cohesion in Xenopus (Losada et al, 1998). and human homologues are now known. 

Sister chromatid separation is controlled by the APC-mediated destruction of a protein called 

securin. Anaphase does not occur properly in the absence of securin destruction, as 

demonstrated in yeast mutants deficient in Pdsl or Cut2 (Yanagida. 2000). In humans, securin is 

identical to the product of the gene called pituitary tumor transforming gene (PTïG) which is 

overexpressed in some tumours and exhibits transforming activity in NM 313 cells (Zou et al, 

1999). Increased expression of securin may be oncogenic by producing erron in chromatid 

separation which result in chromosome gain or loss. 

D.2.2 Centrosorne Functional Defects 

Structural and functional centrosome anomalies have been reported in a variety of solid 

tumours and in tumour denved ce11 lines (Fukasawa et al, 1996; Levine et al, 199 1; Pihan et al, 

1998). The importance of centrosomes in segregating chromosomes was recognized nearly a 

century ago by Boveri (1914). who proposed that aneuploidy in human tumours could aise from 

defects in centrosome function. Recentl y this h ypothesis has been revisited by several groups 

(Brinkley and Goepfert, 1998; Lingle et al, 1998; Lingle and Salisbury, 1999). Two studies have 

shown that a human centrosome-associated protein, STKlS (also known as aurora2 and BTAK), 

is amplified at the level of RNA, protein and kinase activity in tumoun (Bischoff et al, 1998; Sen 

et al, 1997). A causative role for this serinehhreonine kinase in the generation of aneuploidy is 

supported by the finding that overexpression of STK15 in cultured cells leads to increased 



centrosome number, the assembly of aberrant spindles, and the improper segregation of 

chromosomes (Zhou et al. 19988). In addition, these cells exhibited a transformed phenotype 

and were able to induce tumour formation in rats (Bischoff et al, 1998). It is likely that STK15 is 

one kinase in a cornplex pathway that controls centrosome assembly and function. 

Another regulator of centrosomes is p53, whose inactivation can lead to the development 

of multiple,centrosomes in  mouse embryo fibroblasts (Fukasawa et al. 1996). In addition, 

human PLK associates with centrosornes. and like STKIS. it regulates centrosome maturation 

(Lane and Nigg, 1996). transforms cells in vitro when overexpressed (Smith et al, 1997). and is 

found at increased IeveIs in tumours (Wolf et al, 1997). 

The centrosome must duplicate only once during each cell cycle. Disruption of 

centrosome duplication can lead to monopolar andfor multipolar spindles. Three independent 

studies have reported that cyclin UCdW, whose activity peaks precisely at initiation of 

centrosome duplication at the Gi/S transition, is required for this process (Hinchcliffe et al. 1999: 

Lacey et al, 1999; Matsumoto et al, 1999). Cyclin E is overexpressed in many human turnours 

(Keyomarsi and Herliczek, 1997) and the levels of protein and kinase activity are often 

dysregulated relative to the ceIl cycle (Keyomarsi et al, 1995; Nielsen et al. 1998; Porter et al, 

1997). Insight into how alterations in expression of cyclin E contnbute to tumorigenesis came 

from a study by Spruck et al (1999) which showed that constitutive overexpression of cyclin E in 

rat embryo fibroblasts and human breast epithelial cells resulted in chromosomal instability. 

Though no increased frequency of abnormal centrosome number was found in the CIN cells in 

this study, cyclin E may have additional functions where overexpression disrupts their timing. 

D.23 Spindle Checkpoint Defects 

The spindle checkpoint ensures that chromatids do not separate until the chromosomes 

are properly aligned dong the mitotic spindle. In yeast. disruption of Mad or Bub genes. which 

encode spindle checkpoint proteins, can lead to CIN because cells can compiete mitosis in the 
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presence of a lagging chromosome, resulting in abnormsl chromosome segregation (Elledge. 

1996; Murray, 1995; Nasmyth, 1996). In higher organisms, spindle checkpoint genes also 

appear to be required for the fidelity of mitosis. Human cells expressing dominant negative 

foms of murine Bubl exit from mitosis more quickly than usual (Taylor and McKeon. 1997). 

Microinjection of antibody against Madî into tissue culture cells similarly induces premature 

entry into anaphase (Gorbsky et al, 1998). Immunodepletion of Madl and Mad2 from Xenopiis 

extracts inactivates the spindle checkpoint (Chen et al, 1996; Chen et al. 1998). 

In three species, spindle checkpoint genes have been found to be essential, as loss of 

function results in premature death of the organism. Kitagawa and Rose (1 999) showed that 

mutation of the Madl gene in Caenorhabditis elegans causes aberrant chromosome segregation 

and lethality. In Drosophila, mutations affecting bubl cause severe mitotic abnormalities. 

including lagging chromosomes and chromosome fragmentation, consistent with accelerated 

transit through metaphase (Basu et al, 1999). The flies died at the larvallpupal transition point; 

lethality at this stage has been observed for many mutations affecting essential ceil cycle 

components (Gatti and Baker, 1989). Finally, Dobles et al (2000) showed that the Mad2 

knockout mouse dies in utero with many embryonic ceils containing lagging chromosomes. In 

both flies and mice, chromosome rnissegregation appeared to tngger massive programmed cell 

death. This observation has led to the suggestion that an apoptotic pathway rnight cooperate with 

the spindle checkpoint pathway to eliminate cells that would otherwise soon become aneuploid. 

Consistent with this, Li et al (1998) found that survivin, an inhibitor of apoptosis (IAP) protein. 

associates with microtubules during G2/M, and countencts a constitutive pathway that induces 

apoptosis dunng mi tosis. Survivin is overexpressed in some cancers (Ambrosini et al, 1997). 

and this may permit survival of cells with an abnormal chromosome complement. Thus, cells 

may require both a loss of spindle checkpoint function and enhanced apoptosis inhibition to 

exhibit a CIN phenotype. 
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The strongest evidence that abnomal spindle checkpoint genes might be responsible for 

CIN in human cancers has corne from the observation that some aneuploid colorectal cancer ceIl 

lines failed to arrest in metaphase when the spindle was disrupted with microtubule- 

depolymerizing dmgs such as nocodazole and colcemid, and instead exited mitosis prematurely 

and comrnenced another round of DNA synthesis (Cahill et al. 1998). In a subset of these ce11 

lines, the loss of function of the spindle checkpoint was associated with mutational inactivation 

of BUB 1. Alterations in the sequence or expression of MAD i and MAD2 genes have been 

observed in human breast and lung cancers (Lee et al, 1999b; Li and Benezra, 1996; Nomoto et 

al, 1999; Takahashi et al, 1999). Cahill's group did not find any mutations in six human spindle 

checkpoint genes on screening a panel of 19 aneuploid CRC cell lines, however, and so 

postulated that the human checkpoint genes currently known account for relatively few of the 

presumptive spindle checkpoint defects expected in aneuploid cancers (Cahill et al, 1999). 

From this discussion it is evident that chromosome missegregation can anse by several 

routes. It is less clear that the defects outlined above tmly result in a sustained propensity to 

acquire mutations. The importance of these mechanisms in the generation of chrornosomal 

instability in human cancers is only just k ing  discovered. The fact that defects in such a variety 

of genes can potentially lead to CIN suggests that each gene may play a role in only a small 

proportion of CIN cancers, and many of these genes may not yet be identified in humans. As a 

coroilary, CIN may be so commun in cancer precisel y because there are so many genes that, 

when mutated, can confer the instability necessary for the development of multiple genetic 

alterations leading to malignancy. 

D.3 Relationship Between CIN and MIN 

An inverse relationship between CIN and MIN has been noted in colorectal and 

endometrial cancers. As noted above, MIN tumours are recognized by the replication error- 

36 



positive (RER+) phenotype. RER+ tumours are, in general. diploid and exhibit no increase in 

gross chromosomal abnomalities. whereas over three quarten of RER- tumours are aneuploid 

and show increased rates of chromosornal aberrance (Gryfe, R., personal communication). Both 

types of insiability seem to develop early during tumour evolution. In the case of CIN, 

aneuploidy can often be obsewed in srnall benign tumours of the colon or breast (Bomme et al, 

1998; Silverstein, 1997). The deviations from a normal karyotype increase as the tumoun 

enlarge and become malignant (Bardi et al, 1997). MMR deficiency is also seen in early colon 

lesions, and replication erron increase as the tumours progress in size and disorganization 

(Aaltonen et al, 1994). 

Can more than one pathway for genornic instability function at once? It appears that this 

is possible, as the colorectal cancer ceIl line, LoVo, has a mutational inactivation of hMSH2 (Liu 

et al. 1995b), exhibits a high microsatellite mutation rate (Hanford et al, 1998). but also has a 

markedly aneuploid karyotype (Lengauer et al, 1997). Lengauer et al (1997) further addressed 

this question in ceIl fusion experiments with CIN and MIN colorectal cancer cells. The resulting 

hybrids showed CiN but not MIN. Expression of the wild type MMR gene in the hybrids likely 

restored MMR function, however the inability of the MIN cells to complement the CIN 

phenotype shows that CIN behaves dominantly. This suggests that only a single mutational 'hit' 

may be required to generate CIN. Indeed, in cell transfection experiments, Cahill et al (1998) 

found that one mutant BUB L allele was enough for the spindle checkpoint to become defective, 

which might mean that 'half a dose' of BUB 1 is not enough to maintain the genome. 

E. COLORECTAL CANCER 

In Canada, colorectal cancer (CRC) has the third highest incidence of ail malignancies 

excluding skin, and is the second most common cause of cancer deaths, accounting for an 

estimated 17 000 new cases and 6500 deaths in the year 2000 (www.cancer.calstats2000). The 
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age-specific incidence of CRC rises steadily from the second to the ninth decades of life. with 

equal incidence in men and women. Industnalized countries have the highest incidence of CRC, 

and many large epidemiologic studies have indicated that diets high in animal fats and low in 

fibre are associated with increased nsk of CRC. 

Ninety to 95% of al1 large bowel (colon and rectum) cancers are adenocarcinornas, and 

further discussion will be confined to this tumour subtype. The observation that 

adenocarcinornas usually arise from adenomatous polyps led to the elucidation of a senes of 

genetic alterations which are thought to lead to the progressive disordering of the normal 

mechanisms that control cell growth (Vogelstein et al, 1988). The alterations that confer a 

proliferative advantage on a specific cell, thus facilitating carcinogenesis, occur within three 

main classes of genes: protooncogenes (e.g. K-ras), tumour suppressor genes (e.g. p53), and 

genes which maintain genomic stability (e.g. mismatch repair genes such as hMSH2, and spindle 

checkpoint genes such as BUB 1). 

Up to 20% of al1 colorectal neoplasms occur in memben of high risk families, strongly 

implicating hereditary factors in colorectal carcinogenesis. Two familial syndromes associated 

with a high risk for CRC are familial adenomatous polyposis (FAP) and hereditary non- 

polyposis colorectal cancer (HNPCC). Each of these syndromes has been wnbed to specific 

genetic alterations. FAP results from mutations of the adenomatous polyposis coli (APC) 

tumour suppressor gene (Kinzler et al, 199 1). As noted in Section D 1. HNPCC is caused by 

mutations in genes encoding DNA mismatch repair enzymes, including hMSH2, hMLH1, and 

others (Liu et al, 1996). However, the relevance of these molecular defects is not limited to these 

syndromes, as mutationfloss of the APC gene is present in mosr. if not all, sporadic CRC cases 

(Powell et al, 1992). Similady, DNA MMR deficiencies occur in 10- 15% of sporadic CRC and 

may provide a marker of improved patient survivai (Gryfe et al, 2000). 



Patients with CRC may present with evidence of gastrointestinal blood loss. such as 

anemia and fatigue, or luminal obstruction, such as abdominal pain and vomiting. In rnany 

cases, symptoms develop late in the course of the disease. Earl y detection through screening is 

currently practiced only in high nsk populations in Canada. Disease staging is based on 

pathologie evaluation of the turnour (T) and its lymphatic drainage (nodes - N), as well as the 

presence of disease at distant sites such as within the liver or lung (metastases - M), forming the 

TNM system of staging (1997a). The most important predictor of patient outcorne is TNM stage 

at presentation (Bosrnan, 1995). The TNM staging cnteria for colorectal cancer are outlined in 

Appendix E. 

Surgery is the mainstay of treatment for resectable disease and is the on1 y curative 

treatment option. The surgical goals are to achieve an en bloc resection with al1 rnargins free of 

disease, and to remove regional lymph nodes. The number of lymph nodes involved with 

tumour is a significant predictor of survival (Woimark et al, 1986). In general, colonic tumoun 

can be removed more effectively than rectal tumours, resuiting in lower locoregional recurrence 

rates. Excision of the mesorectum can reduce the rate of local recurrence of rectal tumours. by 

increasing the likelihood of obtaining negative resection rnargins (Heald and Ryall, 1986). 

Radiation therapy combined with surgical resection for rectal cancer has been 

demonstrated to reduce the incidence of local recurrence. Combining radiation therap y wi th 

systemic chemotherapy has been shown to increase overall survival for patients with Stage II or 

III rectal cancer (Krook et al, 199 1). An increasing number of centres have favoured 

preoperative (neoadjuvant) radiation + chernotherapy over postoperative (adjuvant) radiation, 

due to excellent tolerance and low morbidity. 

Typical survival rates in node positive (Stage III) colon and rectal cancer patients are 

61% and 549, respectively (Cohen et al, 1997; Coia et al, 1999). Patients who die from CRC 

most comrnonly do so as a result of distant metastatic disease. Several randomized prospective 
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studies have demonstrated that postoperative adjuvant systemic chemotherapy benefits certain 

subgroups of patients (Moertel, 1994; Moertel et al. 1995: Wolmark. 1988: Wolmark et al. 

1993). Standard chemotherapy currently consists of 5-fluorouracil (5-FU) regimens combined 

with Ieucovonn. 

The wellsharacterized naturd history of colorectal cancer lends itself to the study of 

molecular events involved in the initiation and progression of neoplasia. 

F. RATIONALE FOR PWSENT STUDIES AND OUTLIM OF THESIS 

Polo-like kinases are a family of evolutionarily conserved proteins that regulate several 

events dunng mitosis. Marnrnalian Plk gene expression is seen in actively dividing ce11 

populations, and increased expression has been descnbed in several human tumour types. 

Furthemore. increased PLK expression has been proposed as a marker of poor prognosis in 

human cancer, and overexpression of PLK can result in malignant transformation of NIH 3T3 

cells. Sak kinase is a polo farnily member whose expression appears to be tightly regulated 

during the ceIl cycle. Human SAK expression has not previously been systematically studied in 

any turnour type. Prior attempts to upregulate Sak expression in tissue culture cells were limited 

due to apparent toxicity of the Sak overexpression (Fode et al. 1996). Cells overexpressing Sak 

showed an increased incidence of rnultinucleation. 

The purpose of the research described in this thesis was twofold: 1) to determine if SAK 

or PLK transcript levels are aberrant in human colorectal cancer, compared to normal tissue. and 

2) to achieve inducible overexpression of Sak in ceIl Iines, in order to study protein localization 

and effects of excess Sak on ce11 growth and division. In Chapter 2, I measure the expression of 

SAK and PLK in 74 colorectal cancer specirnens, as determined by semiquantitative RT-PCR. 

In Chapter 3, expression of these two polo-like kinases is examined in 13 colorectal cancer ce11 

lines with known mechanisms of genomic instability. A higher level of SAIS expression was 
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observed in MIN ceIl lines compared to CIN lines: a similar difference was observed in RER+ 

compared to RER- colorectal tumours. The finding of relatively increased SAK expression in 

the majority of colorectal cancers. and in a subset of CRC ceIl lines. prompted an attempt to 

experimentally upregulate Sak expression. Chapter 4 describes the creation of an inducible 

expression vector for green fluorescent protein-tagged Sak. and the localization of this fusion 

protein in cells in culture. GFP-Sak showed a ce11 cycle-dependent pattern of localization, 

including an association with the nucleolus, which had not previously k e n  observed for other 

polo-li ke kinases. 



CHAPTER 2: 

EXPRESSION OF SAK AND PLK IN HUMAN COLOWCTAL CANCER 

INTRODUCTION 

The polo family of protein kinases is an important group of cell cycle regulators. Sak and 

PLK are two mammalian memben of this gene family. Ce11 culture experirnents have indicated 

that polo-like kinase activity must be tightly controlled for proper mitosis and cytokinesis to 

occur. Microinjection of anti-PLK antibodies into both transfonned and nontransformed cells 

resulted in disruption of normal centrosomal function, failure to segregate chromosomes 

correctly, and a lack of coordinated cell division (Lane and Nigg, 1996). Ce11 cycle progression 

was markedly inhibited. Overexpression of PLK in munne fibroblasts led to an increased 

appearance of large cells with multiple and/or fragmented nuclei (Mundt et al, 1997). These 

cells displayed a transfonned phenotype in culture, and formed tumoun when injected into nude 

mice (Smith et al, 1997). Analogous studies with Sak yielded similar results; transfection of 

antisense murine Sak reduced colony formation of CHO cells (Fode et al, 1994), and transient 

overexpression resulted in increased multinucleation with a progressive loss of ce11 viability 

(Fode et al, 1996). These data suggested that altered expression of PLK or SAIS could be 

instrumental in cancer initiation or progression. 

PLK expression has k e n  analyzed in four types of cancer: non-small ce11 lung cancer 

(n=l I l )  (Wolf et al, 1997). head and neck squamous ce11 cancer (n=89) (Knecht et al, 1999). 

esophageal cancer (n=49) and gastric cancer (n=75) (Tokumitsu et al, 1999). PLIS in tumour 

tissue was compared to nomal mucosa, and was overexpressed in the majority of cancers. 

Increased PLK expression correlated with adverse clinical outcorne for the former three tumour 

types, and was an independent prognosric indicator in multivariate analysis. SAK expression has 

not previously k e n  evaluated in a large series of tumours of any type. 



The aim of this study was to characterize the expression of SAK and PLK in  human 

colorectal cancen. Expression was assessed in 74 cases of colorectal cancer by reverse- 

transcription PCR. and tumour tissues were cornpared with paired normal mucosa samples. SAK 

and PLK were expressed more highly in colorectal tumours relative to normal tissues in 66.2% 

and 77.1% of cases, respectively. SAK expression increased in tumours with both the increasing 

age of the patient, and the more distal location of the cancer within the bowei, with rectal cancers 

showing highest expression of this gene. In the case of PLK. older age was also predictive of 

increased gene expression in tumoun, however in contrat to SAK, PLK was decreased in rectal 

cancers compared to tumours of the colon. Colorectal cancer metastases to the liver did not 

show a marked di fference in SAK or PLK gene expression when compared with primary 

tumours. 

These data indicate that SAK and PLK are both aberrantly expressed in the majonty of 

human colorectal cancers, however the pattern of expression is not always congruent between the 

two genes. As polo-like kinases have been implicated in spindle assembly and temporal control 

of anaphase, the dysregulated expression observed in this study could be responsible for mitotic 

errors and the aneuploid phenotype commonly seen in colorectai cancers, as well as many other 

solid tumours. 



MATERIALS 

Reagents: The following were obtained from Gibco BRL, Life Technologies. Grand Island, NY: 

Trizol reagent. 5X First Strand Buffer. O. 1 M dithiothreitol (DIT), Moloney munne leukemia 

virus reverse transcriptase (MMLV-RT) (200 UIpL), and Random Primer oligonucleotides. 

RNAguard RNase Inhibitor (38 600 UImL) and Ultrapure (LNTP sets (100 mM) were obtained 

from Amershain Pharmacia Biotech, Baie d'Urfé. PQ. For RNA work, a solution containing 10 

rnM of each dNTP was made using water treated with diethyl pymcarbonate (DEPC) as the 

diluent. DEPC was purchased from Sigma, St. Louis, MO. For PCR. a similar solution was 

made using autoclaved water as the diluent. The following were purchased from Perkin Elmer, 

Branchburg, NJ: 10X PCR buffer ( 1 0  m M  Tris HCI pH 8.3,500 mM KCI), 25 rnM solution of 

MgCI2, AmpliTaq Gold Polymerase (5 UIpL). PCR primers were ordered from ACGT 

Corporation. Toronto, ON and were diluted.with autoclaved water to stock solutions of 30 PM. 

PCR was performed in a PTC-10 from MJ Research, Inc.. Waltham, MA. 4-204 TBE gels and 

the Xcell II electrophoresis apparatus came from Novex, San Diego, CA. Ethidium bromide 

(EiBr) was ordered from Sigma, St. Louis, MO. A 0.1% EtBr solution (in water) was used for 

staining gels. Polapan 665 PN film came from Polaroid. Bedford, MA. The Computing 

Densitometer Mode1 300A is manufactured by Molecular Dynamics. Sunnyvale, CA. 

Solutions: RPMI 1640 medium containing penicillin G (167 W/mL) and streptomycin sulfate 

(LOO pg/mL), and phosphate-buffered saline (PBS), pH 7.2 were obtained from the media 

preparation facility at Samuel Lunenfeld Research Institute, Mount Sinai Hospital. Fetal bovine 

serum. Qualified, (FBS) came from Gibco BRL. Life Technologies. Grand Island, W .  



METWODS 

Clinical Database 

The following ciinical variables were gathered in a prospective manner from clinical 

charts, radiology reports and pathology reports: patient initials. hospital medical record number. 

age at diagnosis, stage of disease according to the AJCC system, date of operation. location of 

tumour within the bowel, and presence of lymphovascular, venous, or perineural invasion. 

These were compiled into a database specific to either colorectal cancer or Iiver metastasis 

patients. 

Tissue Samples 

Primary colorectal adenocarcinornas resected sequeniially by one surgeon (CJS) were 

routinely banked. An effort was made to obtain tumour samples from viable regions, usually the 

invasive edge. Samples of normal mucosa were taken from the same operative specimen, several 

centimetres distant from the tumour, by dissecting along the muscularis mucosa layer. Hepatic 

metastases from colorectal cancer, resected sequentiall y b y one surgeon (SG), were routine1 y 

banked. Sarnples of tumour and uninvolved normal liver were obtained from surgical 

specimens. Tissues were immediately flash frozen in liquid nitrogen, then stored at -70 O C  in 

either a colorectal tumour or liver metastasis bank. 

Cel Lines and Ce11 Culture 

The HT 29 colorectal cancer ce11 line was obtained from American Type Culture 

Collection, Rockville, MD. Cells were maintained at -75% confluence in RPMI 1640 medium 

supplemented with 108 FBS, at 37 O C  in a 5% COz atmosphere. 



RNA Extraction and Synthesis of cDNA 

Total RNA was extracted from tissue samples and from cultures of HT 29 cells using 

Tnzol reagent according to the manufacturer's instructions. Cultured cells were approximately 

75% confluent at the time of RNA extraction. RNase-free precautions were observed. RNA 

pellets were resuspended in DEPC-treated water and quantitated using spectrophotometry at 260 

nm. The quality of the RNA was assessed by evaluating the ratio of optical density at 260 nm to 

that at 280 nm, with values generally in the range of 0.7-0.8. No samples were discarded due to 

poor quality. RNA samples were stored at -70 OC until ready for use. 

cDNA was synthesized in an 8 pL reaction mixture containing 400 ng total cellular RNA, 

1.6 uL 5X fint strand buffer, 1.6 @ mase free d N T P s ,  0.8 pL O. L M DTT, 0.8 (40 ng) 

random primers. 0.1 PL (3.86 U) RNAguard. and 0.2 pL (40 U) MMLV-RT. The mixture was 

incubated at 37 O C  for 60 minutes, denatured at 94 OC for 4 minutes, and stored at -20 OC. Pnor 

to use as a template for the PCR. the mixture was diluted 1 5  with autoclaved deionized water. 

Polymerase Chain Reaction 

Forward and reverse primes were designed to span introdexon boundaries in order to 

prevent the amplification of any genomic DNA contaminating the cDNA mixture (see Figure 

2.1, page 47). The primers for SAK (1488F' 5'-AAT CAA GCA CTC TCC AAT C-3'; 1665R, 

5'-TGT GTC CTT CTG CAA ATC-3') and porphobilinogen deaminase (PBGD) (283F. 5'-GAG 

AAG AAT GAA GTG GAC CT-3'; 536R, 5'-AGG T T ï  CCC CGA ATA CTC C-3') yield PCR 

products of 177 and 253 bp respectively. The PLK PCR was initially designed using PBGD 

primers 7F and 7R. which were a gift from Dr. 1. Andrulis (Samuel Lunenfeld Research Institute, 

Mount Sinai Hospital, Toronto. ON). Primers 7F (S ' -KA CI% CTT GAA GGA CCT G-3') 



A) Human SAK cDNA, 3192 bp 
1488F 1665R 

5' -+ 4- 

B) Human PLK cDNA, 2190 bp 

C) Human PBGD cDNA, 1377 bp 
283F 536R 

5' ri, 4- 

Figure 2.1. cDNA Structure and Primer Design for SAK, PLK, and PBGD. 

Schematic drawing of human cDNAs showing predicted or known intron/exon boundaries. PCR primers are indicated 
by arrows. Figure is not to scale. 



and 7R (5'-GCT GTT GCT AGG ATG ATG G-3') amplified a fragment of 291 bp. For optimal 

separation by electrophoresis. a PLK PCR product at least 30 bp smaller was desired, so pnmen 

for PLK (633F. 5'-GAA AAT AGG GGA TTT TGG AC-3'; 888R, 5'-G'IT GAT GTG CIT 

GGG AAT AC-3'). which yield a pmduct of 255 bp. were used. However. i t  was later 

discovered that the PBGD 7F and 7R pnmers were not specifically amplifying cDNA. as for 

some templates, larger bands were also detected on gels, likely representing genomic DNA 

fragments. For this reason, the PLK PCR was redesigned. For reactions performed on or after 

January 3,2000, the following PLK primes. which generate a fragment of 194 bp. were used: 

1476F. 5 ' - m  GAT GAA GAA GAT CAC CC-3'; 1670R. 5'-TGG AAG AAG ïTG ATC 

TGG AC-3'. This permitted the used of the previously described PBGD primes 283F and 5363 

for amplification of the housekeeping gene. 

PCR was perfomed in a 20 pL reaction mixture containing 1.6 pL cDNA template, 2 pL 

1OX PCR buffer, 5.625-6.25 mM MgCI2,0.8 m M  m s ,  0.3 pL each of forward and reverse 

pnmers (each final 0.45 FM) and 1.25 U AmpliTaq Gold polymerase. PCR was performed in a 

PTC-100 programmable thermal controller as follows: denaturation at 94 OC for 10 minutes, then 

25-36 cycles of denaturation ai 94 OC for 30 seconds, annealing at 52-53 O C  for 30 seconds, and 

extension at 72 OC for 40 seconds. Reactions were then cooled to 4 OC. PCR products were 

separated by electrophoresis on 4-20% TBE gels in a Novex Xcell II apparatus at LOO volts for 

2.5 hours. visualized by ethidium bromide staining, and gels were photographed ont0 Polapan 

665 PN film. Quantitation was by laser densitometry using a Computing Densitometer and 

ImageQuant software. 



Optirnization of PCR Conditions 

PCR conditions were initially optimized for MgCl?. amount of template, and annealing 

temperature. However, despite this optimization, reactions performed prior to January 1.2000 

were noticeably inconsistent in their ability to generate valid results. At this time it was found 

that the amount of taq polymeraçe used per reaction (0.2 PL, 1 LJ) was suboptirnal. Al1 PCR 

reactions canied out on or after January 3,2000 incorponted 0.25 @ (1.25 U) of AmpliTaq 

Gold pol ymerase per reaction, and valid results were generated with muc h greater consistenc y. 

If results met criteria of validity (see below), they were included in the analysis irrespective of 

the time petid during which the PCR had k e n  performed. However, for every sample that had 

generated a useful result under original conditions, an attempt was made to repeat the PCR 

reaction under the new conditions. This was achieved for 97.9% of cases, with similar results 

yielded from both time periods. 

Criteria for Generating Valid PCR Results 

Each sarnple was analyzed over a range of PCR cycles to ensure quantitative evaluation 

within the logarithmic phase of the PCR reaction. Only those reactions which had not plateaued 

were used in the analysis (see Figure 2.2, page 50). In order for a sarnple to be valid, 

densitometry values for each gene must increase by 50% over 2 cycles (i.e. from cycle 26 to 

cycle 28), and densitometry values 4 0  are discarded. To normalize for the amount of RNA and 

to control for the quality of the RNA samples, each reaction also contained pimers for a 

constitutively expressed gene, PBGD, for cornparison with the level of SAK or PLK expression. 

As well, the colorectal cancer ce11 line, HT 29, which was found to express both SAK and PLK, 

was used as a positive control in each set of PCR reactions. 





For each sample of turnour or normal tissue. the ratio of expression of the gene of interest 

to that of PBGD was averaged over a range of cycles in the logarithmic phase of amplification, 

and this number was then normalized to the level of mRNA in the FIT 29 cell line (see Figure 

2.3. page 52). This latter step acted as a control for day-to-day variability of the PCR and thus 

permitted cornparison of SAIS and PLK expression levels between reactions. For the thirteen 

PCR reactions performed on colorectal cDNA templates after January 3,2000, the mean 

SAK:PBGD ratio for the HT 29 ce11 line was 0.66 1. The standard error of this mean was 0.033, 

indicating minimal "between reaction variability" and high precision. A tumour:normal mucosa 

(T:NM) gene expression ratio was then constmcted for each case of CRC (Figure 2.4, page 53). 

Similarl y. a metastasis:normal liver (M:NL) ratio was generated for each case of liver metastasis 

from CRC. The majority of the samples were analyzed at least twice, yielding reproducible 

results. 

For each case of pnmary colorectal cancer, six RT-PCR values were entered into a 

Microsoft Excel spreadsheet (see Appendix A), and each value represented a mean of replicate 

expenments: 

Value 

SAK NM 

Derivation 

SAK M B G D  NM 
SAK HT 29/PSGD HT 29 

SAK TJPBGD T 
SAK HT 29lPBGD HT 29 

SAK T:NM SAK TiSAK NM 

PLK NM PLK NMIPBGD NM 
PLK HT 29PBGD HT 29 

PLK T PLK TPBGD T 
PLK HT 29PBGD KI' 29 

PLK T:NM PLK TPLK NM 







A similar spreadsheet was created for RT-PCR values obtained from the analysis of Iiver 

metastases, and is included as Appendix B. The six values and their derivations are listed below: 

Value Derivation 

SAK NL SAK NUPBGD NL 
SAK HT 29PBGD HT 29 

SAK M SAK M/PBGD M 
SAK HT 39iPBGD HT 29 

SAK M:NL SAK MBAK NL 

P X  NL PLK NUPBGD NL 
PLK HT 29lPBGD HT 29 

PLK M PLK MPBGD M 
PU( HT 29lPBGD HT 29 

PLK M:NL PLK MIPLK NL 

Analysis of Data 

The data obtained consisted of the gene expression ratio (i.e. SAWPBGD) and the ratio 

of gene expression in turnour relative to normal mucosa (T:NM). Data are expressed as mean 2 

standard ermr of the mean (SEM) unless othenvise stated. Normal probability plots were 

constructed and the Anderson-Darling normality test was applied. Where data was not norrnally 

distributed, a log transformation was applied. S tatistical analyses were performed on both 

untransformed and transformed data, using pararnetnc tests where normally distributed and 

nonpararnetric tests where not. 

The Pearson coefficient was used to evaluate correlations between continuous variables. 

Student's t-test was used to evaluate differences in means between two groups; one-way 

ANOVA was used when there were more than two groups. Nonparametnc equivalents, which 

compare median values, were the Mann-Whitney test, the Wilcoxon signed rank test (for paired 

data), and the Kniskal-Wallis test, respectively. The 95% confidence interval for an individual 
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observation was calculated as mean t 1.96(SD). The 95% confidence interval for the mean was 

calculated as mean t 1 .96 (~~ /dn ) ,  where n = number of cases in the cohort. 

To examine the relationship between SAK and PLK expression arnongst the CRC cases. 

a 95% confidence ellipse was constructed. The equation of this ellipse incorporates the mean 

and standard deviation of the log of the T:NM ratio for each gene, as well as the coefficient for 

the correlation between dl log T:NM ratios of SAK and PLK. The equation and its denvation 

are outlined in Appendix C. 

Al1 statistical tests assumed a Ievel of significance of 0.05, and were performed using the 

Minitab software package for Windows 95. 



RESULTS 

Clinicopathologic Data 

A total of 74 colorectal cancer specirnens. preserved in a colorectal tumour bank between 

November 1996 and March 2000. were analyzed for expression of SAK and PLK by semi- 

quantitative RT-PCR. Sequential specimens were analyzed, with no case selection. Table 2.1 

surnmarizes the clinical data for this group; the complete patient database appean in Appendix 

D. These clinical data were collected prospectively. There were 36 males and 38 fernales, and 

the mean age at the time of resection was 65.8 years (range 26-96). 

Disease staging was according to standard TNM criteria (1997), and was based on the 

pathological evaluation of the specimen as documented in the Mount Sinai Hospital Department 

of Pathology report. The TNM staging system for colorectal cancer is included in Appendix E. 

In 71 cases. tissue was obtained from the pnmary tumour, while in the remaining three cases, 

tumour tissue was from a perianastomotic recurrence. These latter cases were classified as Stage 

IV disease. Of the 74 cases, 58 (78.4%) were colonic primaries and 16 (2 1.6%) originated in the 

rectum. Of the 58 colon cancers, 21 (36.2%) were right-sided lesions (located in the cecum, 

ascending colon or hepatic flexure). Prior to surgical resection, some patients with rectal cancer 

recei ved neoadjuvant c hemoradiot herap y (n=3) or radi otherap y alone (n= 1 ). These four patients 

were staged according to the preoperative imaging and the post-treatment pathological 

evaluation of the surgical specimen, taking the highest values that applied. Of the group of 74 

patients, 6 were stage 1 (8.1%), 25 were stage II (33.8%). 20 were stage III (27.0%), and 23 were 

stage IV (3 1.1 %). 



Table 2.1: Colorectal Cancer Tumour Bank: Clinicopathologic Data* 

Number of cases 
Age (mean, range) 
Sex 
Patient Presentation 
- Primary tumour 
- Recurrence 
Tumour Type 
- Colon 
- Rectum 
k a t i o n  (colon tumours) 
- R-sided 
- Other 
Neoadjuvant therap y (rectal 1 O) 

- pre-op chemoradiotherapy 
- pre-op radiotherap y 
AJCC Stage 
- 1 
- II 
- III 
- IV 

* details listed in Appendix D. 

RT-PCR yieided valid results for both SAK and PLK expression in 67 of the 74 cases 

nable 2.2). In the remaining seven cases, valid results were obtained for only SAK in four, and 

only PLK in three. In the cases where valid results for one of the genes could not be obtained. 

gene expression was detected, but reactions failed to amplify PCR products in an exponential 

fashion such that the criteria for validity (as outlined in Methods, page 49) were met for only one 

cycle. No particular clinicopathologic properties were apparent in these seven cases. 

Table 2.2: Summary of RT-PCR Results 

Number of cases 74 
Valid SAK, valid PLK 67 
Valid SAK only 4 
Valid PLK only 3 
Neither O 



In this group of 74 patients. age and stage were found to be negatively correlated 

(Pearson coefficient -0.382. pd.00 1). On average, younger patients had more advanced 

disease. There was a statistically significant difference between the mean age of those with 

Stage I tumours (78.33 years) and those with stage IV tumoun (57.30 years) (p=0.007, 

ANOVA). In addition. patients with rectal cancer were significantly younger than those with 

colon cancer (mean age 57.8 versus 67.9 years, respective1 y; pS.0 19. Student's t-test). Those 

with right-sided tumours were of similar age to those with cancers located elsewhere in the 

colon. These demographic findings likely reflect a patient referral bias. Mount Sinai Hospital is 

a tertiary care centre that provides a multidisciplinary approach to oncologic problems. and the 

patients referred for assessment and treatment at this institution often have more advanced 

disease than seen in the general population. Patients with familial cancer syndromes such as 

FAP or HNPCC also make up a greater proportion of those treated at Mount Sinai Hospital than 

in an unselected population at a community hospital. This reflects in part the genetic screening, 

counseling, and specialized surgical treatment for such syndromes offered at this institution. 

Liver metastases from a total of 15 patients, preserved in a liver metastasis bank between 

October 1997 and January 2000. were also analyzed by RT-PCR for expression of SAK and 

PLK. Clinical data for this cohort are included in Appendix F. The mean age at resection of 

metastatic disease was 59.8 years (range 33-77), and this group consisted of 1 1 males and 4 

females. Thirteen patients had had primary colonic cancer and two patients had rectal primaries. 

In one case (129), the colonic pnmary and the metastatic liver disease were banked 

simultaneously during the course of the same operation. 

Expression of SAK in Colorectal Cancer 

SAK mRNA levels were evaluated in 7 1 colorectal tumours and compared with paired 

normal mucosa specimens. SAK expression is measured relative to the expression of PBGD, a 
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constitutively expressed gene. The log transformation of the S A W B G D  ratio was perfomed to 

nonnalize the data and facilitate statistical analysis. To illustrate the range of SAK expression 

within each tissue type. histognms were constmcted to show the frequency of al1 log values of 

the SAWPBGD ratio generated from analysis of the nomal mucosa specimens (Figure 2.5a). 

and the colorectal tumours (Figure 2.5b). Mean SAK expression and rhe 95% confidence 

interval for an individual case (95% CI for xi) are shown on these histograms. On inspection. 

these log data appeared to fit a normal distribution. and this was confirmed using nomal 

probability plots (Andenon-Darling test of nomality). 

Three samples of normal mucosa (cases 36.56,83) showed very low SAK expression, 

with SAKRBGD ratios outside the 95% confidence interval. The only commonality arnongst 

these was that di three were specimens from the sigmoid colon. However, when SAK 

expression levels in normal mucosa were grouped according to location within the bowel (right 

colon. other colon, rectum), there was no difference in the log SAWPBGD ratio between the 

three sites (pd.39 1, ANOVA; see Table 2.3, page 69). Two tumour sarnples demonstrated very 

low expression of SAK (outside the 95% CI for xi); the SAWPBGD ratios in these two cases 

were 0.33 17 and 0.2397 (cases 48 and 5 1, respectively). Both of these tumoun onginated in 

male patients, and were right-sided lesions with invasion of tumour through the muscularis 

propria of the coionic wall (T3). One tumour (case 130) showed very high SAK expression 

(SAWPBGD = 2.88 IO), which was outside the 95% CI for xi. 

SAK expression was greater in colorectal tumours relative to normal mucosa. The mean 

SAK expression (relative to PBGD) was 1.187 t 0.070 (SEM) in the normal mucosa samples. 

and 1.300 f 0.061 in tumours. This diffetence was statistically significant when the log data for 

expression in normal ana turnour tissues were analyzed (0.0201 k 0.0269 versus 0.078 1 t 

0.0222, respective1 y; pS.027, Student' s paired t-test). 



Figure 2.5a: Distribution of SAK Expression in Normal Mucosa Specimens (n=7 
Mean and 95% confidence interval of xi are shown. Outlying cases are indicated by number. 



Figure 2.5b: Distribution of SAK Expression in Colorectal Tumour Specimens (n=71) 
Mean and 95% confidence interval of xi are shown. Outlying cases are indicated by number. 



To more accurately examine expression in tumours relative to that in paired normal 

rnucosa samples, a ratio of tumour:normal mucosa (T:NM) was generated for each individual 

patient. The distribution of al1 log values of the T:NM ratio for the 7 1 cases is shown in Figure 

2 . 5 ~ .  The mean SAK T:NM ratio was 1.3 12 f 0.102. To aid in identifying the outlying cases, 

the log of the T:NM ratio for each individual case was plotted in Figure 2.6. Positive bars 

represent cases for which SAK gene expression was greater in the tumour relative to paired 

normal mucosa. In 66.2% of cases (4717 1), expression was greater in tumoun relative to normal 

mucosa. The 95% confidence interval for the log SAK T:NM ratio for an individual case was 

-0.3655 to 0.4580 and this defined three cases as outliers (cases 48,83,32). The low T:NM ratio 

for case 48 could be explained by low SAK expression in the tumour, while the high T:NM ratio 

for case 83 was due to low SAK expression in the normal mucosa. Case 32 had a high T:NM 

ratio, though both NM and T levels of SAK expression were within the respective 95% 

confidence intervals. 

In normal liver tissue, mean SAK expression was 0.298 f 0.047; it was barely detectable 

in several of the specimens. The range of expression (piotted as log of SAWPBGD) in the 15 

noxmal liver sarnples is shown in Figure 2.7a SAK expression in this tissue was outside the 

95% confidence interval for xi for case 129 (SAWPBGD = 0.872 1). This was a patient who 

undenvent resection of the pnmary tumour and metastatic liver lesion at the sarne operation. 

Much greater SAK expression was found in the hepatic metastases, with a mean of 1.153 I 0.120 

(log-of SAWPBGD shown in Figure 2.7b). Two outlien were observed: case 513 showed very 

low SAK expression in  the metastatic lesion. and case 527 showed higher than predicted 

expression. Interestingly, the former was a young patient with very aggressive disease, while the 

latter was a rnuch older individual. SAK expression was significantly different between normal 

Iiver specimens and liver metastases (log SAK was -0.5743 f 0.0494 versus 0.0330 & 0.0424, 



Figure 2 . 5 ~ :  Distribution of SAK Expression in Colorectal Cancer Patients (T:NM Ratio; n= 
Mean and 95% confidence interval of xi are shown. Outlying cases are indicated by number. 







Figure 2.7b: Distribution of SAK Expression in Hepatic Metastases of CRC (n=15) 
Mean and 95% confidence interval of xi are shown. Outlying cases are indicated by number. 



respectively, n=15 each; pcû.0001. Student's paired t-test). 

To further illustrate the differences in SAK expression amongst the tissues studied, the 

mean value of log SAK and associated 95% confidence interval of the mean were plotted for 

each tissue (Figure 2.8). While the 95% CI of the mean for log SAK NM overlaps with that for 

log SAK T, the 95% confidence intewal for the log T:NM ratio excludes zero. This confirms 

that the ratio of SAK expression in colorectal tumours relative to paired normal mucosa is 

significantly greater than 1 (p4.05). SAK expression in normal liver tissue was significantly 

lower than in normal colonic mucosa (median log SAK expression: -0.6076 and 0.009 1, 

respectively; pc0.00001, Mann-Whitney test), consistent with greater expression in a more 

rapidly proliferating ce11 population. 

As a group, metastatic colorectal cancer lesions did not differ significantly in SAK 

expression when compared with prirnary tumoun (log SAK: 0.033 t 0.042 in liver metastases 

versus 0.078 + 0.022 in colorectal primaries, n=l5 and 7 1, respectively; p4.36, Student's t-test), 

though the comparison between these tissues is lirnited by the fact that they were not paired. For 

case 129, where a valid direct comparison could be made between the metastatic disease and the 

pnmary lesion, as these had both been obtained from the same patient. SAK expression in the 

liver metastasis was 1.4729 (log value 0.1682) and in the primary colon tumour it was 1.9249 

(log value 0.2844). The relationship between the paired metastatic and primary tumour was 

similar to that observed between the two tumour groups. Both normal colonic rnucosa and liver 

parenchyma from case 129 displayed quite elevated levels of S U .  In fact, SAK expression 

(relative to PBGD) in this patient's normal liver tissue was 0.8721, while the 95% confidence 

interval for the 15 liver specimens examined was 0.2059-0.3896. It is possible that this 

individual has a global increase in SAK expression, perhaps through a germline mutation 

affecting SAK gene transcription. SAK message levels in the primary tumour and hepatic 



Kev 
NM=normal rnucosa 

T=colorectal tumour 

NL=normal liver 

M=liver metastasis 

-0.8 -0.6 -0.4 -0.2 O 0.2 

Log (SAWPBGD) 

Figure 2.8. SAK Expression in Normal and Cancerous Tissues from Colon and Liver 
Mean and 95% confidence interval of the mean are shown. 



metastasis were within their respective 95% confidence intervals. 

In 7 1 patients with colorectal tumours, S AK expression was anal yzed for any association 

with the following clinicopathologic variables: age, sex, pathological stage, or location of 

tumour. SAK expression in either normal mucosa, colorectal turnour tissue. or the ratio between 

the two (T:NM) did not Vary significantly with patient gender (log SAK T:NM: 0.066 f 0.038 

for males. 0.053 f 0.035 for fernales; pS.8 1. Student's t-test), or pathological stage (p=0.493 for 

log SAK T:NM. ANOVA; see Table 2.4). There was a trend towards increased SAK expression 

in more distal tumours. with rectal cancers showing highest expression (pd.240, ANOVA), 

however normal mucosa from the rectum also showed sornewhat higher SAK expression, so the 

T:NM ratio was not significantly different among these locations (see Table 2.3). 

Table 2.3: Mean SAK Expression in Colorectal Tissues by Location of Tumour 

1 Loa SAK II 

- - - - - - 
1 

Rectum 1 15 1 0.0886 1 0.1078 1 0.0187 
p* 0.391 0.240 0.155 

- 

n = number of cases 

Location 1 nt 
Right colon 1 20 
Other colon 1 36 

p value for cornparison of mean expression by location. one-way ANOVA 

NM 
0.01 88 
-0.0077 

T 
0.01 81 
0.0991 

T:NM 
0.0028 
0.1085 



Table 2.4: Mean SAK Expression in Colorectal Tissues by Stage of Disease 

n = number of cases 

Stage 
1 
II 
111 

p value for cornparison of mean expression by stage, one-way ANOVA 

SAK expression in colorectal tumoun relative to paired normal mucosa was higher in 

older patients. Patients less than 60 yean of age (n=19) had a mean log SAK T:NM ratio of 

4.022 k 0.040, whereas for those 60 yean or older (n=52) the value was 0.090 k 0.03 1. This 

was a statistically significant difference (p=0.035, Student's t-test). It appeared that this increase 

in the log T:NM ratio with age was due to both s decrease in SAK expression in normal mucosa 

with age (log SAK: 0.061 5 0.060 for agec60 venus 0.005 + 0.030 for age60; p=O.41, 

Student's t-test), and an increase in expression in colorectal tumours with age (log SAK: 0.040 f 

0.054 for age4O versus 0.092 t 0.023 for age6O; p=0.38, Student's t-test). 

Multiple linear regression was perfomed to identify independent predictors of SAK 

expression from among the four clinicopathologic variables. In this analysis, none of the four 

(age, sex, stage, location) was predictive of SAK expression in normal mucosa samples, or the 

SAK T:NM ratio. However. both age and location were significant variables in the regression 

equation for the log of SAK expression in colorectal tumours (pd.007 and pd.024. 

respective1 y). 

. 
Log SAK 

T:NM 
-0.031 8 
0.0833 
0.0964 

nt 
6 
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Expression of PLK in Colorectal Cancer 

PLK mRNA levels were measured in 70 colorectal specimens. evaluating both tumour 

tissue and paired normal colonic rnucosa. The expression of PLK in normal colonic mucosa was 

quite homogeneous amongst al1 70 sarnples evaluated, moreso than for SAK. Log PLK values 

are shown as a histogram in Figure 2.9a. Two cases were noted to be outlien based on the log 

PLK expression lying outside the 95% confidence interval for Xi: case 36 showed low PLK 

expression (PLWPBGD ratio = 0.3 169), and case 92 showed high PLK expression (PLKIPBGD 

ratio = 3.6874). In normal mucosa from case 36, expression of both SAK and PLK were 

significantly lower than average (outside the 9 5 8  CI for each gene). 

Colorectal tumour specimens were more variable in their expression of PLK. The 

distribution of PLK expression within the 70 tumour samples is shown in Figure 2.9b. Seven 

cases were observed to lie outside the 95% confidence interval for xi. In three cases (19,62,65), 

PLK expression was low. Al1 three were females with Stage II or III rectal cancer. Expression 

was elevated in four cases (6,20,46,78), however no commonalities were evident amongst 

these cases. 

PLK was more highly expressed in tumours than in normal mucosa specimens, similar to 

the findings for SAK. Mean PLK expression in normal mucosa was 0.976 f 0.061 (relative to 

PBGD), whereas in tumours it was 1.354 f 0.092. This was a statistically significant difference 

(pc0.000 1, Student's paired t-test). 

. The mean T:NM ratio for PLK was 1.615 f 0.125. Figure 2 .9~  illustrates the frequency 

of ail log (T:NM) values obtained for PLK expression in the 70 cases exarnined. The data 

descnbing PLK expression (log values for NM. T. and T:NM) fit a normal distribution 

(Anderson-Darling normality test). 



Figure 2.9a: Distribution of PLK Expression in Normal Mucosa Specimens (n=70) 
Mean and 95% confidence interval of x, are shown. Outlying cases are indicated by number. 



Log (PLWPBGD) 

Figure 2.9b: Distribution of PLK Expression in Colorectal Tumour Specimens (n= 
Mean and 95% confidence interval of x, are shown. Outlying cases are indicated by number. 



Log (T:NM ratio) 

Figure 2.9~: Distribution of PLK Expression in Colorectal Cancer Patients (T:NM; n= 
Mean and 95% confidence interval of x, are shown. Outlying cases are indicated by number. 



The ratio of PLK expression in the colorectal tumours relative to paired normal mucosa, 

for al1 70 cases, is shown in Figure 2.10. The log of the T:NM ratio is plotted on the y-axis; 

positive ban  represent cases for which PLK gene expression was greater in the tumour than in 

paired normal mucosa. In 77.1% of cases (54/70), expression was greater in tumours. Five cases 

(19,20,92,96, 118) were identified as outliers relative to the 95% confidence interval for an 

individual case. In three cases PLK expression was lower than predicted, and in two cases it was 

higher. Al1 five were female patients with advanced disease (Stage III or IV). 

For the 12 cases of normal liver tissue and hepatic metastases of colorectal cancer 

evaluated for PLK expression by RT-PCR, the distribution of PLK expression (relative to 

PBGD) is shown in Figures 2.1 la and 2.1 lb, respectively. Normal liver tissue expressed very 

little PLK, which was barely detectable even by this sensitive method (0.2091 f 0.0145). By 

contrast, PLK was readily detectable in liver metastases, and had a fairly narrow range of 

expression in these samples ( 1.2025 f 0.079 1). Log data for PLWPBGD were compared 

between these two groups and the difference was significant (-0.6930 f 0.0334 for normal liver 

versus 0.0689 + 0.0299 for metastases; p4.000 1, Student's paired t-test). 

The mean level of expression of PLK in each tissue, and associated 95% confidence 

interval of the mean, are shown in Figure 2.12. This illustrates the differences in PLK 

expression in nonmalignant and malignant tissues, as well as in different types of benign tissue 

(colonic mucosa versus liver parenchyma). The 95% confidence intervals for levels of PLK 

expression in normal colonic mucosa and in  colorectal tumour tissue do not overlap, 

demonstrating higher PLIS expression in the latter. In addition, the 95% CI of the mean log PLK 

T:NM does not include zero, indicating that the T:NM ratio is significantly greater that 1 

(pcO.05). Thus PLK expression is greater in colorectal cancer relative to paired normal colonic 

mucosa. 







Figure 2.1 1 b: Distribution of PLK Expression in Hepatic Metastases of CRC (n=12) 
Mean and 95% confidence interval of xi are shown. 
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Figure 2.1 2: PLK Expression in Normal and Cancerous Tissues of Colon and Liver 
Mean and 95% confidence interval of the mean are shown. 



Consistent with previous studies which have found PLK expression closely linked to the 

rate of proliferation of the tissue, expression was much lower in normal liver parenchyma when 

compared with normal colonic mucosa (mean log PLWPBGD: -0.693 + 0.033 and -0.056 f 

0.023, n=12 and 70, respectively; p4.00001. Student's t-test). No difference in PLK expression 

was observed between primary tumours and hepatic metastases of CRC (median log PLK 

expression.0.078 1 venus 0.0939, n=70 and 12, respectively; pS.778. Mann-Whitney test) 

though again these samples were not paired. For case 129, PLK expression was 1.2253 (log 

value 0.0882) in the colon pnmary, and 0.7356 (log value 4.1334) in the simultaneously banked 

liver metastasis. The value for the latter is lower than those observed for the other 11 liver 

metastases (mean log PLIS 0.0873 0.0258). This could indicate that metastatic liver lesions 

which are detected simultaneously with the prirnary tumour, such as this one, differ in some 

aspect of ce11 cycle function, related to PLK expression, when compared with metastases that 

develop months to yens after the primary tumour has been removed. 

An examination of the relationship of P M  expression to the documented 

clinicopathologic variables revealed no difference in PLK expression in normal mucosa, 

colorectal tumour, or in T:NM ratio based on sex (log PLK T:NM: O. 133 I 0.030 for males and 

0.145 + 0.048 for femaies; p S . 8 3 ,  Student's t-test) or stage (pd.703 for log PLK T:NM, 

ANOVA; see Table 2.5). In contrast to SAK, PLK expression was statistically significantly 

lower in rectal tumours when compared with cancers of the proximal or more distal colon 

(pd.015 for log PLK TT ANOVA; see Table 2.6). When cancers of these two regions (xight- 

sided, other colon) were pooled, this difference remained significant (log PLK T: O. 1 16 t 0.025 

for colon tumoun versus -0.042 -r- 0.066 for rectal tumours, n=54 and 16 respectively; p=0.037. 

Student's t-test). PLK expression in normal mucosa also declined somewhat with the more distal 



location of specimens. so the T:NM ratio of PLK expression in rectal cancer was not 

significantly different from that of colonic specimens (see Table 2.6). 

Table 2.5: Mean PLK Expression in Colorectal Tissues by Stage of Disease 

n = number of cases 
p value for comparison of mean expression by stage, one-way ANOVA 

[stage 

Table 2.6: Mean PLK Expression in Colorectal Tissues by Location of Tumour 

Log PLK 

n = number of cases 
p value for comparison of mean expression by location, one-way ANOVA 

nt 

There was a significant correlation between age at the time of resection and the log of the 

PLK T:NM ratio (Pearson coefficient 0.287, pd.016). To investigate whether an age-dependent 

increase in PLK expression in tumoun, or decrease in normal mucosa, was responsible, PLK 

expression in these tissues was stratified by 10-year age groups. A trend toward increased PLK 

expression in tumoun with increasing age was observed (pc0.056, ANOVA), with a more 

notable increase in sarnples from patients 60 years of age or older. Indeed, PLK expression was 
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significantly higher in the tumours from these patients (n=50) than in the patients less than 60 

years old (n=20) (median log PLWPBGD: 0.1 183 and 4.0098, respectively; p=0.0014, Mann- 

Whitney test). As there was no significant change in PLK expression in normal mucosa with 

advancing age, the T:NM ratio for PLK expression was markedly higher in older patients (mean 

log PLK expression: 0.184 t 0.036 in those 2 60 venus 0.028 + 0.039 in those ~ 6 0 ;  pd.005, 

Student's t:test). 

In multiple regression analysis with the four clinicopathologic variables of age, sex, stage 

and location included, none were found to predict PLK expression in normal mucosal tissues. 

Age was an independent predictor of PLK expression in tumours, and of the PLK T:NM ratio 

(pd.00 1, and pd.020, respective1 y). 

Correlation between SAK and PLK expression 

SAK expression (T:NM) was found to correlate with PLK expression (Pearson 

coefficient 0.31 1, p=û.01). To examine the relationship between SAK and PLK expression in 

individual cases of colorectal cancer, a scatter plot was constructeci. For 67 colorectal cancer 

cases, the log of the T:NM ratio for SAK and PLK were plotted on the x and y axes, respectively 

(Figure 2.13). The Pearson correlation coefficient of the log values of SAK and PLK was 0.526 

(p=O.0001); in 52/67 cases (77.6%) the pattern of gene expression was congruent. Most cases 

(n=41) fell in the top nght quadrant indicating that both SAK and PLK were more highly 

expressed in the tumour compared to paired normal mucosa. Twelve of the 67 cases (10, 35, 58, 

60.68,73, 80, 11 1, 112, 114, 124, 137) showed elevated PLK expression but reduced SAK 

expression in the tumours versus normal mucosa, whereas only three cases (62.72. 118) showed 

elevated SAK and reduced PLK. In 1 1 cases ( 1 , s  1,63,65,92,93.94, 10 1, 122, 123, 128), both 

S A K  and P M  were reducrd in tumour compared to paired normal mucosa. 
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Figure 2.1 3: 95% Confidence Ellipse for SAK and PLK Expression in 67 Colorectal Cancer Cases 
Outlying cases are in red numerics. 



A 95% confidence ellipse was constructed using the mean and standard deviation of the 

67 log T:NM gene expression ratios for each of SAK and PLK, and the correlation coefficient 

(for funher details, see Appendix C). This defined five cases as outliers. Three of these (cases 

20,32,83) fell in the upper right quadrant, indicating that expression of each gene, SAK and 

PLK. was higher than predicted based on the data for the group. One case (1 18) fell in the 

bottom nght quadrant, and the other (92) in the bottom left quadrant. Though there were no 

statistically significant findings when these cases were compared to the remaining 62 cases on 

the basis of clinicopathologic data, al1 five outlien were T3 tumours, and the proportion of node 

positive cases (80.0%) was greater than that in the remaining 62 cases (46.8%). Furthemore, 

these five outliers appeared to have more advanced disease than the population falling within the 

95% confidence ellipse (80.0% had Stage III or IV disease versus 56.596 in the remaining 62 

patients). Case 129 fell within the upper nght quadrant in this plot. 

For 12 cases of metastatic liver disease, data on expression of both S A K  and PLK was 

available. The Pearson correlation coefficient for the log values of SAK and PLK in this group 

was 0.5 15 (p=û.086), demonstrating only a trend towards a correlation between the two. 

For both SAK and PLIS, linear regression anal ysis of log T:NM ratios was performed, 

including as potential predictive variables age, gender, tumour location, pathologic stage. and 

PLK or SAK. In each case (SAK or PLK), only PLK or SAK contributed significantly to the 

model, although age was of borderline significance. However, variability in neither SAK nor 

PLK could account for the majority of the variability in the other gene. 



DISCUSSION 

Elements of the cell cycle machinery are often found to be dysregulated in cancer cells. 

Polo-like kinases are a family of protein kinases known to regulate ce11 cycle events. particularly 

during mitosis. In the present study. we have analyzed the expression of two mammalian polo- 

like kinases, SAK and PLK, in human colorectal cancer. Studies of hurnan PLK have revealed 

increased expression of this gene in several tumour types, however gene expression in colorectal 

cancer had not previously been carefully evaluated. SAK. which shares some common 

properties with PLK at the level of gene structure and regulation of expression. also possesses 

unique features such as a single polo box domain. and a more restricted pattern of gene 

expression in human tissues. SAK expression has not previously k e n  studied in a large series of 

tumoun of any type. The present study represents the fint examination of SAK expression in 

primary tumours and paired normal tissue obtained from a large, well defined group of cancer 

patients. PLIS was measured in parallel to allow a cornparison of the pattern of gene expression 

between these two human polo family members. 

The comparative assessrnent of polo gene expression employed a semi-quantitative RT- 

PCR technique, a method with advantages over conventional Northem blotting. RT-PCR is 

more sensitive and even messages of low prevalence within a sample can be amplified. The 

amount of RNA tempiate required for RT-PCR is considerably less than for a standard Northern 

blot. and this is advantageous given the limited quantity of tissue that could be banked from each 

operative specimen. 

Both SAK and PLK were both found to be more highly expressed in colorectal tumours, 

when compared with normal colonic mucosa, in the majority of cases studied. Similar findings 

have been observed for PLK in senes of non-small ce11 lung cancers. head and neck squarnous 

ce11 cancen, and esophageal cancen (Knecht et al. 1999; Tokumitsu et al, 1999; Wolf et al, 

L997). In these studies, overexpression of PLK was comlated with poor clinicai prognosis. As 
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the tissue specimens exarnined in the present study were banked relatively recently. mature 

clinical data on patient outcome are not yet available. and thus the prognostic significance of 

SAK expression in colorectal tumours will be evaluated in a future study. Disease stage, 

however, is known to be indicative of ciinical outcome for many cancers including CRC. Our 

data indicate no signifiant correlation between increased expression of either SAK or PLK. and 

advancing stage, suggesting that expression of these polo genes may not directly reflect 

metastatic status. Indeed, neither SAIS nor PLK was different in a group of colorectal cancers 

metastatic to iiver than in the group of primary tumoun we examined. Lack of correlation with 

stage, however, implies the potential for independent prognostic value. 

In this study, we observed a significantly lower level of PLIS expression in rectal tumours 

relative to colon tumours. SAK expression showed the opposite pattern, with a trend to higher 

mRNA levels in cancers of the rectum. These findings raise two issues, the fint k ing  that 

factors regulating expression of these two polo-like kinases may differ. As there was a trend 

toward lower PLK and higher S A K  expression in rectal versus colonic normal mucosa in this 

study, it suggests that signals for expression of the individual polo genes may differ between 

these two sites. Indirect evidence supporting differential regulation also includes the observation 

of a more restricted pattem of S M  expression in human tissues (relative to PLK), and a much 

weaker link to tissue proliferative activity for the former gene. It is interesring to note that in our 

study, of al1 70 colorectal tumours with evaluable PLK expression, the two with the lowest levels 

were rectal cancers treated with neoadjuvant chemoradiotherapy, which may have significantly 

decreased their proliferative rates. The second point to address is the possibility that cancers of 

the colon and rectum biologically differ from one another. There is evidence that different 

etiological factors may be important in the development of cancer at different sites along the 

large bowel (Ponz de Leon et al, 1990; Weisburger and Wynder, 1987), and this is also 

supported by studies on genetic alterations in colorectal tumoun (Kem et al, 1989). One study 
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has reported a higher rate of aneuploidy among rectal cancers relative to colon cancers (Kouri et 

al, 1990), and aneuploidy has k e n  correlated with lower survival than diploidy (Armitage et al, 

1985). In a recent large population-based study, both the pattern of tumour growth (expanding 

versus infiltnting), and the presence or absence of lyrnphocytic infiltration. were obsewed to 

differ significantl y between colon (n= 169) and rectal (n= 106) cancers (Roncucci et ai, 1996). 

Tumours with an expanding type of rnargin are associated with a better prognosis than those 

showing tumour ce11 infiltration into the bowel wall (Carlon et al. 1985; Jass et al, 1986). It is 

therefore intriguing to consider that a state of relatively low PLK and high SAK, as observed in 

the rectal tumoun in our series, might relate to these other genetic and biologic properties which 

appear to be more prevalent in rectal cancers in general. Such properties could be assessed in 

Our specirnens. 

Possible mechanisms for the increased gene expression that was observed in the majority 

of colorectal cancers in this study include pmmoter demethylation, loss of a factor that 

negatively regulates expression of the gene, or a gain of chromosomal rnatenal resulting in 

multiple copies of the gene. DNA demethylation has been shown to "tum on" expression of 

certain genes (Bergman and Mostoslavsky, 1998; Ferguson et al, 1995), and the SAK promoter 

could be subject to this process, perhaps as a result of a generalized alteration in DNA 

methylation enzyme activity in cancer (Baylin et al, 1998). Little is known about the factors that 

regulate expression of the polo-like kinase genes, however the murine Sak promoter contains 

consensus binding sites for two transcnptional represson, Gfi-1 and Oct-1 (Hudson et al, 2000a). 

Loss of one of these negative regulaton. or mutation of the binding site itseif, could lead to 

overexpression of the gene. The latter has been observed in in vitro studies (Hudson et al, 

2000a). 

Perhaps most interesting to consider is a change in copy number of the gene. When the 

number of copies, or alleles, of a gene changes due to DNA loss or gain, an odd copy number 
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results in a change in gene dosage. The balance between matemally- and patemally-inhented 

alleles is altered. Gain of whole chromosomes is not thought to change relative gene dosage, as 

the ce11 retains an even number of alleles of each gene despite experiencing an increase in total 

DNA content, and hence a ploidy change. Both processes have now been recognized as 

mechanisms for altered gene expression. and either could potentially explain the overexpression 

of SAK seen in this study. Galitski et al (1999) have recently shown in yeast that expression of 

certain genes is ploidy-induced, whereas other genes are ploidy-repressed. The existence of such 

regulation in humans might mean that the polyploidy commoniy seen in tumour cells. which is 

usually viewed as a consequence of aberrant cell cycle control. may also be a cause of disturbed 

ce11 behaviour. The human SAK gene is located on chromosome 4q. Gains of this chromosomal 

arm were reported in 1 18 of 22 10 solid tumours in a recent review of comparative genomic 

hybridization (CGH) anaylses of 27 human tumour types (Rooney et al. 1999). Gain of 4q was 

notably common amongst pituitary tumours ( 9 2 3  cases or 2 1.7%) and neuroendocrine tumours 

(7/20 cases or 35%), however was not a particularly common feature of colorectal turnoun. One 

limitation of these findings is that variations in subregions within the sarne chromosomal m 

were not assessed. The use of CGH or FISH studies on the tumours and normal tissues in Our 

study could further Our understanding of the rnechanism of SAK upregulation in colorectal 

cancer. 

What might be the functional significance of increased expression of SAK in colorectal 

tumoun? Based on similarities between SAK and other mammalian polo-like kinases, it is 

reasonable to predict that SAK kinase activity may be important for proper chromosomal 

segregation at anaphase andor proper cytokinesis. Thus, if overexpression of the SAIS gene 

leads to an imbalance of kinase versus phosphatase activities, and this disrupts one of these 

cntical processes, aneuploidy could result. Furthemore, if  increased SAK expression Ieads to 

inactivation of the spindle checkpoint, this could promote the acquisition of further gene defects 
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or mutations needed for progression of the disease. Thus. SAK overexpression could represent a 

novel mechanism for the generation of chromosomal instability. The studies described in 

Chapter 4 of this thesis were designed to investigate the cellular consequences of overexpression 

of Sak with the use of an inducible expression vector. 
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CHAPTER 3: 

EXPRESSION OF SAK AND PLK IN COLORECTAL CANCER CELL LINES 
EXHIBITING GENOMIC INSTABILITY 

INTRODUCTION 

The majonty of hurnan tumours display genomic instability. which is defined as a 

persistent increased rate of genetic alterations. Mechanisms for the generation of genomic 

instability involve disruption of genes whose proteins serve to ensure the integrity of the 

genome. Mutations in DNA mismatch repair genes lead to replication errors occumng at sites of 

repetitive DNA sequence, or microsatellites, within the genome. This results in microsatellite 

instability, and can be abbreviated as MIN. The loss or gain of larger DNA fragments, or whole 

chromosomes, is believed to result from failure to ensure proper chromosomal alignment and 

segregation during mitosis, and is termed chromosomal instability (CIN). Spindle checkpoint 

genes are essential for the maintenance of mitotic integnty, and mutations in these genes have 

been observed in some aneuploid human colorectal cancer ce11 lines (Cahill et al. 19%). We 

hypothesized that SAK and PLK, human polo gene family members implicated in several mitotic 

processes. might be differentially expressed in cells displaying alternate types of genomic 

instability. 

The aim of this study was to compare levels of expression of SAK and PLK in human 

colorectal cancer ceIl lines known to exhibit either CIN or MIN. Expression was assessed in 13 

cell lines by reverse-transcription PCR. SAK expression was significantly lower in colorectal 

cancer ce11 lines exhibiting CIN compared to MIN. Expression of PLK was equivalent in CIN 

versus MIN cc11 lines. We then assessed the microsatellite instability status of human colorectal 

cancers for which SAK and PLK expression levels were known. Six of the group of 60 human 

tumours showed microsatellite instability at the BAT-26 locus, and were classed as replication 

error positive (RER+). There was a trend toward higher SAK expression in the RER+ cancers 



relative to the RER- cancers, whereas PLK expression was similar in the RER+ and RER- 

groups. 

These data appear to demonstrate a clear relationship between altered expression of a 

human polo gene. SAK, and the type of genomic instability in both colorectal cancer ceil lines 

and human tumours. Since polo-like kinases play critical roles in bipolar spindle formation and 

in cytokinesis, one interpretation of this finding is that failure to generate enough functional SAK 

protein predisposes the cancer ce11 to mitotic errors and contnbutes to aneuploidy. 



MATERIALS 

Reagents: The RNeasy mini kit and the QIAamp DNA mini kit were purchased from Qiagen. 

Valencia, CA. BAT-26 forward and reverse primers were obtained from Research Genetics, 

Huntsville, AL. Supergel 250 precast gels were obtained from Helixx Technologies. 

Scarborough, ON. The Xcell II electrophoresis apparatus was purchased from Novex. San 

Diego, CA. The remaining reagents used in this study were obtained and prepared in an identical 

fashion to that detailed in Chapter 2. 

Solutions: RPMI 1640 medium containing penicillin G (167 IUlmL) and streptomycin sulfate 

(100 pg/rnL), and phosphate-buffered saline (PBS), pH 7.2. were obtained from the media 

preparation facility at Samuel Lunenfeld Research Institute, Mount Sinai Hospital. Fetal bovine 

semm, Qualified (FBS) came from Gibco BRL, Life Technologies, Grand Island, NY. 

METHODS 

Ce11 Lines and Ce11 Culture 

Thirteen established colorectal cancer ce11 lines were used in this study. These ce11 

had been obtained from American Type Culture Collection (ATCC), Rockville, MD by Dr. M. 

Redston (Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, ON), and were 

maintained in various media supplemented with 10% FBS (see Table 3.1, page 94). Our lab had 

separately obtained the HT 29 colorectal cancer ce11 line from ATCC, and it was maintained in 

RPMI 1640 medium supplemented with 10% FBS. Al1 ce11 lines were cultured at 37 "C in a 5% 

CO2 atmosphere. 



Reference 

Lengauer et al (1 997) 

Cell Line 

SW 480 
SW 837 
Col0320 HSR 
LoVo 

HT 29 

1 1 1 1 I 1 

DLD-1 1 CCL-221 1 Colon 1 RPMl1640 1 MIN 1 GTBP 1 Palombo et al (1 995) 

CCL-235 
CCL-220.1 

SW 620 
LS 1034 
LS 513 

ATCCT ID 

CCL-228 

CCL-229 

HTB-38 

Culture Medium 

L-15 

Source 

Colon 
Rectum 
Colon 

CCL-227 
CRL-2158 
CRL-2134 

HCT 116 
LS 174T 

Table 3.1. Characteristics of Human Colorectal Cancer Cell Lines 

Colonic 
recurrence 
Colon 

LS 411N 
SW 48 

American Type Culture Collection ' CIN = chromosomal instability; MIN = microsatellite instabiliiy 
MMR = mismatch repair gene 

Instability' 

CIN 
L-15 
RPMl 1640 

Nodal metastasis 
Cecum 
Cecum 

CCL-247 

CCL-188 

MMR* 
Muiat ion 

Ham's F12K 

McCoy's 5a 

CRL-2159 
CCL-231 

CIN 
CIN 

L- 15 
RPMl 1640 
RPMl1640 

Colon 
Colon 

Lengauer et al (1997) 
Quinn et al (1 979) 

CIN 

CIN 

Cecum 
Colon 

CIN 
CIN 
CIN 

McCoy's 5a 

DMEM+2mM L-glutamine 

hMSH2 

Shibata et al (1 994) 
Efstathiou et a1 (1999) 
Efstathiou et al (1 999) 

RPMl 1640 
L-15 - 

Lengauer et al (1 997) 
Liu et al (1 995b) 
Lengauer et al (1997) 

MIN 
MIN 

Efstathiou et al (1 999) 
Liu et al (199%) 

hMLH1 
hMSH2 

Papadopoulos et al (1 994) 
Efstathiou et al (1999) 



Characterization of Ce11 Lines 

A literature review was performed to obtain data on the genetic abnormalities known to 

exist in these 13 CRC ce11 lines, The first source of information was the ATCC manual and 

website (www.atcc.org). This provided both karyotypic data and citations for the original 

descriptions of al1 ce11 lines. A PubMed search was then conducted using the following 

ke ywords: tumor ce1 ls, cultured; colonic neoplasia; aneuploidy; mismatch repair; hMSH2; 

hMLH1; hMSH6; hPMS 1; hPMS2; GTBP. Articles were reviewed for evidence that would 

assist in classifying individual ce11 lines as possessing either CIN or MIN, both or neither. 

Each of the 13 CRC ce11 lines used in this study was found to have underlying genomic 

instability (see Table 3.1, previous page). The minimum criteria required for the classification of 

CIN was the predorninance of aneuploidy. A mutation in one of the known DNA rnismatch 

repair genes (hMSH2, hMLH1, hMSH6, hPMS 1, hPMS2, GTBP) was required for the 

designation of MIN. One ceIl line, LoVo, is known to have a mutation in hMSH2, however 

unlike the other MIN lines which were predominantly diploid, LoVo displayed significant 

aneuploidy (Lengauer et al, 1997). These researchers have provided strong evidence to indicate 

that the CIN phenotype acts dominantly at the cellular level. Hence, LoVo was grouped with 

other CIN lines. 

RNA Templates 

Total cellular RNA extracted from the 13 colorectal cancer cell lines was a gift from Dr. 

M. Redston. RNA was extracted from cells at 80-90% confluence using the RNeasy mini kit. 

and observing Nase-free precautions. RNA was extracted separatel y from the KT 29 ce11 line 

maintained in our lab using Trizol reagent, according to the manufacturer's instructions. This 

latter RNA was used only as a control template for the reverse transcription and PCR reactions. 



RNA pellets were resuspended in DEPC-treated water. and quantitated using spectrophotometry 

at 260 nm. RNA samples were stored at -70 OC until ready for use. 

Synthesis of cDNA 

cDNA was synthesized in an 8 pL reaction mixture containing 100 ng total cellular RNA, 

1.6 uL 5X first strand buffer, 1.6 pL RNase free dNTPs, 0.8 PL 0.1 M DTT, 0.8 PL (40 ng) 

randorn pnmers. 0.1 pL (3.86 U) RNAguard, and 0.2 pL (40 U) MMLV-RT. The mixture was 

incubated at 37 "C for 60 minutes, denatured at 94 OC for 4 minutes, and stored at -20 OC. Pnor 

to use as a template for the PCR, the mixture was diluted 1 5  with autoclaved deionized water. 

Polymerase Chain Reaction 

The primen for SAK (1488F, 16658); PLK (1476F. 1670R), and PBGD (283F. 536R) 

have k e n  desctibed in Chapter 2. PCR was performed in a 20 pL reaction mixture containing 

1.6 PL cDNA template, 2 pL 1OX PCR buffer, 5.625-6.25 m M  MgCI2.0.8 rnM dNTPs, 0.3 pL 

each of fonvard and reverse primen (each final 0.45 PM) and 1.25 U ArnpliTaq Gold 

polymerase. PCR was performed in a PTC- 100 programmable thermal controller as follows: 

denaturation at 94 OC for 10 minutes, then 25-36 cycles of denaturation at 94 OC for 30 seconds, 

annealing at 52-53 OC for 30 seconds, and extension at 72 OC for 40 seconds. Reactions were 

then cooled to 4 O C .  PCR products were separated by electrophoresis on 4-20% TBE gels in a 

Novex Xcell II apparatus at 100 volts for 2.5 houn, visualized by ethidium bromide staining, and 

gels were pho~ographed ont0 Polapan 665 PN film. Quantitation was by laser densitometry 

using a Computing Densitometer and ImageQuant software. 

Cnteria used to determine validity of PCR results were identical to those outlined in 

Methods, Chapter 2, page 49. A single standard aliquot of separately prepared iiT 29 RNA 



(from our laboratory) was used as a control for day-to-day variability. and allowed direct 

comparison of expression between ce11 lincs. 

DNA Extraction 

Samples of paired normal mucosa and colorectal adenocarcinorna had been banked and 

stored at -70 OC as previously descnbed in Chapter 2. DNA extraction was performed on 25 mg 

of tissue using the QlAamp DNA mini kit according to the manufacturer's instructions. DNA 

was quantitated by spectrophotometry at 260 nm, and stored at -20 OC. 

Microsatellite Instability Assay 

BAT-26 is a poly(A) tract located in the sth intron of hMSH2 (Liu et al, 1994). The size 

difference between large nomal and small unstable BAT-26 alleles is sufficient to be detected 

by polyacrylamide gel electophoresis. BAT-26 primers for PCR-based approaches to genetic 

screening are commercially available, and instability at this locus has ken  used to establish the 

RER status of colorectal cancer ce11 lines and tumoun (Hoang et al, 1997; Zhou et al, 1998b). In 

sporadic CRC cases, the BAT-26 assay has a sensitivity of 92% for the detection of defective 

DNA rnismatch repair (M. Redston, personal communication). The fonvard and reverse pnrnen 

for BAT-26 are 5'-TGA CTA CTT ?TG ACT TCA GCC-3' and 5'-AAC CAT TCA ACA TiT 

TTA ACC-3'. respective1 y. 

PCR was performed in a 15 pL reaction mixture containing 1 pL DNA template, 1.5 pL 

10X PCR buffer, 6 pL MgCl*, 1 pL dNTPs. 0.5 pL each of BAT-26 fonvard and reverse 

primers, 0.2 pL of AmpliTaq Gold polymerase (2 U), and 4.3 PL of autoclaved deionized 

distilled water. PCR was performed in a PTC-100 programmable thermal controller using a 

touchdown technique. Denaturation at 95 OC for 2 minutes was followed by 20 cycles of 



denatuntion at 94 OC for 45 seconds, annealing at 60 O C  for 45 seconds, decreasing by 0.5 O C  per 

cycle, and extension at 72 OC for L minute. Then an additional 20 cycles of denaturation at 94 OC 

for 45 seconds, annealing at 50 O C  for 45 seconds. and extension at 72 OC for 1 minute were 

performed. A final extension at 72 OC for 7 minutes was followed by cooling to 4 OC. PCR 

products obtained from templates of tumour and normal mucosal DNA were separated by 

electrophoresis on Supergel 250 pre-cast gels at 200 volts for 1 hou, visualized by ethidium 

bromide staining, and imaged. One sample (case 120), which had previously proven RER 

positive based on BAT-26 analysis performed in Dr. Redston's laboratory, was used as a positive 

control for each PCR reaction. 

The microsatellite instability assay was performed on DNA obtained from the tumour and 

paired normal mucosa from 60 of the 74 patients listed in the clinical database (see Appendix D). 

Data was not available for the remaining 14 cases due to lack of further samples of banked 

tissues from which DNA could be extracted. 

Analysis of Data 

The data obtained consisted of the gene expression ratio (i.e. SAWPBGD). Data are 

expressed as mean t standard error of the mean (SEM) unless otherwise stated. Normal 

probability plots were constructed for groups of data, and the Anderson-Darling test of normality 

was applied. The Pearson coefficient was used to evaiuate correlations between SAK and PLK 

for the 13 cell lines, and for the CIN and MIN groups. The Student's t-test was used to compare 

means between two groups, and one-way ANOVA was used when there were more than two 

groups. Multiple compansons were conducted according to the method of Tukey. Al1 statistical 

tests assumed a level of significance of 0.05. and were performed using the Minitab software 

package for Windows 95. 



RESULTS 

SAK and PLK expression were assessed in 13 human colorectal cancer ceIl lines. Each 

of these lines has been previously characterized as displaying chromosomal instability (CIN; n=8 

ceIl lines) or microsatellite instability (MIN: n=5 ceIl lines) (see Methods. page 95. and Table 

3.1). 

Expression of SAK in Colorectal Cancer Ce11 Lines 

SAK was expressed in al1 13 colorectal cancer ce11 lines, and SAK expression relative to 

PBGD is summarized in Table 3.2. page 100. A complete database of al1 individual PCR values 

is included in Appendix G. The mean level of SAK expression. relative to PBGD, was 0.890 + 
0.062 (SEM; n=13), with a relatively wide range of 0.387 to 1.153. SAK expression in lines 

charactenzed by CIN (n=8) or MIN (n=5) is illustrated in Figure 3.1. Individual RT-PCR data 

points within each group (CIN. MIN) were normally distributed (Anderson-Darling test of 

norrnality). Mean SAK expression was significantly lower in the group of CIN lines (0.797 f 

0.083) compared to the MIN lines (1 -037 f 0.043) (p=0.029, Student's t-test). 

Corroborating the above, ANOVA on the 13 ceIl lines revealed that there were significant 

differences in SAK expression (p4.0001). When multiple comparisons were performed, these 

differences in expression were attributable to three ce11 Iines (SW 620. LS 1034. LS 5 13), which 

showed significantly lower levels of SAK relative to two other ceIl lines (Dm-1. SW 48) which 

expressed SAK at much higher levels. The genomic instability pattern of each cell line was then 

exarnined and the three lines found to have significantly reduced SAK expression displayed the 

CIN phenotype; the two high expresson were MIN lines. In all. five ceIl lines showed 

expression below the mean, while eight were above. Though there was considerable variability 

in SAK expression arnongst the eight CIN lines, this group contained ail five of the cell lines 



expressing SAK below the mean level. B y contrast, SAK expression appeared io be relative1 y 

homogeneous amongst the five MIN lines. 

Table 3.2: SAK Expression in Human Colorectal Cancer Cell Lines 

Mean (n=8) 
0.797î 0.083 

1.117 0.1 97 
HCT 116 0.978 0.097 
LS 174T 0.920 0.071 
LS411N 1 .O1 8 0.1 09 91 1.037k Mean (n=5) 0.043 

Mean SEM 0.890 I 0.062 
(n=13) 

Mean of 3-5 replicate PCRs 





Expression of PLK in Colorectal Cancer Ce11 Lines 

PLK was expressed in al1 13 colorectal cancer ceIl lines. and its expression relative to 

PBGD is summarized in Table 3.3, page 103. A complete database of al1 individual PCR values 

is included in Appendix H. The mean Ievei of PLK expression, relative to PBGD, was 1.516 f 

0.1 15. As with SAK, expression ranged widel y. from 1 .O5 1 to 2.306. In contrast to SAK, there 

was no si gni ficant difference in PLK expression between the CIN (n=8) and MIN (n=5) lines 

(1.446 k 0.140 versus 1.628 t 0.21 1) (pS.49, Student's t-test). Figure 3.2 illustrates the pattern 

of PLK expression within the CIN and MIN groups. 

Amongst the 13 ceIl lines, significant differences in PLK expression were present 

(p=0.004, ANOVA), and multiple cornparisons revealed that these inequalities were attnbutable 

to two lines with high PLK expression (Colo 320 HSR. SW 48) differing from two lines with 

low PLK expression (LS 5 13. LS 174T). However. of the two ce11 lines showing high PLK 

expression. one was classified as CIN and the other as MIN. The same was true for the two low 

expressors. 



Table 3.3: PLK Expression in Human Colorectal Cancer Cell Lines 

Mean (n=8) 
1.446 I 0.1 40 

0.1 74 
0.365 

1.514 0.229 
1 .O51 0.1 48 

1.628 I 0.21 1 
Mean SEM 1.51610.115 
(n=t 3) 

' Mean of 2-3 replicate PCRs 





Correlation of SAK and PLK Expression 

As there was considerable variability in expression of both SAK and PLK amongst the 13 

ce11 lines. expression levels of the two genes were compared for each line, in order to detemine 

if the pattern of gene expression was similar. The Pearson correlation coefficient for SAK and 

PLK expression amongst al1 13 ce11 lines was 0.415 (pd.158). Though this suggests a fairly 

strong relationship between expression of these two genes, the p value is not significant due to 

the small number of ce11 lines examined (n=13). These data indicate that for sorne ce11 lines, 

polo gene expression may be coordinately regulated. However, the level of expression of one 

gene was not always predictive of the level of the other, so additional regulatory factors likely 

exist. There was essentiaily no correlation between SAK and PLK expression in MIN lines 

(Pearson coefficient 0.05 1. pd.935). whereas a stronger, though not significant. correlation was 

observed in CIN Iines (Pearson coefficient 0.329, p=0.426). 

Genomic Instability Phenotype of Human Colorectal Cancers 

Expression of S A K  and PLK had previously k e n  assessed in cancerous and normal 

mucosal tissues from 74 patients, as described in Chapter 2. For 60 of these cases, DNA 

extraction was canied out on additional samples of banked tissue. To determine if any of these 

tumours displayed underlying microsatellite instability, genomic DNA was exarnined for size 

variation in a poly(A) tract within the hMSH2 gene. which indicates a defect in replication enor 

repair. Microsatellite instability, as indicated by RER positivity (RER+)* page , WZ 

detected in the tumours of six of the 60 cases of colorectal cancer, and was absent in al1 samples 

of paired normal mucosa. A representative gel photograph (Figure 3.3) shows the presence of 

heterogeneity at the BAT-26 locus in DNA samples from the six RER+ tumoun, with DNA 

from paired normal mucosa showing monomorphic BAT-26 alleles. Resul ts for al1 60 cases 

appear in Appendix D. 
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* The BAT-26 assay, performed on the human tumoun. detects the presence of DNA replication 

errors, and hence I have chosen to classify the human tumour specimens by the presence or 

absence of such errors (RER+ and RER-. respective1 y). RER positivity implies microsatellite 

instability (MW). The absence of replication erron (RER-) does not necessarily irnply the 

presence of chromosomal instability (CIN), as no assessrnent of aneuploidy was made in this 

siudy. The terms CIN and MIN have therefore been reserved for the description of the human 

colorectal cancer ce11 Iines studied. 



Case # 

27 49 1 03 134 137 

Figure 3.3: Analysis of BAT-26 Alleles in Colorectal Tumours and Normal Mucosa 

PCR amplification of the BAT-26 locus from paired normal mucosa (N) and colorectal 
tumour (T) tissues obtained from five patients (case numbers above). RER+ 
phenotype is indicated by allelic size variation seen in the tumour DNA in al1 five cases. 
Case 120 was also determined to be RER+, however is not shown on this gel. 



There was no difference in age (67.4 t 2.0 years venus 67.3 + 9.9 years; p=0.99. 

Student's t-test), stage (mean 2.78 t 0.13 venus 2.33 t 0.33; pd.26,  Student's t-test), or 

location (pd.33, Student's t-test) between the RER- and RER+ groups, respectively. However, 

five of the six RER+ tumours (83.3%) were situated proximal to the splenic flexure (cecurn in 

two cases. transverse colon in three cases). This "right-sided" predominance is consistent with 

other reports in the literature which quote a rate of 70% among RER+ colorectal cancers (Ionov 

et al, 1993; Thibodeau et al, 1993). 

Expression of SAK and PLK in RER+ Coiorectal Cancers 

Six cases were identified with underlying microsatellite instability in the genome of the 

cancer cells. SAK and PLK expression levels for these six cases (as measured in Chapter 2) are 

shown in Tables 3.4 and 3.5. respectively. In one case (49), data were not available for SAK. 

due to failure to meet validity criteria for the semiquantitative RT-PCR protocol described 

previously (see Methods, Chapter 2, page 49). Overexpression of SAK in the tumour, relative to 

paired normal mucosa, was noted in four of the five evaluable cases. In al1 five cases, the T:NM 

ratio was within the 95% confidence interval for xi; none of these cases had k e n  identified as 

outliers in Chapter 2. Data on PLK expression were available for al1 six cases which were 

RER+. PLK was expressed more highly in tumour venus normal mucosa in five of these six 

cases. For the case showing low PLK expression (case 49), corresponding data for SAK was not 

available. In al1 six cases. the T:NM ratio of PLK gene expression was within the 95% 

confidence interval calculated in Chapter 2. 



Table 3.4: Expression of SAK in RER+ Colorectal Cancen 

1 Case 

Mean 1 A71 2 0.1 164 1.71 24 0.21 90 1 .3567 0.1 098 

* Gene expression relative to PBGD 

Table 3.5: Expression of PLK in RER+ Colorectal Cancers 

d 

S AK' 

1 PLK 1 

NM I Log NM 1 T 1 LogT 
0.7560 1 -0.121 5 1.41 92 1 0.1520 

- I 
1.4099 j 0.1492 1.6912 / 0.2282 
0.7164 ; -0.1448 \ 1.2479 / 0.0962 
2.2997 ! 0.3617 ' 2.6145 1 0.4174 
2.1742 / 0.3373 1 S891 j 0.2012 

* Gene expression relative to PBGD 

T:NM 1LogT:NM 
1.8592 1 0.2693 

- 1 
1.3108 j 0.1175 
1.7404 / 0.2406 
1 ,1422 i 0.0577 
0.7308 -0.1362 

For each of SAK and PLK, gene expression in the RER+ tumours was compared with 

that in the RER- cancers, and these data appear in Table 3.6 and 3.7, respectively. SAIS 

expression was found to be lower in the RER- tumours when compared with the cancers showing 

a replication error-prone phenotype, a result which approached statistical significance (pS.068, 

Student's t-test). In contrast, PLK expression was not markedly different between the RER+ and 

RER- tumours. 



Table 3.6: Expression of SAK in RER+ and RER- Colorectal Tumoun 

* Values are rnean 2 SEM 
' p value for comparison of RER+ and RER- data. Student's t-test 

- 
lnstability 
RER+ 
RER- 

Table 3.7: Expression of PLK in RER+ and RER- Colorectal Tumours 

* Values are mean + SEM 
t p value for comparison of RER+ and RER- data, Student's t-test 

p=0.420T p=0.068' p=0.61 oT 

T 

. 

SAK 
n 
5 
54 

Log T* 
0.219+_0.054 
0.081 + 0.023 

Log NM' 
0.11610.110 
0.01 6 2 0.032 

Log T:NM* 
0.110+0.073 
0.067 I 0.031 



DISCUSSION 

Chromosomal instability is thought to result from loss of spindle checkpoint function. 

Polo genes encode mitotic regulatory proteins that associate with the centrosome, and mutational 

analysis demonstrates that they are required for proper spindle formation and function. In the 

present study, the expression of two human polo-like kinases, SAK and PLK, has been assessed 

in colorectal carcinoma ce11 lines known to exhibit either chromosomal or microsatellite 

instability. Overexpression of these two genes has previously been descnbed in the majority of 

resected colorectal cancer specimens (Chapter 2), however reduced expression, relative to 

normal mucosa, was also noted in a significant proportion of cases. The results of this study 

indicate that, on average, the expression of S A K  is significantly lower in cell lines which have 

been classified as harboring chrornosomal instability (Cm) when compared with those 

possessing microsatellite instability (MIN). In addition, in the colorectal cancer specimens 

previously assessed, a trend was observed toward lower SAK expression in RER- (i.e. CIN) 

compared to RER+ (i.e. MIN) tumoun. PLK expression was not appreciably different between 

CTN and MIN ce11 lines, or RER- and RER+ colorectal tumours. 

SAK expression has not previously k e n  studied in human ceIl lines. PLK expression has 

been described in ce11 lines derived from normal vein endothelium and lung epithelium, in three 

breast cancer ce11 lines, and in the HeLa cervical carcinoma cell line (Holtrich et al, 1994). By 

Norihem anaiysis, gene expression was reported to be quite strong in al1 lines, however 

densitometric quantitation of mRNA bands was not perfonned, and funher information regarding 

the proliferative rates or ploidy of these ce11 lines was not available. Thus, the present work is 

the first to analyze the expression levels of polo-like kinases in a substantial group of cancer ce11 

lines. To our knowledge, this study also represents the fint report of differential expression of 

known genes in RER+ and RER- cancer ce11 lines. One other group has begun to explore this 

question using differential display RT-PCR as a screening tool (Dunican et al, 1998). Variations 
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in mRNA expression were detected, however identification of the specific genes involved has 

not k e n  reported. Most studies involving molecular analysis of RER+ compared to RER- ceIl 

lines have focused on screening for microsatellite mutations within specific genes (Parsons et al, 

1995). assessing MMR capacity (Umar et al, 1994). or measuring spontaneous mutation rates 

(Hanford et al. 1998). Given the more favourable prognosis of RER+ colorectal cancers (Gryfe 

et al, 2000). genes which are differentially expressed will presumably be important in 

determining the behaviour of the tumour. 

A significant difference in SAK expression was observed between CIN and MIN ceIl 

lines. The CIN lines displayed, on average, lower SAK expression relative to the MIN lines. 

This was a comparative study, and examination of the data suggests two potential interpretations. 

SAIS expression may be reduced in a proportion of ceIl lines with CIN. or expression of SAK 

rnay be increased in MIN ceIl lines. Mechanisms that can lead to a reduction in gene expression 

include promoter methylation, alterations in transcription factors that modulate gene expression, 

or reduced gene dosage. These possibilities are discussed in greater detail in Chapter 5. however 

either of the latter two may be more likely to occur in CIN ce11 lines due to the ongoing loss of 

genetic material. Eshleman et al (1998) found that changes in chromosome arm number and 

chromosome structure were more cornrnon in CIN (n=5) versus MIN (n=9) human colorectal 

cancer ce11 lines for most chromosomes, with the exception of Sp, 6p, and 2 1. Sex chromosomes 

were not exarnined in this study. For 4q in particular, 40% of CnI ceIl lines. and only 11.1% of 

MIN iines. showed cytogenetic changes. SAK maps to 4q27-28, and loss of one allele in RER- 

(Cm) tumours might contribute to reduced SAK expression. 

Alternatively, the results of our study could be interpreted as indicating increased 

expression of SAK in colorectal cancer cell lines exhibiting microsatellite instability. Mismatch 

repair deficiency could have a direct effect on SAK gene transcription if a microsatellite 

sequence was identified within the SAK promoter, and mutation either relieved a negative 

112 



regulator or enhanced a positive regulator. The greater chromosomal stability exhibited by MIN 

ce11 lines. relative to CM lines, is not well understood. Eshleman et a1 (1998) have recently 

shown that RER+ CRC ceIl lines demonstrate chromosomal stability imespective of the presence 

or absence of p53 mutations, which have previously been iissociated with chromosome number 

abernnces in mouse embryo fibroblasts (Fukasawa et al, 1996), and in colorectal cancers 

(Campo et al. 1994). It may be that increased SAK expression contnbutes to the chrornosomal 

stability which seems to be an intrinsic feature of MIN ceil lines and tumours. 

The fact that we observed the same relationship between expression of SAK and 

mechanism of genomic instability, in both colorectal cancer ce11 lines and human tumours, 

increases the likelihwd that a tme difference exists, whether it represents increased expression in 

MIN lines/turnours or decreased expression in some CIN iines/tumoun. B y contrast with SAK. 

no difference in PLK expression was observed between CIN and MIN ce11 lines. Theses genes 

are located on independent chromosomes. While cytogenetic alterations of 16p, the site of the 

PLK gene, were noted with increased frequency in CIN versus MIN ce11 lines in the work by 

Eshleman et al, it may be that such changes do not directly involve the PLK locus, or that loss of 

one allele of PLK does not influence its transcript level. The fiict that the correlation of SAK but 

not PLK expression with mechanism of genetic instability was observed both in ce11 lines and 

human turnours suggests that a difference in regulation of expression may exist between these 

two polo family memben. 

Expression of S A K  was observed to be lower in the colorectal cancer ce11 lines in this 

study. than in the resected tumours that were evaluated in Chapter 2. In both studies, SAK 

expression was described relative to the same constitutively expressed gene, PBGD, and an 

identical control sample, HT 29, was used to control for variability in PCR conditions. Thus, the 

cornparison between these two studies is valid. Mean SAK expression in the 13 colorectal 

cancer ceil lines was 0.890 k 0.062. This is lower than the mean level in 7 1 colorectal turnours 
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(1.300 t 0.06 1; log value 0.078 + 0.022) and also lower than expression in normal colonic 

mucosa (1.187 t 0.070; log value 0.020 t 0.027) (see Chapter 2, page 59). In contrast, PLK 

expression was higher in ceIl lines (mean 1.5 16 -Ç 0.1 15) relative to both normal mucosa (0.976 t 

0.06 1; log value -0.056 2 0.023) and tumours ( 1.354 t 0.092; log value 0.080 t 0.025) (see 

Chapter 2, page 71) from 70 patients. Given the link that has been established between PLK 

expression and cellular proliferation, higher PLK expression would perhaps be expected in the 

ce11 lines, as these are pure populations of cancer cells, grown in an optirnized and well- 

controlled environment. Thus, the growth fraction in these cultured cells is expected to be higher 

than in the tumours, which consist of a heterogeneous population of benign stroma1 cells and 

malignant epithelial cells, with proliferation of the latter limited by factors such as lack of blood 

supply, and host immune response. The observation that SAK expression was reduced in CRC 

lines compared to tumoun, while PLK was increased, suggests that expression of each of thçse 

two polo genes is regulated differently by the local microenvironment. Relatively lower SAK 

expression in the ce11 lines also raises the intriguing possibility that there is selective pressure in 

culture against overexpression of SAK. Colorectal cancer specimens are thought to consist of 

clonal expansions of cells with mutations that confer growth advantage over the parent cell. 

Established cancer ce11 lines, such as those used in this study, have been cultured over time, so 

they are more likely to represent a selected subpopulation, optimized for growth in culture. It is 

possible that an initial high level of SAK expression was not well tolerated by these cultured 

cells. so the population evolved with lower SAK transcription. This effect of forced high SAK 

expression on cells in culture will be addressed in Chapter 4. Higher SAK levels may be 

required and induced in the complex tumour microenvironment in vivo. 



CHAPTER 4: 

OVEREXPRESSION OF SAK IN MURINE FIBROBLASTS 

INTRODUCTION 

As previously discussed, polo-like kinases (plks) have been implicated in various aspects 

of rnitotic progression in organisms ranging from yeast to humans. In vertebrates, plks 

participate in centrosome maturation and spindle assembly (Lane and Nigg, 1996), as well as the 

activation of the cdkllcyclin B complex (Kumagai and Dunphy, 1996). Plks are also required 

for the destruction of mitotic cyclins through regulation of the anaphase promoting complex 

(Shirayama et al, 1998). Finally, polo proteins are required for cytokinesis in yeast (Bahler et al, 

1998; Ohkura et al, 1995; Song et al, 2000). 

Many of these roles for the polo-like kinases have been identified by manipulating polo 

gene expression within cells, and by tracking the intracellular localization of the polo-like kinase 

during the cell cycle. Recently, the polo box domain of these proteins has been shown to target 

yeast CdcS and murine Plk to specific structures within the ce11 (Lee et al, 1999a; Song et ai, 

2000). Sak is a polo farnily member notable for the presence of a single polo box domain (pb2). 

where al1 other members of this gene family possess two (pbl and pb2). Comparatively little is 

known about the functions of Sak kinase during the ceil cycle. Previous attempts to overexpress 

Sak in vitro had not been particularly successful, limited by apparent toxicity of Sak. Thus, the 

aim of this study was to achieve inducible expression of the murine Sak gene in cultured ceils, 

such that the magnitude of gene expression couid be controlled. 

A GFP-tagged Sak fusion protein was constructed and the gene was placed under the 

control of a te&cycline-inducible promoter for expression in marnrnalian cells. A rnurine 

fibroblast ceIl line was transfected with the genetic constnict and GFP-Sak expression was 

induced with a tetracycline-derivative, doxycycline. The GFP-Sak fusion protein was shown to 

be subject to ubiquitin-rnediated proteolytic degradation, consistent with previous findings for 
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murine Sak (Fode et al, 1996). and for mammalian Plk (Fems et al, 1998). The subcellular 

localization of GFP-Sak was studied by monitoring the fluorescence emitted from GFP as 

synchronized cells progressed thmugh the ceil cycle. Our results indicate the presence of Sak in 

a perinuclear location during interphase, associated with the nucieolus and centrosomes in the 

early stages of mitosis, and at the telophase plate ai the end of rnitosis. Overexpression of Sak in 

these cells did not appear to disturb cell cycle progression, although even with the inducible 

system. stable overexpression of Sak proved difficult to achieve. 



MATERIALS 

Reagents: Geneticin Selective Antibiotic (G4l8) was purchased from Gibco BRL, Life 

Technologies, Grand Island, NY. The dmg was resuspended in PBS to a stock concentration of 

100 mg active dmg per mL, and filter sterilized. This solution was stored at 4 OC. Effectene 

Transfection Reagent was obtained from Qiagen. Valencia. CA. The following were purchased 

from Sigma, St. Louis, MO: Triton X-100, doxycycline, Iactacystin. phalloidin (TRiTC-labelled 

mixed isomen), mouse monoclonal anti-a- and anti-y-tubulin antibodies. The a-mannosidase-iI 

antibody was a gift from the laboratory of Dr. Tony Pawson (Samuel Lunenfeld Research 

Institute, Mount Sinai Hospital, Toronto, ON). Doxycycline was resuspended in deionized, 

distilled water at a stock concentration of 10 mg/mL, filter sterilized, and stored at 4 "C in the 

dark. A 4 m M  stock solution of lactacystin in dimethyl sulfoxide (DMSO) was made, and stored 

at 4 "C in the dark. DMSO was obtained from EM Science. Gibbstown, NJ. Complete protease 

inhibitor was purchased from Boehnnger Mannheim, Mannheim, Germany. The following were 

obtained from Pierce, Rockford, IL: bca Protein Assay kit, Supersignal West Femto 

chemiluminescence kit, goat anti-mouse rhodamine-conjugated secondary antibody. Mouse 

monoclonal anti-GFP antibody was purchased from Clontech, Palo Alto, CA. Anti-Sak serum 

and affinity-purified anti-Sak antibody had previously been derived as descnbed in Fode (1995), 

Chapter 3, Methods, page 106. Hoechst 33258 dye was obtained from Molecular Probes, 

Eugene, OR. Tris-Glycine 6% and NuPage Bis-Tris 4-12% gels came from Novex, San Diego. 

CA. . The following were obtained from Amersham. Oakville, ON: anti-mouse-horseradish 

peroxidase (HRP) conjugate, anti-rabbit-HRP conjugate. The Renaissance Western blot 

chemiluminescence kit came from NEN LifeScience Products Inc., Boston, MA. Immobiion 

PVDF membrane was obtained from Millipore, Bedford. MA. X-Omat Blue XB-1 film came 

from Kodak, Rochester, NY. The Epics Elite CeIl Sorter was manufactured by Beckman-Coulter 



Canada. Mississauga, ON. Al1 FACS analyses were perfomed at the flow cytometry facility in 

the Medical Sciences Building at the University of Toronto. 

Solutions: The following were obtained from the media preparation facility at the Samuel 

Lunenfeld Research Institute, Mount Sinai Hospital. Toronto, ON: Dulbecco's modified Eagle's 

medium (DMEM) containing glucose (4500 m&). penicillin G (167 IUImL) and streptomycin 

sulfate (100 pg/L), phosphate-buffered saline. pH 7.2, and TrisISaline. Tet- System Approved 

Fetal Bovine Semm came from Clontech, Pa10 Alto, CA. Fetal bovine serum, Qualified, 10X 

Trypsin-EDTA (0.5% trypsin, 5.3 rnM EDTAa4Na) and OptiMem Reduced Serum Medium 

without phenol red were purchased from Gibco BRL, Life Technologies, Grand Island, NY. 

LOX Trypsin-EDTA was diluted to a 1X concentration with PBS. 

Plasmid Vectors: The pCDNA1 vector was purchased from Invitrogen, Carlsbad, CA. The 

pEGFP-Cl vector came from Clontech, Pa10 Alto, CA. The pSTAR vector was a gift from 

Wanjin Hong, Institute of Molecular and Cell Biology, Singapore. 

Ce11 Lines: The NM 3T3 murine fibroblast ce11 line was purchased from ATCC, Rockville, MD. 

METHODS 

Plasrnid Constructs 

The pCD-HA-Sak-a construct, created by C. Fode, consists of the entire coding sequence 

of murine Sak-a (hereon referred to as Sak) cloned into the pCDNAl expression vector. The 5' 

UTR had been truncated, removing 184 nucleotides of the GC-rich regulatory region, and the 

influenza virus hemagglutinin (HA)-tag has k e n  added to the 5' end (Fode, 1995). 



To generate green fluorescent protein (GFP)-tagged murine Sak, the Sak cDNA was 

excised from pCD-HA-Sak-a in a restriction digest with Eco RI and Apa 1. The HA-tag was 

retained on the 5' end of the Sak fragment. The pEGFP-C 1 vector was linearized by digestion 

with Eco RI and Apa 1. This enabled the HA-Sak fragment to be cloned in frame into the vector, 

yielding pEGFP-Sak, which makes an N-terminal GFP-fusion pmtein with Sak (see Figure 4.1. 

page 120). 

To generate pSTAR-GFP-Sak, pEGFP-Sak was linearized with Apa 1. The sticky ends 

were filled in a reaction with the Klenow fragment of DNA polymerase 1. The vector was then 

cut with Eco 47III to generate blunt ends. The resultant GFP-Sak fragment has 5' and 3' blunt 

ends. The pSTAR vector was linearized with Barn HI, and the sticky ends again filled in a 

reaction with Klenow. The GFP-Sak fragment was ligated into pSTAR to form pSTAR-GFP- 

Sak (see Figure 4.2, page 121). Diagnostic restriction digests with Eco RI, Bgl II, and Hind III 

confirmed successful ligation of the Sak fragment in the sense orientation within pSTAR. 

pSTAR-GFP was chosen as a control vector for the in vitro cell culture experiments, as 

transfection of cells with this vector would control for the effects of the vector, pSTAR, and the 

GFP on ce11 behaviour. This vector was generated by linearizing pEGFP-Cl with Nhe 1, then 

filling the ends using Klenow fragment. The GFP sequence was excised from the vector in a 

restriction digest with Barn HI. Similarly, pSTAR was linearized in a digest with Eco RI, then 

ends filled using Klenow. The vector was then cut with Barn HI. and the ligation of the GFP 

fragment into pSTAR accomplished by fusing the blunt ends and Barn HI ends of vector and 

insert together (see Figure 4.3, page 122). 

Cell Culture and Synchronization 

The NIH 3T3 murine fibroblast ceIl line was maintained in DMEM containing 4500 

mgL of glucose, and supplemented with 10% FBS. Cell cultures were grown at 37 O C  in a 596 
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Figure 4.1 : Cloning Strategy for Creation of pEGFP-HA-Sak 

A) pEGFP-Cl expression vector is linearized with Eco RI and Apa I 
0) HA-tagged Sak-a cDNA is excised from pCD-HA-Sak-a (vector not shown) in restriction 
digest with Eco RI and Apa I 
C) HA-Sak-a is cloned in frame into pEGFP-Cl vector, yielding pEGFPSak 
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Figure 4.2: Cloning Strategy for Creation of pSTAR-GFP-Sak 

A) GFP-Sak fragment is excised from pEGFP-HASak and blunt ends are generated 
B) pSTAR vector is linearized with Barn HI and blunt ends are generated 
C) GFP-HA-Sak fragment is cloned into pSTAR to fom pSTAR-GFP-Sak, a tetracycline- 
inducible vector for the expression of GFPSak fusion protein in mammalian ceiis 
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Figure 4.3: Cloning Strategy for Creation of pSTAR-OF? 

. GFP 

A) pEGFPGlvector is linearized with Nha 1, blunt ended, then GFP fragment is excised with Barn HI 
B) pSTAR vector is linearized with Eco RI, blunt ends created, then cut with Barn HI 
C) Ligation of the GFP fragment into pSTAR generates pSTAR-GFP, a tetracycline-inducible vector 
for the expression of GFP in mammalian celis 



CO2 atmosphere. Transfected cells were rnaintained in aforementioned medium. supplemented 

with 10% Tet System Approved Fetal Bovine Serum. to which geneticin (G418) 600 pg/mL had 

been added. This dose of G4 L 8 was selected following pilot experiments with NM 3T3 cells to 

determine the dose at which 100% ce11 kill was achieved. Synchronization was performed by 

washing cultures two times with PBS, then adding fresh medium not containing any FBS, and 

incubating cells for a minimum of 24 hours. 

Stable Transfections 

Transfection of NIH 3T3 cells with plasmid constmcts was performed using Effectene 

Transfection Reagent. The plasmids pSTAR-GFP and pSTAR-GFP-Sak were linearized in 

restriction digests with Sca 1. In a 10 cm dish, 1x10~ cells were plated one day prior to 

transfection. Cells were transfected when approximatel y 3040% confluent. For each constmct, 

2 pg of DNA, 16 pL of enhancer, and 60 FL of Effectene were used. The DNAIEffectene 

mixture was left on the cells ovemight, then replaced with fresh media. Approximately 24-48 

houn following transfection, cells were trypsinized and plated at a lower density in medium to 

which 600 pg1rn.L of G418 had k e n  added. 

For pSTAR-GFP, following 18 days of selection with G4 18. four single colonies were 

picked off plates of stable transfectants, and expanded (clones 1 1, 16, 18,23). Remaining 

transfected cells were induced with doxycycline 2 pg/mL for 21 hours, then cells were soned on 

the bais of green fluorescence, using FACS. This dose of doxycycline was selected following 

pilot experiments using 10-fold incremental doses (as per Zeng et al (L998b)) to determine the 

concentration which induced green fluorescence in the maximal proportion of transfected cells. 

For pSTAR-GFP-Sak, several attempts at picking and expanding single colonies did not 

yield any inducible clones (see below). Thus, following 10 days of selection with G418, 



transfected cells were induced in media containing doxycycline 2 pg/mL for six hours, then ce11 

sorted by FACS. with the goal of enriching the fraction of inducible cells within the total 

population of cells. 

Cells were judged to be stably transfected based on the fact that vector constructs were 

linearized prior to transfection. and G4 18 selection was maintained for a minimum of 10 days 

prior to ce11 soning. In addition. DNA was extncted from clones and PCR amplification of the 

integration sites incorporating the 5' and 3' ends of the linearized vector was followed by 

sequencing of these fragments. This confirmed presence of both the entire construct, and an 

intact tetracycline-inducible prornoter, within the cells. 

Fluorescence Activated CeII Sorting (FACS) 

Transfected cells at approximately 60-708 confluence were trypsinized and pelleted by 

centrifugation at 1500 rpm for 5 minutes. Cells were resuspended in OptiMem medium and 

filtered through a 70 pm filter. Cells were kept at room temperature in a dark environment until 

sorted. Cells were sorted using an Epics Elite ce11 sorter and Coulter Elite software. Excitation 

was by argon laser at 488 nm, and cells emitting green fluorescence, as detected by a 525 nm 

bandpass filter, were collected into OptiMem medium and promptly plated into DMEM 

containing G4 18 600 pg/rnL. 

Generation and Screening of Inducible Ciones 

Stably transfected cells which were sorted as "expressors" by FACS following 

doxycycline induction, were plated at a lirniting dilution to permit growth of single colonies. 

Cells were maintained in medium containing G418 at 600 pg/mL for al1 further work. Medium 

was changed every 2-3 days. Following approximately two weeks of observation, single 



colonies were picked, expanded to generate stocks. and frozen at -70 O C  in DMEM high glucose 

supplemented with 20% FBS and 10% DMSO. For pSTAR-GFP, 22 clones were obtained. For 

pSTAR-GFP-Sak, 78 clones were obtained. 

To detemine if gene expression was inducible in these clones. lx 10' cells were plated in 

duplicate ont0 sterile covenlips in 6 well plates. Once the cells had adhered, medium containing 

2-20 pg/mL doxycycline was added to one well for 6-12 hours. The medium was then removed, 

the covenlips washed once in PBS. and rnounted on microscope slides. Cells were visualized 

under fluorescent light and clones were chosen for maximal percentage of cells expressing GFP, 

intensity of fluorescence, and minimal basal expression in the absence of doxycycline. 

For pSTAR-GFP, there was no apparent di fference in the induci bi lity or fluorescence 

intensity between the clones obtained with and without the aid of FACS. so clones 1 I and 23 

were propagated and used for subsequent expenments. Al1 other inducible clones obtained 

through these two methods were frozen in aliquots and stored in liquid nitrogen. 

For pSTAR-GFP-Sak, no inducible clones were obtained without the use of FACS, and 

even on screening the 78 clones above, only 10-204 were observed to be inducible, while the 

majority showed no evidence of GFP-Sak expression even in the presence of maximal 

doxycycline. Two pSTAR-GFP-Sak clones (2 and 4) were expanded and used for al1 subsequent 

expenments. 

Induction of Gene Expression with Doxycycline 

NM 3T3 cells transfected with either pSTAR-GFP or pSTAR-GFP-Sak were plated in 

duplicate in 6 well plates alone or containing stenle covenlips. Non-transfected cells were 

similarly plated. When cells were 20-30s confluent, fresh medium containing 10-fold 

incrernental doses of doxycycline from 0.0002 pg/mL to 20 pglrnL was added to wells. 



Following an incubation of 8- iO hours, cells growing on coverslips were examined for green 

fluorescence by microscopy. From the duplicate wells (no coverslips), protein lysates were 

obtained (see below). The doxycycline dose of 7 pg/mL was determined to be optimal and was 

used in subsequent studies. 

Blockade of Proteasorne-Mediated Degradation 

N M  3T3 cells stably transfected with pSTAR-GFP-Sak were plated in duplicate into 6 

well plates alone or containing sterile covenlips. Cells were incubated in medium supplemented 

with 10% Tet-System Appmved FBS, G4 18 600 pg/mL, and containing 0.5% DMSO. Gene 

expression was induced by the addition of doxycycline 2 pglmL to the medium for 11 hours. 

For the final four hours, cells were incubated in identical medium containing both doxycycline 

and 10 pM lactacystin (final concentration). A 4 rnM lactacystin stock solution in DMSO was 

used, such that the final concentration of DMSO in the media was again 0.5%. Control cells 

were not treated with lactacystin. Cells were exposed to lactacystin for four hours. At this point, 

coverslips were mounted and cells assessed for fluorescence by microscopy. In addition, ce11 

lysates were obtained for Western blotting. As a control for any effect of DMSO on ceIl 

morphology or behaviour, some cells were grown for 11 hours in medium free of DMSO, but 

containing doxycycline. 

Intracellular Localization of GFP-tagged Protein: Time Course 

Cells transfected with pSTAR-GFP or pSTAR-GFP-Sak were plated at lx 10' cells per 

well in 6 well plates on sterile covenlips, and at 2x10' cells per 60 mm dish. Fourteen houn 

following plating, cells were growth arrested by serum starvation, as previously described. After 

36 hours, cells were released into the ce11 cycle by the addition of medium containing 10% FBS 



with or without doxycycline at 2 pg/rnL. At various cime points following release. cells growing 

on coverslips were examined for green fluorescence by microscopy. In addition. protein samples 

were obtained for Western blotting. and cells were prepared for FACS analysis of DNA content. 

Protein Extraction 

Cells were lysed in RIPA buffer (50 rnM Tris-HCI, pH 7.5, 150 mM NaCI, 1% Triton X- 

100, 1 % sodium deoxycholate. 0.1 % SDS) containing 100 pM sodium orthovanadate, 1 mM 

phenylmethane sulfonyl fluoride (PMSF) and 1 tablet Complete protease inhibitor for 10 mL 

lysis buffer. Lysates were clarified by centrifugation. and quantitated using the bca protein assay 

according to the manufacturer's instructions. 

Western Blotting 

Protein lysates (20 pg per lane) were fractionated by SDS-PAGE using pre-poured Tns- 

Glycine 6% and NuPage Bis-Tris 4-12% gels. Following electrophoresis, proteins were 

transferred to Immobilon-P PVDF transfer membrane. 

For detection of GFP. membranes were incubated at room temperature for 1-2 hours in a 

1:SO dilution of anti-GFP antibody in blocking buffer (5% skim milk in 0.1% TweenPBS). 

After washing, membranes were incubated in 150 000 dilution of anti-mouse-horsendish 

peroxidase (HRP) conjugate, washed, and developed using either the Renaissance Western blot 

chemiluminescence kit, or the Supersignal West Femto chemiluminescence kit. Blots were then 

exposed to X-Omat Blue XB-1 film. 

For detection of Sak, either 0.5 pg/mL of affinity-purified anti-Sak antibody (in 0.1 % 

Tween, 0.1% BSA in PBS), or a 1:SO dilution of anti-Sak serum in blocking buffer, was used as 

the primary antibody, and membranes were incubated at room temperature for 2 hours. 



Following serial washes. membranes were incubated in 150 000 dilution of anti-nbbit-HRP 

conjugate, washed, and developed as above. 

Membranes were stnpped by incubating in 0.2 M glycine, pH 2.0 for 1 hour. 

FACS Analysis of DNA Content 

Trypsinired cells were washed once with cold PBS. then fixed in 80% ethanol for >24 

hours. They were then washed once with PBS and once with propidium iodide buffer (PB) 

(0.12% Triton X-100 and 0.12 m M  EDTA in PBS). and incubated for one hour with 11 1 pg/mL 

propidium iodide and 20 pg/rnL RNase A to stain nuclei. DNA content was examined by flow 

cytometry using an Epics Elite ceII sorter, and the proportion of cells in each phase of the ce11 

cycle was estimated using Coulter Elite software. 

Immunofluorescence Microscopy 

Cells adherent to coverslips were processed for microscopy by first nnsing bnefly in 

PBS, then permeabilizing for 5 minutes in 0.5% Tnton X-100 in PBS. After two washes in PBS, 

samples were fixed in 3.7% fomaldeh yde in  PBS containing 0.1 % Tnton X- 100, pH 7, for 12 

minutes, followed by two funher washes in PBS. From this point, the staining protocol 

diverged. For the detection of actin, cells were incubated in a dilution of TRITC-labelled 

phalloidin in PBS for 30-45 seconds, then washed twice in PBS. For the detection of either a- 

tubuiin, y-tubulin, or a-mannosidase-II, cells were washed twice in TrisISaline then incubated 

for 30 minutes in a 1 :200 dilution of the respective prirnary antibody in TridSaline + 0.1% 

Tween. Cells were again washed three times in TnslSaline, then incubated in a k500 dilution of 

rhodamine-conjugated goat anti-mouse secondary antibody for 20 minutes. Following this, cells 

were washed twice in TrisfSaiine. At this point, cells on al1 covenlips were placed in a 1: 10 000 



dilution of Hoechst 33258 dye for 20 seconds to stain nuclei, then washed twice with PBS. 

Covenlips were then mounted on glass slides and sealed. This staining protocol was developed 

by John Hudson. 

Microscopy was cmied out using an Olympus IX-70 inverted microscope which was 

equipped with fluorescence and transmitted light optics. GFP fluorescence was visualized using 

the RTC filter setting. Photognphs were taken using a Princeton CCD carnera and Deltavision 

Deconvolution Microscop y software (Applied Precisioo). Images were processed in Adobe 

Photoshop Version 5 .O (Adobe S ystems). 



RESULTS 

Graded inducible overexpression of Sak in rnurine fibroblasts 

pSTAR is a plasmid vector designed to mediate inducible gene expression in mammalian 

cells (Zeng et al, 1998b). Constmcts containing GFP alone or GFP-tagged Sak cDNA under the 

control of the tetracycline-inducible promoter were linearized and transfected into the NM 3T3 

ce11 line, and stable tnnsfectants were selected on the basis of G4I8 resistance, as detailed under 

Methods, page 123. 

Dox yc ycline is the preferred dmg for use with tetrac ycline-inducible systems, as i t 

possesses greater drug stability, and can be used at 100-fold lower concentrations than 

tetracycline. Doxycycline-inducible gene expression was evaluated in two pSTAR-GFP and two 

pSTAR-GFP-Sak clones chosen on the basis of high fluorescence intensity and minimal basal 

expression, as discussed under Methods, page 124. Following an 8-10 hour incubation with 10- 

fold incremental doses of doxycycline, green fluorescence of the cells was detected by 

microscopy. In al1 four clones, the most marked increase in the proportion of cells emitting 

green fluorescence, and in the intensity of this fluorescence, occurred between doses of 0.02 and 

0.2 ClglmL, suggesting a threshold dose for gene expression. A representative image obtained 

from pSTAR-GFP clone 11, cultured with 0.0002 pg/mL doxycycline for 8 houn, is shown in 

Figure 4.4. The pSTAR-GFP-Sak clone 4, cultured in the presence of doxycycline (20 pg/mL) 

for 8 hours, demonstrated the fluorescence pattern shown in Figure 4.5. Western blotting of 

protein obtained from cells expressing GFP alone revealed a clear dose-response effect (Figure 

4.6), however there was also evidence of GFP expression in the absence of doxycycline (lane 1). 

This may be due to a basal leakiness of the tetracycline-inducible promoter, or rnay relate to the 

position at which the constmct was integrated within the genome. 



Figure 4.4: Inducible Expression of GFP in 

NIH 3T3 cells transfected with pSTAR-GFF 
presence of doxycycline 0.0002 pg/mL. A) 

Murine Fibroblasts 
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Figure 4.5: Inducible Expression of GFP-Sak i 

NIH 3T3 cells transfected with pSTAR-GFP6 
presence of doxycycline 20 pglmL. A) Light n 

n Murine Fibroblasts 

ak (clone 4) incubated for 8 hours in the 
iicroscopic image. 6) FlTC image. 



Figure 4.6 : Induction of Expression of GFP in Response to Doxycycline 

NIH 3T3 cells were stably transfected with pSTAR-GFP (clone 23). Following incubation for 8 hours 
in the presence of doxycycline, cell lysates were obtained. Lanes 1-7: Cells exposed to incremental 
doses of doxycycline. Lanes 8, 9: Non-transfected cells without and with doxycycline, respectively. 
Lane 10: Cells transiently transfected with pEGFP-CI (positive control). Electrophoresis was 
followed by Western blotting with anti-GFP antibody. A) Non-specific band indicating equivalent gel 
loading. B) Green fluorescent protein (GFP) (-27 kDa) exhibiting a dose-dependent increase in 
response to doxycycline. 



Western blotting of lysates obtained from cells expressing pSTAR-GFP-Sak. when 

probed for GFP, demonstrated only a very weak signal at the predicted molecular weight of the 

GFP-Sak fusion protein (130 kDa) (see Figure 4.7A) even in the presence of maximal 

doxycycline (20 ug/mL) (lane 7). However, a striking dose-response was noted for a smaller 

fragment of -33 kDa. As GFP has a predicted mass of 27 kDn. this 33 kDa band may represent a 

degradation product of GFP-Sak which retained the HA tag, and possibl y a small portion of the 

proximal end of the Sak protein. To funher demonstrate the presence of Sak in these cells, the 

membrane was stnpped and reprobed using affinity-purified anti-Sak antibody (Figure 4.7B). 

The detection of Sak only in the lanes corresponding to the highest three doses of doxycycline 

was consistent with what had been visualized by fluorescent rnicroscopy, and indicated that this 

clone possessed graded inducibility. In the absence of doxycycline, no GFP-Sak protein was 

detected with the anti-Sak antibody, however the degradation product was evident (Figure 4.7A. 

lane I) ,  indicating a basal level of gene expression. Similar results were obtained for clone 4 

(data not shown). 

GFP-Sak is degraded by the 20s proteasome 

Previous experiments have provided evidence that Sak is targeted for degradation by the 

process of ubiquitination (Fode et al, 1996). Ubiquitinated proteins are degraded by a 

proteasome compiex in an ATP-dependent manner. As the intensity of the signal from the GFP- 

Sak degradation product was much greater than that from the full length GFP-Sak protein as 

shown in Figure 4.7, we sought to determine if proteasorne-mediated degradation of GFP-Sak 

was occumng in these transfected cells, with the use of lactacystin, a dmg that specifically 

inhibits the 20s proteasome (Fenteany et al, 1995). 



Figure 4.7: Induction of Expression of GFP-Sak in Response to Doxycycline 

NIH 3T3 cells were stably transfected with pSTAR-GFP-Sak (clone 2). Following incubation for 
10 hours in the presence of doxycycline, cell lysates were obtained. Lanes 1-7: Cells exposed to 
incremental doses of doxycycline (0-20 pg/mL). Lane 8: Non-transfected cells incubated with 
doxycycline. Electrophoresis was followed by Western blotting. A) Probing with anti-GFP 
antibody. B) The same blot reprobed with anti-Sak antibody. 



pSTAR-GFP-Sak clone 4 was incubated with doxycycline 2 pg/mL to induce gene 

expression for I l  hours. 10 pM lactacystin was added to the medium for the final four hours. 

The intensity of green fluorescence was increased in these cells when compared with cells not 

exposed to lactacystin, and a periceniric fluorescence pattern was observed in most cells (see 

Figure 4.8). Cells exposed to lactacystin showed some morphologic and behavioural differences 

from contr~l cells. The spindle-shaped fibroblasts took on a more rounded appeannce and 

began to lose adherence. A dose-response effect of doxycycline on gene expression was again 

evident by Western blotting (Figure 4.9), and the strong signals from -150 kDa to >250 D a  

represent polyubiquitinated foms of GFP-Sak which had been stabilized due to disabling of the 

20s proteasome. Though cells died if exposed to lactacystin for more than five houn, this 

phenotype could not be ascribed to toxicity of Sak, as proteasome inhibition results in the 

stabilization of many other proteins whose presence at inappropriate levels could perturb ce11 

cycling and precipitate cell death. 

Subcellular localization of GFP-Sak protein during the ce11 cycle 

GFP-tagging has been used to facilitate localization of intracellular proteins, and such 

experiments have revealed characteristic localization patterns of mammalian PLK and yeast 

CdcS during mitosis (Arnaud et al, 1998; Song et al, 2000). To investigate the subcellular 

localization of Sak during the ce11 cycle, synchronized cells, which had been transfected with 

pSTAR-GFP-Sak (clone 4), were examined by fluorescence microscopy at senal time points 

following induction of gene expression with doxycycline. Based on the relative proportion of 

cells exhibiting the specific fluorescence pattem at each given time point, and the ce11 cycle 

phase distribution profile, as determined by propidium iodide nuclear staining and FACS 

analysis, we were able to charactenze the localization of Sak throughout the ce11 cycle. 



Figure 4.8: Stabilization of GFP-Sak Fusion Protein by Inhibition of Ubiquitin-Mediated Degradation 

NIH 3T3 cells were transfected with pSTAR-GFP-Sak (clone 4). Gene expression was induced with 
doxycycline 2 pg/mL for 1 1 hours, with the addition of lactacystin (10 PM) for the final 4 hours. A) Light 
microscopic image. 6) FlTC image showing pericentric fluorescence pattern of GFP-Sak protein. 



Figure 4.9: Accumulation of GFP-Sak Fusion Protein in Response to Inhibition of Ubiquitin-Mediated 
Degradation. NIH 3T3 cells transfected with pSTAR-GFP-Sak (clone 4) were induced with 
doxycycline for 11 hours, with addition of lactacystin for the final 4 hours. Lanes 1,2: Uninduced 
transfectants without and with lactacystin (respectively). Lanes 3-7: Cells exposed to incremental 
doses of doxycycline. Polyubiquitinated GFP-Sak is seen at molecular weights greater than -150 
kDa, as detected by probing this Western blot with anti-GFP antibody. 



Four localization pattems emerged, and were confirmed on repeated experiments (see 

Figure 4.10). Interphase cells exhibited a diffuse pattern of fluorescence throughout the celi; 

likely to rnost prominently. the protein appeared to localize to a perinuclear organelle. This is 

not represent the Golgi cornplex, as costaining for the transmembrane Golgi resident a- 

mannosidase-II enzyme, did not reveal a sirnilar staining pattern (data not shown). During late 

interphase, an intranuclear fluorescence was detected, which was thought to correspond to 

regions of the nucleolus, based on the rnorphological appearance. A discrete pair of bright dots 

near the nucleus was also commonly observed at prometaphase. These dots were identified as 

centrosomes by costaining for the centrosome marker, y-tubulin. The nucleolar and centrosomal 

localization pattems were often concurrent. When the cells entered mitosis, GFP-Sak remained 

associated with centrosomes (spindle poles} as they migrated to opposite poles at metaphase. No 

specific localization was seen dunng anaphase. Finally, fluorescence was occasionally seen in 

the region of the telophase plate at the end of mitosis. 

Loss of Sak expression over time 

As pSTAR-GFP-Sak clones were passaged over time, the inducibility of gene expression 

markedly declined. Even with the plating of cells at low density, and the avoidance of 

confluency, the percentage of cells expressing the GFP-Sak fusion protein in response to 

doxycycline, the intensity of the fluorescence. and the locaiization of the protein, were al1 

reduced in cells after the first few passages. This was observed dunng fluorescence microscopy, 

and confirmed by the fact that we were unable to repeatedly demonstrate GFP-Sak protein by 

Western analysis with the anti-Sak antibody. The expression of the GFP-Sak degradation 

product was also weaker. Indeed, even when frozen cells from an early passage were thawed 

and grown up, GFP-Sak expression wüs considerably poorer than in the original set of 



Figure 4.1 0: Cell Cycle-Dependent Subcellular Localization of GFP-Sak Fusion Protein 

lmmunofluorescence microscopic images of murine fibroblasts expressing GFP-Sak fusion protein (green). 
Nuclei are stained with Hoechst (violet). Panels A-C: Actin filaments in red. A) Perinuclear localization 
observed at interphase. 6) Association with nucleolus at interphase. C) Discrete localization of the fusion 
protein to centrosomes in late interphase/early prophase. D) Colocalization (yellow) of GFP-Sak and P- 
tubulin (red) at the telophase plate. 



experiments. PCR amplification and sequencing of various components of the construct at this 

point indicated the presence of an intact promoter and 5' and 3' ends of the Sak cDNA sequence, 

suggesting that although the pSTAR-GFP-Sak construct was stable, overexpression of Sak was 

not well tolerated by the cultured cells. The same phenornenon of progressive loss of gene 

expression was not observed for the pSTAR-GFP clones. 

The loss of inducible GFP-Sak expression over time was a significant problem that 

certainly limited the assessment of the consequences of overexpression of Sak on ceIl behaviour, 

morphology, and cycling pattern. 



DISCUSSION 

In studies described in Chapter 2. I showed that two members of the polo gene family, 

Sak and PLK. are overexpressed in the majority of human colorectal cancers, relative to adjacent 

normal mucosa. To study the phenotypic consequences of Sak overexpression. a GFP-tûgged 

Sak transgene was expressed in murine fibroblasts with the use of an inducible vector. With 

immunofluorescence microscopy, a cell cycle-dependent pattern of subcellular localization of the 

GFP-Sak protein was identified. The fusion protein was shown to be subject to ubiquitination 

and proteolytic degradation by a proteasorne complex. GFP-Sak transgene expression was 

inherently unstable with ceIl passage, suggesting that cells do not tolerate higher than normal 

levels of the Sak protein. 

GFP-tagging is widely used to facilitate tracking of intracellular proteins, as it  generally 

does not affect their subcellular localization. The perinuclear localization we observed during 

early interphase (which likely corresponds to Gi)  may represent rough endoplasmic reticulum 

(RER), the site of protein synthesis. However, as Sak is not typically expressed in Gl, it is 

unlikely that any localization during this phase reflected protein function. A second possibility is 

that the perinuclear zone represents a site of degradation of the ectopically expressed protein, an 

artifact of overexpression. Nucleolar, centrosomal, and telophase plate localizations are more 

likely intrinsic to the functions of Sak, and their possible significance will be discussed in 

Chapter 5. As the assessrnent of cell cycle phase in these experiments was based on FACS 

profile of DNA content, it was representative of populations of cells, but not necessarily of each 

individual cell within the population. To confirm the Iocalization of GFP-Sak at specific phases. 

a cell cycle arrest could be induced by various drugs, including hydroxyurea (S-phase) and 

nocodazole (metaphase), followed by immunofluorescent rnicroscopic examination. In addition, 

coiocalization with nucleolar proteins such as Nop 1 (Tollervey et al, 199 1). Sir2 (Smith et al, 

1998). or B23 (Zatsepina et al. 1999) could be assessed. 
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Though Our experirnents had several technical limitations, the four sites of GFP-Sak 

localization observed in this study were not seen with a polo box-deleted form of Sak. In 

addition, a construct consisting of the Sak polo box alone, fused to GFP. showed a similar 

pattern to full-length Sak (Hudson. J., penonal communication). This indicates that the single 

polo box domain of Sak is necessary and sufficient for targeting of the protein. The localization 

of murine Plk and yeast Cdc5 to spindle poles and cytokinetic structures within the ce11 has been 

shown to require an intact pbl domain (Lee et al. 1998; Song et al, 2000). The Sak polo box has 

greater homology with pb2 of mouse Plk than with pbl. Recent work in Our labontory appean 

to indicate that the Sak polo box forms a dimer (Hudson, J., persona1 communication). The in 

vivo significance of such dimerization is not known, however it could provide a mechanism for 

the organized assembly of multiple Sak protein subunits at specific sites within the cell. 

The Sak protein has a short intracellular half-life of 2-3 hours in CHO cells (Fode et al, 

1996). This finding suggests that as Sak transcript levels decline during early Gi ,  the Sak protein 

also disappears from dividing cells. Ce11 cycle-specific variation in Plk protein level is known to 

be due, in part, to ubiquitination and proteolysis at the end of mitosis (Fems et al, 1998). Fode et 

al (1996) have detected multiubiquitinated forms of HA-tagged munne Sak in vitro in a nbbit 

reticulocyte lysate. The present experiments have shown that a specific proteasorne inhibitor, 

lactacystin, can block the destruction of GFP-Sak in vitro. The high molecular weight proteins, 

immunoreactive with anti-GFP, detected in lactac ystin-treated cells, represent stabilized 

polyubiquitinated GR-Sak molecules. These results serve to confirm that the Sak protein is 

degraded through the ubiqui tin-dependent proteasorne-mediated degradation pathway. a highl y 

conserved mechanism for the rapid destruction of many critical cellular proteins, including 

mitotic cyclins (Glotzer et al, 1991; Murray et al, 1989). Interestingly, phosphorylated Plk is 

more rapidly degraded than nonphosphorylated Plk (Fems et al, 1998). Diehl et al (1997) have 

observed that phosphorylation at a single site on cyclin D1 induces cell cycle-specific 
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polyubiquitination and proteolysis. Thus. phosphorylation events specific to Sak will be 

important to study for their potential relevance to the regulation of Sak turnover. 

One of the goals of this study was to assess the behaviour of cells when exposed to higher 

than normal levels of Sak. Based on the known roles of polo kinases during mitosis, and studies 

descn bing overexpression of Pl k in murine fi broblasts, we h ypothesized that cells experiencing 

high Sak levels might exhibit nuclear abnomalities, including rnultinucleation, and that transit 

time through mitosis might be altered. A tetracycline-inducible expression system was chosen to 

mediate Sak overexpression, in order to circumvent some of the toxicity problems encountered 

by previous investigaton using other vector transfection systems (see Chapter 1, Introduction, 

Section C.3). Theoretical advantages of this system include temporal regulation of gene 

expression, and graded induction, such that the magnitude of overexpression can be manipulated. 

Our ability to assess the effect of Sak overexpression on cell morphology and ce11 cycle 

progression was limited. however, by a number of factors. Most significantly, Sak 

overexpression was not a stable feature of the transgenic cell iines. This is an indication that 

cells do not tolerate higher than normal levels of Sak. Tetracycline-controlled GFP ce11 lines did 

not show loss of expression or inducibility with passage number. Adaptation to high Sak levels 

or selection of clones able to limit Sak expression may have arisen as a result of the GFP-based 

cell sorting strategy. The GFP-tag was incorporated into the pSTAR constnict with Sak, to 

facilitate selection of "expressors" on the basis of green fluorescence. To permit ce11 sorting, an 

initial exposure to doxycycline was required. which necessarily involved an exposure to Sak. 

The latter, if sufficient l y high or prolonged, could disturb cell behaviour, limiting survival. Our 

experience of FACS-based selection suggests that this rnay have occurred, since doxycycline 

induction for 6 hours pnor to FACS resulted in a significant increase in the percentage of 

fluorescent cells, compared with a 16 hour pre-sort exposure to doxycycline. Sixteen hours of 

Sak overexpression may be lethal to cells. whereas a shorter exposure time rnay have improved 
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survivai. Perhaps the optimal exposure time for induction of Sak expression was only 1-2 houn, 

or with a minimal dose of dox yc ycline, but the exposure had to be sufficient for cells to generate 

enough fluorescence that they could be soned. 

Another limitation of the transfection strategy was thnt some gene expression occurred 

even in the absence of doxycycline. This rnay have been due to basal leakiness of the tet- 

inducible promoter, or could be related to the site of vector integration into the host ce11 genome. 

This problem was encountered to a greater or lesser degree with al1 pSTAR-GFP and pSTAR- 

GFP-Sak clones. For genes that may be toxic to cells at high doses, or with prolonged exposure 

at inappropriate times dunng the ce11 cycle, a basal increase in expression may have drastic 

consequences. In the case of tet-inducible Sak expression, cells would be subject to increased 

transcription of Sak immediately following stable transfection. Thus, the cellç that survived and 

gave rise to clones that were subsequently expanded, may have adapted to conditions of higher 

Sak expression, perhaps by altering a compensatory pathway. This could result in minimization 

of the effect of Sak overexpression on cellular morphology and behaviour. 



CHAPTER 5: GENERAL DISCUSSION 

In this thesis, 1 have investigated the role of SAK in cancer with two experimental 

approaches: correlative studies in a sample of patients with cancer and in human ceIl lines, and 

manipulation of Sak levels by genetic means. SAK transcript levels were assessed in a senes of 

colorectal cancer (CRC) specimens and in 13 colorectal cancer cell lines: the expression pattern 

was compared to that of PLK, another rnember of the polo kinase farnily. SAK and PLK 

message levels were increased in the majority of colorectal tumours, relative to paired normal 

mucosa. SAK expression differed between CRC ceIl lines displaying microsatellite instability 

(MIN) and those displaying chromosomal instability (CIN), whiie PLK levels did not differ. The 

same differential expression was observed between RER+ (i.e. MIN) tumours and RER- (Le. 

CM) tumours. My work with the tetracycline-inducible vector revealed toxicity with Sak 

overexpression. Subcellular localization of Sak was similar to, but distinct from. that of PLK. 

Human cancers arising from four different solid organs (lung, oropharynx and larynx, 

esophagus. stomach) have demonstrated increased expression of PLK. and high PLK transcnpt 

level is an independent marker of poor prognosis in the former three (Knecht et al. 1999; 

Tokumitsu et al, 1999; Wolf et al. 1997). We have assessed SAK and PLK transcnpt levels in 

cancers of the large bowel, a site not previously examined. Colorectal cancer is a common 

disease in Western societies, and greater understanding of its behaviour has the potential to affect 

many individuals. Tissue prognostic marken, which can assist clinicians to stntify patients 

within stage groups and tailor therapies to these individuals, are of panicular value in colorectal 

cancer patients, where several treatment options may exist. The finding of increased SAK and 

PLK message levels in the rnajonty of colorectal tumoun, relative to paired normal mucosa, and 

the lack of comelation with tumour stage, suggest these genes may have prognostic value in 

colorectal cancer. This issue will be resolved when our clinical data have matured. 



The increased SAK message levels that were observed in many tumoun. when compared 

with paired normal colonic mucosa. could reflect an increased rate of transcription or increased 

stability of message in tumour tissue. or could be due to gene amplification. Sak mRNA levels 

are regulated according to the phase of the cell cycle (Fode et al, 1996). similar to other memben 

of the polo farnily. Fluctuations in SAK innscript levels in tumoun could occur due to altered 

duntions for GI,  S. G2 and M phases of the cell cycle. Uchiumi et al (1997) have shown that ce11 

cycle-specific transcriptional activity is largely, if not entirely, responsible for the increase in 

PLK mRNA levels in HeLa cells seen at G?/M. The PLIS promoter is activated at S phase, and is 

maximal at G2/M. Ce11 cycle-dependent mRNA stability has been described for both cyclins A 

and B 1; the half-life of the message is short in early Gi (1-2 houn), and increases to >8 hours in 

G2/M due to stabilizing of the transcnpt (Maity et al, 1997). Human SAK promoter activity and 

message stability are not well undentood. Regardless of the underlymg mechanism, it seems 

likely that the accumulation of Sak transcripts in late G2/M is indicative of a requirement for the 

Sak protein at this stage of the cell cycle. Accordingly, higher mRNA levels in colorectal 

tumours, relative to normal mucosa. could refiect increased SAK protein in cancers. 

This study revealed similar expression patterns of SAK and PLK in colorectal cancer 

specimens. Relative to normal mucosa, congruent upregulation or downregulation of both genes, 

in the tumour samples, was observed in 77.6% of cases. This suggests that these genes may 

share common regulatory mechanisms. Promoters of the two genes have been studied and while 

putative transcription factor binding domains have k e n  identified, the transcriptional regulation 

of neither gene in vivo is well undentood. As yeast do not appear to possess a Sak gene. it 

would seem that the function of Sak may be distinct from PLK, which is present in S. cerevisiae 

and S. ponibe (Cdc5 and Plol. respectively), as well as C. elegans and Xenopus. In support of 

this, mouse embryos which lack the Sak gene (Sak 4) die at 6.5 days p s t  conception (Hudson 

et al, 2000b), with many cells blocked in mitosis, and an increase in apoptotic cells. Of the 15 
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CRC cases where expression of SAK and PLK were disparate. it was much more common to 

observe an increase in PLK and a decrease in SAK. In only three cases was SAK expression 

upregulated when PLK expression was reduced in tumour venus normal mucosa. Though no 

stn king clinicopathologic features were evident in ei ther of these two groups. i t may be that the 

tumours displaying decreased SAK expression prove more interesting for funher study, 

particularly in view of the data showing decreased SAK levels in CRC ceIl lines of the CiN 

phenotype. 

Since levels of PLK M A  correlate with proliferative activity in normal human tissues, 

and overexpression of PLK has been noted in several tumour types, investigators have suggested 

that PLK expression could simply reflect cellular proliferation (Yuan et al, 1997). Sak gene 

expression correlates with mitotic and meiotic activity in embryonic and adult mouse tissues 

(Fode et al, 1994). SAK uanscnpts have k e n  detected in human testis and thymus (Kam et al, 

1997). In Our study, SAK was found in colon. The gastrointestinal mucosa is a rapidly renewing 

tissue. and so has a high prolifentive rate, whereas normal liver contains a large proportion of 

quiescent hepatocytes, capable of dividing only when the appropriate signal is present 

(Slingerland and Tannock, 1998). Both SAK and PLK were found to be more highly expressed 

in normal colonic mucosa relative to normal liver (Chapter Z), and these findings support earlier 

studies correlating expression with prolifention. 

A fundamental charactenstic of cancer cells is that they become deaf to the usual controls 

on proliferation and reproduce too frequently. However, expenmental studies have indicated 

that although some cells in tumours are cycling quite rapidly, there is a low growth fraction 

overall. Many cells are only slowly prolifenting, or not dividing at all, and there is a high rate of 

cell death. Typical values for thymidine labeling index are in the range of 345% for many solid 

tumours (Slingerland and Tannock, 1998). The labeling index of colonic crypts is 1248% 

(Lipkin et al, 1963). Thus, the rate of ceIl proliferation may actuaily be lower in colorectal 
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cancers than in the nomially renewing colonic mucosa. As the majority of CRC cases reported 

in Chapter 2 showed higher SAK and PLK gene expression in tumoun relative to normal 

mucosa. this may indicate that polo-like kinase gene expression is not solely determined by cell 

proliferation. In addition, we observed very little difference in gene expression between the liver 

metastases and the primary tumours when means were compared (Figures 2.8 and 2.12). This is 

despite the existence of several studies indicating that metastases grow more rapidly than 

pnmary lesions for most solid tumours. including colorectal cancers (Koshiji et al. 1998; 

Slingerland and Tannock, 1998; Steel, 1977). Evaluating the expression of a mitosis-specific 

gene, such as cyclin B. would be a useful addition to this study, in an effort to clarify the link 

between polo-kinase gene expression, cell proliferation, and other factors previously mentioned 

in this discussion which may be responsible for alterations in SAK gene expression. 

In Chapter 2, we observed that the T:NM ratio of polo gene expression was increased in 

samples from older patients when compared with younger individuals; this was true for both 

SAK and PLK. In the case of PLK, an increase in gene expression in the tumours of the 

individuals 1 60 years was responsible for the increased ratio, whereas for SAK. the increased 

T:NM ratio appeared to be multifactorial. SAK expression was both reduced in normal mucosa 

from those > 60, and increased in the tumours from these patients, though neither of these 

di fferences was statisticall y signi ficant. Ly et al (2ûûû) have recentl y provided evidence to 

suggest that progressive alteration in the expression of genes involved in cell division occun 

with age. In their study, mRNA levels were measured in actively dividing fibroblasts from 

Young, middle-age, and elderly humans. Genes whose products are involved in cell cycle 

progression aicounted for a significant proportion of the genes that dernonstrated consistent 

differences between age groups. Though SAK was not among the genes assessed by these 

authon, other chrornosomal processing and spindle assembly genes were downregulated in the 

older populations. PLK was among these, showing a 2.8-fold reduction in expression in middle 
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age (-37 years old). and a 3.0-fold reduction in old age (-93 years old), relative tc young age (-8 

yean old). One explanation for why we did not observe a significant decrease in PLK 

expression in normal tissue from older individuals in our study could be that we assessed 

intestinal epithelial tissue. which has a high baseline proliferative activity. Presumably. polo-like 

kinase expression in the colon is maintained with age, and thus these cells may not be subject to 

the degree of downregulation of mitotic genes as occurs in fibroblast cells. Also. very few of Our 

patients were under 40 (n=6), potentially minimizing our ability to detect any age-related 

changes in nomal tissues. In this light, the reduction in SAK expression obsewed in normal 

colonic mucosa with increased age becornes more remarkable. The age-related increase in both 

SAK and PLK expression in tumour tissue could be due to loss of a common regulatory 

mechanisrn with aging. 

Approximately one third of colorectal tumoun. and some of the CRC ce11 lines examined 

in Chapter 3, displayed relatively reduced SAK expression. More variability was observed for 

SAK expression in tumours than in normal tissue. Previous work has indicated that Sak kinase 

activity is required for cellular proliferation. as cells transfected with antisense Sak exhibited 

markedly reduced colony formation (Fode et al, 1994). Although complete absence of SAK 

expression was not observed in our studies of colorectal tumours or ce11 lines, the potential 

significance of reduced SAK expression warrants consideration. 

Mechanisms that could explain reduced SAK expression in CRC include 1) promoter 

methylation, which is responsible for silencing the hMLHl gene in CRC (Cunningham et al, 

1998; Herman et al, 1998; Kane et al, 1997), as well as several ce11 cycle regulatory genes 

(Gonzalez-Zulueta et al, 1995: Guo et al, 2000), 2) alterations in factors that modulate SAK gene 

transcription, as the mouse Sak promoter is known to contain both positive and negative 

regulatory domains (Hudson et al. 20004; and 3) a change in gene dosage. The loss of one allele 

in a tumour ceIl, whether through chromosomal loss, point mutation. transcriptional repression, 
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or any other mechanism. may affect the fidelity of chromosomal segregation or cytokinesis and 

predispose to ploidy changes. Human BUB 1. a mitotic spindle checkpoint gene. and p27. a cdk 

inhibitor, are two examples of genes which require both alleles for sufficient generation of 

protein product. A single alleie of BUB 1. or half a dose. is not enough to maintain chromosomal 

stability: the CIN phenotype results (Cahill et al. 1998). p27 is haploinsufficient for tumour 

suppression, as heterozygote and nul1 mice are predisposed to radiation- or chernical-induced 

cancers (Fero et al, 1998). 

Losses in chromosome 4q are fairly common occurrences in colorectal cancers studied by 

comparative genomic hybridization (CGH). In the review by Rooney et al (1999). one copy of 

this chromosomal arm was reported to be lost in 6.3% of colorectal cancers and was the tenth 

most common chromosomal loss in these cancers. A study by Ried et al (1996) has also reported 

a high prevalence of 4q loss. with four of sixteen CRC cases showing no staining for this region 

when tumour tissues were analyzed by CGH. Notably, similar examination of low and high 

grade adenomatous polyps, precunor lesions of CRC. did not reveal any reduction of 4q copy 

number, suggesting that this loss may be important for progression of the tumour to the 

malignant phenotype. Furthermore, Paredes-Zaglul et al (1998) have reported a case where a 

pnmary colorectal tumour and its local recurrence were both anal yzed at the karyotypic Ievel and 

loss of 4q was an alteration unique to the recurrent neoplasm. 

Other genes which map in close proximity to hurnan SAK include cyclin A (4q27) 

(Blanquet et al, 1990), MAD2Ll (4q27) (Krishnan et al, L998), and CENP-E (4q24-25) (Testa et 

al. 1994). Although cyclin A is thought to be important largely dunng S-phase, it has also been 

shown to comilex with cdkl and to regulate entry into mitosis (Pagano et al, 1992). Cyclin A 

mRNA expression has not been studied in colorectal cancer, however protein levels have k e n  

assessed. Handa et al (1999) recently found high cyclin A immunoreactivity in CRC to be an 

independent indicator of poor prognosis in multivariate analysis. In human breast cancers, 



higher cyclin A gene expression wûs noted in aneuploid versus diploid carcinomas (Collecchi et 

al, 2000). MADZLl is a human homolog of MADZ, one of several yeast genes that are required 

for the execution of the spindle checkpoint. The MADZLl protein localizes to the kinetochore 

after chromosome condensation, and monitors the completeness of the spindlelkinetochore 

attachment. A breast cancer ceIl line known to have reduced MAD2Ll expression showed 

cornpromised spindle checkpoint function (Li and Benezra, 1996). CENP-E is a kinetochore- 

associated rnotor protein that is essential for proper chrornosomal alignment and segregation 

during mitosis (Schaar et al, 1997). CENP-E associates with hBUBR1, and loss of CENP-E 

function leads to spindle checkpoint activation (Yao et al, 2000). Thus, this subregion of 

chromosome 4q contains sevenl important genes for mitotic regulation, and preferential loss of 

this region may be an important event in the generation of aneuploidy. 

A limitation of the gene expression studies described in Chapters 2 and 3 is that the level 

and activity of the protein product were not assessed. Tnnslational and post-translational levels 

of reguiation exist for polo genes. Therefore, the relative quantity of mRNA transcnpt may have 

limited bearing on the protein activity. Fode (1995) observed that the 5' UTR of Sak reduced the 

rate of translation of the message to protein. The translation of cdk4, which contains a 5' UTR 

very similar to the upstream regulatory region of Sak, is downregulated in response to TGF-$ or 

p53 activation (Ewen et al, 1995). Consensus A W A  sequences, which are found in the AU- 

nch 3' UTR of Sak, have been shown to decrease translational efficiency (Jackson, 1993). 

Previous attempts to compare Sak message and protein levels were unsuccessful, since 

endogenous protein was very low in munne fibroblasts by Western analysis (Fode, 1995). 

Similarly, Sak was below the limit of detection in the protein lysates frorn untransfected NM 

3T3 cells in Our studies (Chapter 4). Future plans to incorporate protein level analysis of 



tumoun into this study should be considered, and this will require the careful design and 

generation of a specific human anti-SAK antibody. 

Protein level may similarly not be entirely reflective of protein activity. Both Xenopiis 

Plx 1 and murine Plk require activating phosphorylations for full function (Ellinger-Ziegelbauer 

et al, 2000; Qian et al, 1998a), and the upstream kinases that have been implicated similarly are 

only active in a phosphorylated state. The kinase activity of Plk sharply peaks ai the onset of 

mitosis, however this is coordinate with the maximal accumulation of both message and protein 

at the G2/M boundary (Lee et al, 1995). Kinase activity is terminated by destruction of the 

protein, mediated by the APC (Fenis et al, 1998), which itself requires activating 

phosphorylations (Kotani et al, 1998; Lahav-Baratz et al. 1995). Mirronng of mRNA, protein, 

and kinase activity levels has also k e n  observed for Nek2. a marnmalian relative of the early 

mitotic regulatory gene, NIMA, of Aspergilhs niddam (Fry et al, 1995). Whether this pattern 

holds true for Sak is unclear, as in vivo substrates of Sak kinase are not presently known, and so 

protein activity remains difficult to measure. 

As previously mentioned, not al1 colorectal cancers in Our cohort demonstrated increased 

expression of SAK, suggesting that subsets of tumours with certain biological properties might 

be distinguished. Colorectal cancer develops through the stepwise progression of genetic and 

pathological changes from normal colorectal epithelium to adenomatous polyp to invasive 

cancer. This natural history has lent itself to the study of specific genetic events in the initiation 

and progression of neoplasia. and a molecular mode1 of colorectal carcinogenesis has evolved. 

There is good evidence to indicate that accumulation of the genetic defects providing growth 

autonomy in these malignant cells cm arise by either of two independent mechanisms. Defects 

in DNA mismatch repair result in microsatellite instability (MIN), and loss of fidelity in 

chromosome segregation dunng mitosis results in chromosomal instability (CIN). CIN, 



observed as abnormal ploidy. is present in 80-856 of colorectal cancers. and the purponed 

functions of polo kinases suggest that dysregulation in cancer may accelerate ploidy changes. 

Colorectal cancers and ce11 lines were classified into these two groups, CIN and MIN. 

and our studies in Chapter 3 indicated that levels of SAK expression differed between ce11 lines 

and tumoun that showed evidence of these two separate pathways of genomic instability. This 

was an intriguing finding, given that polo-like kinases have been implicated in various mitotic 

processes. and suggested a potential link between decreased SAK expression and the CM 

phenotype. Furthemore, a consistent difference in SAK expression was noted between CLN and 

MIN colorectal cancer ce11 lines, and between RER- and RER+ human tumours. On inspection 

of the tumour data, it was evident that not only did RER+ tumours show eievated levels of SAK 

rnRNA, but a similar trend was also seen in the normal mucosa taken from patients with RER+ 

venus RER- cancers. It is possible that there is a high basal level of SAK expression in the 

colonic mucosa of certain individuais, and this may render the development of aneuploidy, or the 

initial transient tetraploid state. rnuch Iess likely to occur than in those patients with lower 

baseline SAK expression. It would be informative to similarly compare SAK expression in 

normal and cancerous tissues from the stomach. ovary, and endometnum, stntified according to 

the presence or absence of microsatellite instability, to see if basal differences in SAK expression 

are evident in the RER+ cases. 

The next step to assessing the functional consequences of SAK upreguiation in the 

human tumoun and ceIl Iines was to manipulate Sak expression in a living system. Smith et al 

(1997) have shown that overexpression of PLK in cultured cells resulted in malignant 

transformation of NM 3T3 cells, and subsequent spontaneous tumour formation in nude mice. 

indicating a possible causative role of this gene in carcinogenesis. Our work with a tetracycline- 

inducible vector for Sak expression revealed toxicity with overexpression. but we were able to 

study the localization of the Sak kinase protein. 
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GFP-tagged Sak exhibited four discrete localizations during the cell cycle in murine 

fibroblasts: an interphase perinuclear pattern. an association with the nucleolus later in 

interphase, localization to the centrosome beginning late in interphase and penisting through to 

metaphase. and presence at the telophase plate of cells that had segregated their DNA and were 

undergoing cytokinesis. Perinuclear localization has not been previously observed for any other 

polo-like kinases. however given the timing of this observation with the predominant cell cycle 

phase, and the fact that Sak is not normally present early in interphase. this pattern may be an 

artifact of forced expression (see Discussion. Chapter 4). 

Localization to the nucleolus represents a difference between Sak and PLK. Association 

with the nucleolus is important in the regulation of function of cdcl4 phosphatase. which has an 

important role at the exit from mitosis (Visintin et al. 1999). There is a precedent for polo 

activity at this transition, as budding yeast Cdc5 is thought to be a component of the signaling 

cascade known as the mitotic exit pathway (MEN), which culminates in the release of cdc 14 

from the RENT complex mulator of nucleolar silencing and ~lophase) at anaphase (Shou et al, 

1999). It would be useful to determine if Sak similarly intencts with Cfi 1, the protein 

responsible for sequestenng cdc 14 in the nucleolus. When cdc14 is released. it spreads 

throughout the nucleus and cytoplasm to act on its targets. If this were also the case for Sak, a 

diffuse distribution of the protein throughout the cell could explain the lack of fluorescence from 

GFP-Sak between metaphase and telophase in Our cells. This is notably in contrast to the 

finding, at anaphase, of human PLK at the equatorial plate where spindle microtubules overlap 

(Golsteyn et al, 1995). 

The association of Sak with centrosomes early in rnitosis, and with the telophase plate at 

the end of this phase, fits the pattern established for other polo proteins. including human PLK 

and munne Plk (Pahlavan et al, 2000; Amaud et al, 1998; Golsteyn et al, 1995). However. 

Amaud et al (1998) describe a more discrete localization of PLK to a specific stmcture tened 
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the midbody. at telophase. whereas we observed a more broad distribution of GFP-Sak over the 

emerging plane between the future daughter cells. Cytokinesis is a crucial but poorly understood 

event in the process of ce11 prolifention. Recent studies in yeast have provided insight into the 

roles of contractile elements and microtubules in the cleavage process, and it is likely that 

fundamental mechanisms of cytokinesis are conserved amongst eukaryotes. IQGAP proteins 

have demonstnted involvement in the cleavage process in S. pombe (Eng et al. 1998) and S. 

cerevisiae (Epp and Chant, 1997; Lippincott and Li. 1998; Shannon and Li. 1999), as 

components of the actomyosin ring. These proteins contain domains that interact directly with 

F-actin, calmodulin, and small GTPases, making them candidates for proteins that link signaling 

pathways to actin remodeling (Machesky, 1998). There is preliminary evidence that the polo 

box domain of Sak interacts with human IQGAPI, based on crystallization studies (Hudson. J.. 

personal communication). Yeast IQGAPs (i.e. RngZp) have been detected in spindle pole bodies 

and the cleavage plate (Eng et al, 1998). The association of Sak with an IQGAP protein could 

represent an important connection between mitotic signaling cascades and some of the dnmatic 

structural changes that occur when a single ce11 divided into two. 

An advantage of GFP-tagging is that it facilitates the study of the dynamic behaviour of 

proteins within cells, without the need for fixation and staining. It is hoped that this can be 

achieved, with refinements of Our tetracycline-inducible system for expression of GFP-Sak. In 

addition, such a system could facilitate the discovery of protein-protein interactions specific to 

certain phases of the ce11 cycle, using immunoprecipitation techniques. 

Forced overexpression of GFP-Sak was not well tolented by cells in culture. A much 

greater number of GFP-Sak-transfected cells than cells transfected with GFP alone had to be 

screened in order to isolate clones with capacity for high expression. Furthemore. despite stable 

integntion of expression vector DNA into the genome of the fibroblast cells, stable protein 

expression was not maintainable for GFP-Sak. By contrat, cells expressing GFP alone 
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remained consistent1 y induci ble. Taken together. these observations indicate that overexpression 

of Sak is toxic to cultured cells. Human colorecial tumours in this study showed a moderate 

increase in SAK mRNA expression over normal colonic tissues. however only two of 7 1 cancers 

demonstnted SAK levels greater than twice the mean level for the group. It may be that a small 

incremental increase in Sak expression provides a growth advantage to cells in vivo, and is 

therefore selected in cancer. However, any funher increase in Sak may sufficiently dismpt 

critical cellular processes (i.e. mitosis, cytokinesis) such that nei ther normal cells nor cancer cells 

with this aberration in gene expression survive. 
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Gene expression ratio (i.e. SAWPBGD) in the indicated tissue; mean value of replicate PCRs 



Appendix B: Liver Metastases: RT-PCR Database 

Gene expression ratio (i.e. SAUPBGD) in the indicated tissue; mean value of replicate PCRs 

# PCRs 
1 

NL 
0.2497 

M 
1.3043 

M: NL 
5.2243 



Appendix C: Derivation of the 95% Confidence Ellipse for the Log T:NM Ratios of 

SAK and PLK 

Let n = number of samples anal yzed 

Let XI, = log of T:NM ratio for SAK i = 1, 2,  ..., n 

Let ~ 2 i  = log of T:NM ratio for PLK 

Let Xi = mean (SAK log T:NM ratio) s12 = (sd)' for SAK 

Let X2 = mean (PLK log T:NM ratio) s; = ( ~ d ) ~  for PLK 

Let r = correlation coefficient between SAK and PLK log T:NM ratios 

Let xl* be a possible value for the log of the T:NM ratio for SAK 

Let x2* be a possible value for the log of the T:NM ratio for PLK 

( i -i) 

The 95% multivariate normal ellipse is al1 values of XI *  and xz* such that 

Q* = [2(n2-l)/n(n-2)] x 3.13 (for n n 70) 

To determine if an individual case (xl*. xi*) lies within. or outside of, the 95% confidence 

ellipse: 

Let Zi  = (X I * -X I ) /  s, 

Let Z2 = (x2*-X2)/ sl W = >rZI  Z2 and Y = ( Z ~ ' + Z ~ ' -  w)/(I-r2) 

Solve Y for the case of XI* .  xi*.  



If Y > Q* then the case is outside of the ellipse. 

If Y < Q* then the case is inside the ellipse. 

To find the boundary of the ellipse: 

1 )  Choose a value for xt* 

2) Calculate Q* and Z2 

3) The value of xl*  on the ellipse is: 

xi* = Xi  + s,  {rZz t d(1-?)(Q* - 22') 

This will yield two values of xi*. 

Reference: 

Albert, A.. Harris. E.K. Multivariate Interpretation of Clinical Laboratory Data. New York: 
Dekker; 1987. Chapter 3, Section 3.3. p. 56. 



Appendix D: Colorectal Cancer Clinical Database 

 OR Date l~umour Site Istagel T 1 N 1 M ISAKIPLKI R E ~ I  
10/1/97 right colon 2 3 0 0 Y  Y - 

17/1/97 sigmoid colon 3 3 2 0 Y Y  - 

21 /2/97 rectum 3 * 3 1 O Y Y  - 

28/2/97 sigrnoid colon 2 3 0 0  Y Y N e g  

5/3/97 splenic flexure 3 4 1 0 Y  Y N e g  
4/7/97 1 rectum 1 3 1 2 1 1 I O I N I Y I  - 1 
- -  - - - - 

23/5/97 sigmoid colon 2 3 0 0 Y  Y P o s  
12/6/97 sigmoid colon 2 3 0 0  Y Y N e g  
1 0/7/97 cecum 2 3 0 0  Y Y  Neg 

-- 

1 0/7/97 sigmoid colon 3 3 2 0 Y  Y N e g  

1 1 /7/97 nght colon 4 3 1 1  Y  Y Neg 
6/8/97 splenic flexure 2 3 0 0  Y N N e g  
14/8/97 sigmoid colon 2 3 0 0  Y N N e g  

27/8/97 ~cecurn I 2 1 3  I 0 1  O I Y  I Y  I N ~ Q I  
711 1/97 sigrnoid colon 4 3 2 1 Y  Y - 

8/ 1 2/97 cecum 2 3 0 0  Y N N e g  
24/ 12/97 cecurn 4 3  2 '  1 N Y Pos 



Appendix D (cont'd) 

Case Age 
51 40 

52 39 

56 66 

58 90 

60 90 
61 58 

Sex 
M 
M 
M 

OR Date Tumour Site 
12/1/98 right colon 
19/1/98 sigmoid colon 
1 7/3/98 sigmoid colon 
1/4/98 right colon 
24/4/98 sigmoid colon 
1 1/5/98 splenic flexure 

Stage 
3 

2 

4 

3 
2 
3 

1 0 Y Y  - 

O O Y Y Neg 
2 1 Y N Neg 

1 O Y Y Neg 
O O Y Y Neg 
1 O Y Y Neg 

62 1 51 1 F 11/6/98 1 rectum 1 3' 

64 1 33 1 F 110/6/98 1 rectum 1 2  
65 1 48 1 F 16/7/98 1 rectum 1 2' 
67 61 F 31/7/98 nght colon 4 

68 76 M 6/8/98 nght colon 1 
69 43 F 19/8/98 rectum 3 

73 96 M 17/9/98 sigmoid colon 1 
75 81 F 7/10/98 right colon 2 
76 89 F 15/10/98 left colon 3 

77 75 F 2911 0198 splenic lexure 1 
78 63 F 301 1 0/98 s plenic flex ure 4 

79 77 M 2/11/98 sigmoid colon 4 





Appendix D (cont'd) 

Case 
112 

114 

116 

118 

120 

121 

122 

123 

124 

1 131 1 76 1 M 12/2/00 1 s~lenic flexure 

Age 
74 
45 

37 

128 

129 

130 

1 134 1 90 1 F 118/2/00 lcecum 

Turnour Site 
hepatic flexure 
nght colon 
splenic flexure 

Sex 
F 

M 
M 

81 

62 

58 
72 

67 

56 

$ Replication error status, based on BAT-26 instability assay 

t Received neoadjuvant radiotherapy 

Received neoadjuvant chemoradiotherapy 

OR Date 
30/8/99 

28/9/99 
1/11/99 

56 

39 

68 

F 

M 
F 

F 
M 
M 

M 
F 

M 

8/11/99 

6/12/99 

1 0/12/99 

13/12/99 

17/12/99 

20/12/99 

nght colon 
transwrse colon 
nght colon 
hepaticflexure 
rectum 
left colon 

21/1/00 

28/1/00 

2/2/00 

right colon 
sigmoid colon 
rectum 



Appendix E: TNM Staging of Colorectal Cancer 

Primarv Turnour 

fis 

Tl 

T2 

T3 

T4 

Description 

Carcinoma in situ 

lnvades into submucosa 

lnvades into muscularis propria 

lnvades through muscularis propria into serosa 

lnvades through serosa into peritoneal cavity or adjacent organ 

Reaional L v m ~ h  Node Involvement 

NO No regional node metastases 

NI  1-3 positive nodes 

N2 4 or more positive nodes 

N3 Central nodes positive 

Distant Metastases 

Staqe 

I 

III 

IV 

No distant metastases 

Distant metastases present 

T l ,  NO, MO 

T2, NO, MO 

T3, NO, MO 

T4, NO, MO 

Vany), N(any), MO 

Wny), N(any), M l  





Appendix G: SAK Expression in Human Colorectal Cancer Cell Lines 

Mean 0.890 
SEM O .O62 

Cell Line 
SW 480 

PCR fil 
1.1 181 

PCR#4 
0.9962 

PCR#2 
1 .O487 

PCR #5 PCR #3 
0.9679 

Mean 
1 .O33 

SEM 
0.033 



Appendix H: PLK Expression in Human Colorectal Cancer Cell Lines 

Mean 1 .516 
SEM 0.115 
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