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ABSTRACT 

Oral squamous cell carcinoma (OSCC) is the most common head and neck 

neoplasm, affecting approximately 400,000 people annually worldwide. Most cases are 

not diagnosed until the advanced stages of the disease resulting in a five-year survival 

rate of 50%. Application of high resolution genomic analysis techniques for the detection 

of novel molecular markers and targets will greatly benefit the prevention and 

management of this disease. Array comparative genomic hybridization (aCGH) enables 

the detection of segmental gains and losses of DNA. 

We constructed a 3p-arm specific array comprised of 535 near-overlapping BAC 

clones for the identification of minimal regions of gain and loss on this chromosome arm. 

Application of this array to 19 OSCC specimens enabled the identification and 

characterization of five minimal regions of alteration including 4 regions of loss, and, 

interestingly, 1 region of gain. 3p loss is a common event in OSCC; however, segmental 

gains on this arm have not been previously described. Further construction of a whole 

genome sub-megabase resolution tiling set (SMRT) array comprised of 32,433 over

lapping BAC clones spanning the entire human genome made possible the analysis of the 

genome of an additional set of 20 OSCC specimens at unprecedented resolution. 

Comparison of these OSCC genomes allowed the identification of well-known alterations 

as well as novel minimal regions including gains at 3q23, 5pl5.2, 7pl2.3-13, 7q21.2, and 

7q35, and losses at 2pl5, 4q34.3, and 16q23.2. Most of these novel alterations are sub-

megabase in size, suggesting that they may have been missed by conventional, lower 
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resolution techniques. A selection of the novel gains was confirmed through reverse 

transcriptase PCR expression analysis of genes within those regions such as TRIO at 

5pl5.2, TEM6 at 7pl2.3-13, and CDK6 at 7q21.2, all of which showed elevated 

expression in tumours compared to normal oral epithelial cells. 

This study represents the first application of tiling resolution aCGH technology 

for the detailed analysis of clinical specimens and demonstrates the invaluable power of 

tiling resolution aCGH technology for the analysis of OSCC genomes. Here, we 

demonstrate that novel sub-megabase minimal regions of alteration are recurrent events 

in OSCC genomes. The identification of genes previously implicated in cancer or with 

functional roles in the cell-cycle and/or signal transduction within these minimal sub-

megabase alterations suggests the importance of these alterations in OSCC. Further 

assessment of these genes and their respective pathways, both at the expression and 

functional level, may lead to the development of novel drug therapies targeting these 

gene products. 
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C H A P T E R 1: I N T R O D U C T I O N 

1.1 Oral Cancer 

Oral cancer is the most common head and neck neoplasm, affecting ~400,000 

people worldwide each year (http://www3.who.int/whosis/discussion_papers/pdf/ 

paperl3.pdf). Oral squamous cell carcinoma (OSCC) represents over 90% of cases 

(Bockmuhl, et al. 1998). OSCC is distinctive from other head and neck cancers based on 

its clinical appearance and outcome (Mao, et al. 2004). The majority of lesions occur on 

the floor of the mouth or on the tongue (Vokes, et al. 1993). Oral pre-malignant lesions 

(OPL) often appear as white or red plaques on the oral mucosa which are referred to as a 

leukoplakia and erythroplakia, respectively (Figure IA). While leukoplakias are visible 

due to the thickening of the epithelium, erythroplakia develop as a result of atrophy of the 

epithelium (personal communication, Dr. Lewei Zhang). However, only 36% of these 

premalignant lesions actually progress to full invasive OSCC (Figure IB) 

(Papadimitrakopoulou, et al. 1997). 

In the past, pathologists have relied on histological analysis of biopsies to 

determine the risk of progression and the course of treatment. Biopsies exhibiting the 

abnormal cellular morphology and tissue architecture, referred to as regions of 

"dysplasia," were considered at high risk for progression (Tabor, et al. 2003). However, 

only visible lesions such leukoplakias and erythroplakias are actually biopsied, while 

dysplasias invisible to the eye are neglected and the process of taking a biopsy, alone, 
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Figure 1: Lesions of the Oral Cavity. 
(A) Oral leukoplakia, an O P L characterized by a white plaque, shown here on the lower 
gum surface. Approximately 1/3 o f oral leukoplakias w i l l progress to full invasive 
squamous cell carcinoma. (B) Invasive oral squamous cell carcinoma, shown here on the 
roof of the mouth. (Provided by Dr. Lewei Zhang) 
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often induces histological changes in the lesions resembling those typically seen in 

dysplasia, making histological risk assessment difficult (Rosin, et al. 2002). In addition, 

surgical resection of these premalignancies has not been proven to adequately prevent 

progression to full invasive carcinoma (Zhang, et al. 2001) and, thus, lesions are left 

untreated as physicians "watch and wait." Additionally, 15% of leukoplakias bearing no 

dysplastic features, progress nonetheless (Silverman, et al. 1984). As a result, this 

disease is usually diagnosed at advanced stages, resulting in a poor prognosis (5-year 

survival rate -50%) (Vokes, et al. 1993). While OSCC is associated with tobacco and 

alcohol consumption, (Mao 1997) the biological mechanisms underlying the disease are 

poorly understood (Mao, et al. 2004). 

1.2 Histological Progression 

It is generally accepted that oral cancer progresses through a series of well-

defined histological changes, each of which is associated with a clinical stage (Figure 2). 

Specifically, progression occurs from normal epithelium, to precursor lesions (such as 

benign hyperplasia, leukoplakias, and erythroplakia), varying degrees of dysplasia, 

carcinoma in situ (CIS), and, finally, invasive carcinoma (Pindborg 1997). Benign 

hyperplastic lesions are characterized by over-proliferation of cells exhibiting normal cell 

morphology. Dysplastic lesions are graded by pathologists as mild, moderate, or severe. 

Histological characteristics that are used to diagnose dysplasias include 1) loss of basal 

cell polarity, 2) multiple layers of basal cells, 3) increased nuclear to cytoplasmic ratio, 4) 

nuclear hyperchromatism, 5) enlarged nucleoli, 6) increase in the number of mitotic cells, 
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Normal 
Epithelium 

Dysplasia Carcinoma In Situ Invasive 
(CIS) Carcinoma 

Figure 2: Histological progression of ora l squamous cell carcinoma (OSCC). 

Normal epithelium are driven first into various stages of dysplasia (mild, moderate, 
severe), then into carcinoma in situ (CIS), and, finally into invasive carcinoma. This 
histopathological progression is paralleled by a gradual accumulation o f genetic 
alterations. Following progression to invasive carcinoma, tumour cells are free to 
migrate to distant sites, a process called "metastasis." (Provided by Dr. Mir iam Rosin) 
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7) presence of abnormal mitotic form, 8) cellular and nuclear pleomorphism, 9) irregular 

epithelial stratification, 10) loss of intercellular adherence, and 11) keratinization of 

individual or groups of cells (Pindborg 1997; Warnakulasuriya 2001). Diagnosis of 

dysplasia is variable and subjective (Bosman 2001; Tabor, et al. 2003; Warnakulasuriya 

2001) and depends both on the region of the biopsy that was examined and on the criteria 

used by the pathologist (Warnakulasuriya 2001). Diagnosis of lesion severity is 

dependent on the proportion of epithelium that exhibits morphological changes. Since 

the thickness of the epithelium can vary, this contributes to the subjectivity of 

histopathological classification (Warnakulasuriya 2001). While mild dysplasias exhibit 

observable changes confined to the lower third layers, moderate dysplasias show 

morphological changes in cells present in the lower third extending into the middle 

layers, and severe dysplasias show changes in the lower and middle layers extending into 

some but not all of the upper layers of epithelium. When these morphological changes 

are present in all three layers, the lesion is diagnosed as carcinoma in situ, or CIS 

(Warnakulasuriya 2001). Finally, when the malignant cells penetrate through the 

basement membrane into the tissue below the lesion is considered invasive carcinoma 

(Warnakulasuriya 2001). 

1.3 Genetic Progression of Oral Cancer 

Progression from the pre-malignant to the malignant stage is paralleled by the 

accumulation of genetic alterations (Califano, et al. 1996; Fearon and Vogelstein 1990; 

Rosin, et al. 2000; Sciubba 2001; Zhang and Rosin 2001). As alterations are accrued, the 

genomic stability declines, and this results in further genetic alterations. The challenge, 

5 



therefore, is to determine which alterations are driving the disease and the order in which 

they occur in the progressing malignant cell. Califano et al (1996) developed the current 

genetic model of oral cancer progression (Figure 3). The model is based on a statistical 

analysis of the loss of heterozygosity (LOH) data from ten critical loci across 87 oral 

lesions of varying disease stage, ranging from premalignant lesions to full invasive 

carcinomas. The loci were picked based on previous LOH data that showed > 40% 

minimal regions of loss. The regions included 3p21 (FHIT locus), 9p21 (pi 6), 4q26-28, 

6p, 8, 1 lql3 (cyclin DI locus), 13q21, 14q31-32.1, and 17pl3 (believed to be the second 

p53 locus). Based on their statistical analysis, they deduced that loss of chromosome 9p 

is the earliest alteration, driving the normal epithelium into both benign hyperplasia and 

OPL. This is followed by loss of chromosomes 3p and 17p as the cells progress to 

dysplasia. Subsequent loss of 1 lq, 13q, and 14q drives dysplasias to the CIS stage and, 

finally, loss of 6p, 8, and 4q results in the progression from CIS to invasive OSCC. LOH 

at microsatellite markers on 3p and 9p has been shown to correlate with increased risk 

(Mao, et al. 1996b; Rosin, et al. 2000; Rosin, et al. 2002). 

The theory of "field cancerization" was first developed in 1953 by Slaughter et al 

to explain occurrence of second primary tumours following tumour resection (Slaughter, 

et al. 1953). The theory postulates that "fields" of tissue chronically exposed to harsh 

carcinogens incur genetic damage throughout and, therefore, all cells throughout the 

"field" have the potential to progress to cancer if the necessary changes are induced 

(Partridge, et al. 2000; Slaughter, et al. 1953). Conversely, it has been theorized that 
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Norma 

- 11q, 13q, 14q 

lyperplasia Carcinoma 
In Situ 

Invasive 
Carcinoma 

3p, 17p 

Figure 3: Genetic progression model presented by Califano et al. 
The model was proposed based on a statistical analysis o f L O H data o f 10 micro satellite 
markers known to be altered in oral cancer from 87 lesions o f various stages of disease 
progression ranging from premalignant lesions to full invasive squamous cell carcinoma 
(Califano et al. 1996). 
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development of a second tumour following resection is caused by residual tumour cells 

and that both malignancies are clonally related. This has been referred to as "minimal 

residual disease" (Tabor, et al. 2003). Indeed, Califano et al (1996) show that separate 

lesions show the same patterns of LOH with identical boundaries, supporting the theory 

of clonal recurrence. However, recent studies using LOH analysis have shown that both 

theories are correct (Jiang, et al. 2001). Jang et al (2001) performed LOH analysis of 100 

multiple cancerous and precancerous lesions from 26 patients. Assessment of seven 

well-known markers and analysis for patterns of microsatellite alterations revealed that, 

while only 14% of the non-invasive lesions from individual patients showed LOH 

patterns indicative of a clonal relationship between the lesions, 43% of the invasive 

lesions from individual patients showed LOH patterns indicative of a clonal relationship 

(Jiang, et al. 2001). While the invasive lesions that show LOH patterns suggesting a 

clonal relationship would support the "residual disease" theory, the remaining non

invasive cases showing no common microsatellite patterns of alteration support the 

theory of "field cancerization." 

1.4 Utility of Molecular Diagnosis in Disease Management 

Until recently, prognosis and treatment decisions for oral lesions were dependent 

on the disease staging as assessed by a pathologist (Tabor, et al. 2003). Generally, 

prognosis worsened with increasing disease stage. The criterion used in histopathological 

diagnosis is based on the morphological features of the cells (as described above). While 

this has been somewhat useful, it has also been shown to be a subjective approach 

(Warnakulasuriya 2001). Discrepancy between histopathological stage diagnoses for a 
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given lesion among pathologists has been reported (Abbey, et al. 1995; Warnakulasuriya 

2001). The process of obtaining a biopsy alone, can induce changes in normal epithelium 

resembling dysplasia (Rosin, et al. 2002). Indeed, the correlation between 

histopathological stage and disease outcome is not 100% (Abbey, et al. 1995; Karabulut, 

et al. 1995; Warnakulasuriya 2001). Compatible with this, most premalignant lesions 

showing dysplasia will not progress to fully invasive OSCC (Bouquot 1997). This 

demonstrates the need for an objective approach to disease stage diagnosis. 

Use of a molecular screening approach to detect alterations necessary for 

progression would provide an objective and comprehensive approach to stage diagnosis, 

as opposed to the more subjective histopathological methodologies (Rosin, et al. 2000). 

LOH analysis has been highly successful in identifying genetic regions associated with 

risk (Mao, et al. 1996a; Partridge, et al. 1999; Rosin, et al. 2000). In particular, LOH at 

chromosomes 3pl4 and 9p21 has been shown to be indicative of progression risk (Rosin, 

et al. 2000; Rosin, et al. 2002; Zhang and Rosin 2001). However, while this offers useful 

prognostic screening, it does not address the need to identify and characterize genetic 

alterations driving disease behaviour. The identification of novel molecular markers 

critical to oral cancer progression will greatly benefit the prevention and management of 

this disease (Rosin, et al. 2000). 

1.5 Conventional methods of detecting genetic alterations in oral cam 

Conventional tools used to identify critical genetic alterations include cytogenetic 

analysis (such as G-banding, spectral karyograms (SKY), fluorescence in situ 
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hybridization (FISH), and conventional metaphase comparative genomic hybridization 

(mCGH)) (Figure 4) and loss of heterozygosity (LOH) analysis (Figure 5). While these 

techniques have been highly successful in identifying key regions, they have limitations. 

Cytogenetic techniques such as G-banding and spectral karyotype (SKY) analysis 

were some of the first techniques used to study tumour genomes. These techniques have 

been useful in identifying gains, losses, and other large chromosomal rearrangements. 

However, because these techniques involve the direct examination of tumour metaphase 

chromosomes under the light microscope, their resolution is limited (Garnis, et al. 

2004a). FISH has enabled the fine mapping of breakpoints involved in large 

chromosomal aberrations (Garnis, et al. 2004a). 

Similarly, conventional metaphase comparative genomic hybridization (mCGH), 

which was developed by Kallioniemi et al (Kallioniemi, et al. 1992), has also been useful 

in identifying segmental gains and losses in tumour genomes including oral tumours 

(Albertson and Pinkel 2003). The procedure involves differentially labelling tumour and 

normal diploid DNA with cyanine dyes, co-hybridizing them onto a slide of normal 

metaphase chromosomes, and observing the ratios of the dyes at each loci along the 

chromosomes under a light microscope (Figure 4B). While this technique has been 

successful in identifying key regions, its resolution is limited to 20 Mbp (Pinkel, et al. 

1998). 
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Figure 4: Conventional cytogenetic techniques used to study oral tumour genomes. 

( A ) Spectral Karyotype ( S K Y ) (http://www.polytec-pi .fr/spectral-
imaging2509/inner/EwingSKYg-Band.html) that employs probes specific for each 
chromosome with separate dye tags and detects translocations, truncations, and 
duplications o f chromosomes. (B) Metaphase (http://www3.mdanderson.org/depts/ 
pathology/fish/images/alkmeta.jpg) and (C) interphase FISH 
(http://www3.mdanderson.Org/depts./pathology/fish/fish/cyclin.html) utilize a single 
probe specific to one unique region tagged with a fluorescent dye to detect deletions and 
amplifications of genomic regions. (D) Metaphase comparative genomic hybridization 
(mCGH) (http://amba.charite.de/cgh /img/01/01e.gif) utilizes a spread o f metaphase cells 
on a slide onto which differentially labelled normal and tumour D N A are co-hybridized 
and viewed under the light microscope for regions of copy number gain and loss. 
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LOH analysis using microsatellite markers has been widely used to study oral 

tumour genomes (Rosin, et al. 2000; Rosin, et al. 2002; Zhang and Rosin 2001; Arai, et 

al. 2002; Beder, et al. 2003; El-Naggar, et al. 1998; El-Naggar, et al. 2001; Epstein, et al. 

2003; Grati, et al. 2000; Gupta, et al. 1999; Hibi, et al. 1992; Imai, et al. 2001; Ishwad, et 

al. 1995; Ishwad, et al. 1996; Ishwad, et al. 1999; Kayahara, et al. 2001; Latif, et al. 1992; 

Maestro, et al. 1993; Ng, et al. 2000; Ogawara, et al. 1998; Ono, et al. 1999; Partridge, et 

al. 1996; Partridge, et al. 1999; Rowley, et al. 1996; Sunwoo, et al. 1999; Waber, et al. 

1996; Wu, et al. 1997; Wu, et al. 1994; Yamamoto, et al. 2003). The principle of this 

technique is outlined in Figure 5. LOH analysis involves the PCR amplification of 

known microsatellite markers, or simple sequence repeat polymorphisms, using primers 

specific to the sequences flanking them (Garnis, et al. 2004a). In an individual 

heterozygous for a given marker, the product will appear as two bands of different sizes 

on an agarose gel. A comparison of the bands produced from patient matched normal 

and tumour DNA can determine whether there is an alteration at a given loci. While this 

technique has been highly effective for mapping regions of alteration, the resolution is 

limited by the availability of microsatellite markers in a given region and the status 

between two markers is therefore inferred (Garnis, et al. 2004a). Similarly, the number 

of markers that can be assessed is also limited by the quantity of DNA that is available 

(Garnis, et al. 2004a). Moreover, while it is able to detect alterations, it is unable to 

distinguish between an increase or decrease in copy number. 
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Figure 5: Loss of heterozygosity (LOH) analysis using microsatellite markers. 
L O H analysis utilizes primers specific to sequences flanking microsatellite markers, or 
regions of repeat sequences, to assess change within that region. A P C R reaction is 
generated using both matched normal and tumour D N A as the template and the product 
run on an agarose gel and the bands are compared. If the patient is heterozygous at a 
given allele, A , two bands wi l l appear on the gel using the normal template. If an 
alteration is present in the tumour, one band may disappear or the ratio in the intensities 
of a band may be different in the tumour as compared to the normal, and the tumour is 
said to show L O H at that marker. However, i f the patient is homozygous at a given 
allele, B , than a single band wi l l appear on the gel for both the normal and the tumour 
D N A template, and that given marker is said to be "non-informative." 
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1.6 Array CGH Technology 

In recent years, conventional CGH has been improved upon and developed into 

array CGH (aCGH). In contrast to conventional CGH, in which metaphase chromosomes 

are spread onto a glass slide, segments of normal DNA are spotted onto a slide (Solinas-

Toldo, et al. 1997). Test DNA and normal diploid reference DNA are differentially 

labelled with fluorescent dyes and competitively hybridized to the array. Regions of gain 

and loss are detected by measuring the signal intensities for each dye and calculating the 

ratio of the dye signal intensities for a given clone on the array (Pinkel, et al. 1998; 

Solinas-Toldo, et al. 1997). The principle of aCGH is outlined in Figure 6. DNA 

segments used to construct CGH arrays include cDNAs (Pollack, et al. 1999), large-insert 

clones (such as bacterial artificial chromosomes, BACs) (Fiegler, et al. 2003; Pinkel, et 

al. 1998), cosmids (Buckley, et al. 2002), PI phage artificial chromosomes (PAC) 

(Fiegler, et al. 2003; Kallioniemi, et al. 1992), and single nucleotide polymorphism 

(SNP) oligonucleotides (Dumur, et al. 2003; Lindblad-Toh, et al. 2000). 

In previous studies, these arrays have given dense over-lapping coverage of a 

region known to be altered or to harbour candidate tumour suppressor genes or 

oncogenes. One example of this was the 8q21-24 regional BAC array, which was used to 

identify a novel amplification adjacent to the MYC oncogene in oral and lung cancer 

(Garnis, et al. 2004c). Another example was the chromosome 20 cosmid/PAC/BAC 

array (Pinkel, et al. 1998). However, these early tiling path regional arrays only span 

chromosomal segments previously identified to be commonly altered using conventional 
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Figure 6: Principle of array comparative genomic hybridization. 
Briefly, segments of D N A are spotted onto a glass slide to generate a D N A microarray, 
tumour D N A and normal reference D N A are differentially labelled with cyanine dyes and 
competitively hybridized to the array, which is scanned for the signal intensity of both 
cyanine dyes. 
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lower resolution techniques (Davies, et al. 2005). Use of a whole genome tiling path 

array will allow the assessment of the status of DNA throughout the entire genome and 

will, therefore, enable fine-mapping of previously identified regions of alteration as well 

as serving to discover novel narrow regions of alteration not identified with previous, less 

sensitive techniques (Davies, et al. 2005). 

The first genome-wide arrays used contained segments of cDNA representing 

genes present on each of the 46 chromosomes (Pollack, et al. 1999). However, the 

significant difference between the size of the cDNA clones and the genomic DNA (due to 

the presence of introns in the genomic DNA) resulted in poor hybridization efficiency 

and, consequently, low signals and signal-to-noise ratios. The effect was that only very 

large copy number differences were detectable (Davies, et al. 2005). Moreover, since 

each cDNA represented a known gene, only those areas known to contain a gene were 

assessed, creating an experimental bias. Large-insert clone arrays, such as BAC arrays, 

provide much higher signal-to-noise ratios and can therefore detect single copy number 

changes with much greater sensitivity (Davies, et al. 2005). Until recently, these arrays 

were marker-based with the highest density areas containing clones at ~ 1.4 Mbp intervals 

(Fiegler, et al. 2003; Snijders, et al. 2001). Single-nucleotide polymorphism (SNP) 

arrays have also been useful in the genome-wide analysis of tumour genomes (Fiegler, et 

al. 2003; Greshock, et al. 2004; Davies, et al. 2005) and, in particular, oral genomes 

(Tong, et al. 2004a; Zhou, et al. 2004a; Zhou, et al. 2004b). Previous arrays have 

consisted of-10,000 25-mer and -85,000 70-mer oligonucleotides (Bignell, et al. 2004; 

Lucito, et al. 2003; Zhao, et al. 2004) representing regions across the entire genome. 
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While these arrays provide the LOH status at each SNP locus, their ability to detect copy 

number changes is limited to high copy number differences (Zabarovsky, et al. 2002). In 

addition, they are compromised by problems with cross-hybridization of oligo probes and 

the availability of SNP markers (Bignell, et al. 2004; Davies, et al. 2005). While PCR 

amplification of sample DNA provides complexity reduction of sample tumour DNA in 

order to reduce the compounding cross-hybridization issue, it also introduces additional 

noise and variability in hybridization (Davies, et al. 2005). Increased characterization of 

SNPs will address the need for improved resolution of this technique (Davies, et al. 2005; 

Matsuzaki, et al. 2004). 

1.7 Whole Genome Tiling Resolution BAG Array CGH 

The recent development of the whole genome sub-megabase tiling array (SMRT 

array), which contains 32,433 overlapping BAC clones spotted in triplicate onto two 

glass slides, has increased the resolution of BAC array CGH to ~40-80 kb, allowing 

detailed genome-wide analysis of tumour genomes (Ishkanian, et al. 2004; Davies, et al. 

2005). Figure 7A shows an example of a SMRT array CGH profile for the lung cancer 

cell line H526 demonstrating the identification of detailed alterations and their 

breakpoints. This technology has enabled the identification of novel gains and losses not 

detectable with previous technology in cancer cell line DNA (De Leeuw, et al. 2004). 

Figure 7B demonstrates the improvement in resolution of the SMRT array as compared 

with conventional techniques such as LOH and interval-marker based genome-wide array 

CGH. Application of this technology to archival tumour DNA will be highly useful in 
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Figure 7: Complete coverage whole genome array comparative genomic 
hybridization. 
( A ) Sub-megabase resolution tiling-path (SMRT) array provides comprehensive profiling 
of the entire human genome. Shown here is the whole genome profile for the H526 lung 
cancer cell line (Ishkanian, et al. 2004). (B) Resolution comparison of common marker 
based genome analysis techniques. The resolution of L O H is limited to the availability o f 
microsatellite markers, while until recently genome-wide marker based arrays provided 
only ~1.4 Mbp resolution. The S M R T array provides overlapping coverage resulting in 
"tiling resolution7' (Davies, et al. 2005). 
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the identification of novel genetic changes and the fine mapping of known genetic 

changes in a variety of cancers. 

1.8 Hypotheses & Objectives 

The hypothesis for this thesis project is three-fold: 

1) Archival OSCC specimens will support chromosomal and whole genome array CGH 

profiling. 

2) Chromosomal alterations critical to OSCC progression will be present in multiple 

patient samples. 

3) Candidate tumour suppressor genes and/or oncogenes reside within the minimal 

regions. 

Three objectives were designed in order to test this hypothesis: 

The first objective of this thesis was to demonstrate the utility of array CGH in the 

analysis of archival OSCC tumour genomes. This was done by hybridizing 19 OSCC 

specimens using a 3p-arm specific array, comprised of 535 over-lapping BAC clones 

spanning the 3p arm, and aligning the resulting profiles to identify minimal regions of 

alteration. 
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The second objective was to identify novel recurring alterations critical to oral 

carcinogenesis and to define these regions with sub-megabase resolution. This was done 

by comparing the whole genome array CGH profiles of 20 OSCC in order to identify 

regions. 

The third objective was to relate these regions to the map of the human genome to 

identify genes within recurring regions and to verify these regions by expression analysis 

of the genes within them. This was achieved by reverse transcriptase PCR of candidate 

genes on OSCC RNA specimens. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Specimen Accrual, Microdissection & DNA Extraction 

Samples were selected based on differing criteria for chromosome 3p-array 

analysis and whole genome array analysis. Samples used for 3p-array analysis were 

chosen based on LOH data for 3p. Samples used for whole genome-array analysis were 

chosen based on the availability of DNA. Formalin-fixed paraffin embedded OSCC 

specimens were obtained from the British Columbia Oral Biopsy Service and diagnoses 

confirmed by an oral pathologist (Dr. Lewei Zhang). Tumour cells were microdissected 

from the normal tissue under the supervision of Dr. Zhang. 

All microdissected specimens were stored in cryovials in nitrogen tank until 

extraction. Samples were then thawed and pulse-centrifuged to remove droplets in the 

cap. The cells were then resuspended, transferred to a 1.5ml Eppendorf tube, and the 

cryovial was once again rinsed with a Tris-EDTA solution (0.5 M Tris, 0.02 M EDTA, 

0.01 M NaCl, pH 8.9) to remove residual cells which were then transferred to the same 

1.5 ml Eppendorf tube (final volume was maintained below 1.5 ml). The tubes were then 

centrifuged at 8,000 rpm at 4°C for 10 minutes. Excess supernatent was removed, 

confirmed to contain no residual cells (using a light microscope), and discarded, leaving 

the final volume to be 270 pi in each tube. These samples were then mixed by pipetting 

with 30 pi SDS-PK (10% sodium dodecyl sulphate, 5 mg/ml proteinase K) and incubated 

at 48°C for 72 hours. Proteinase K (20 mg/ml in Tris-EDTA solution) was replenished 
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every 2 hours. Tumour DNA was extracted using a standard phenol-chloroform protocol 

and precipitated with ethanol. The resulting DNA was then fluorometrically quantified 

using Picogreen (Molecular Probes, Eugene, OR). DNA was extracted and quantified as 

previously described (Zhang, et al. 1997). The clinical information and demographics for 

each case is listed in Appendix 1. 

2.2 3p Array CGH 

2.2.1 3p Array Construction 

Over 600 overlapping human BAC clones spanning the 3p arm from 3pl2.3-26.3 

were selected from the Roswell Park Cancer Institute (RPCI)-l 1 library (Osoegawa, et al. 

2001) based on their relative contig position using Fingerprinting Contig (FPC) software 

and the fingerprint data of -400,000 human BAC clones. The relative positions of the 

clones were confirmed by comparison with sequence-based BAC contiguous assemblies 

such as the Ensembl Genome Browser (Clamp, et al. 2003), the NCBI Map Viewer 

(Wheeler, et al. 2003), and the UCSC Genome Browser (Karolchik, et al. 2003; Kent, et 

al. 2002). 

Bacterial clones were obtained from glycerol stocks and streaked onto LB agar 

plates containing 12.5 pg/ml choramphenicol and incubated overnight. For each clone, a 

single colony was inoculated in 1.2. ml LB broth containing 12.5 ug/ml choramphenicol 

in a well of a 2 ml 96-well plate. The filled 2 ml 96-well plate was incubated at 37°C for 

24 hours with shaking. Extraction of BAC DNA was performed by the BC Cancer 
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Agency Genome Sciences Centre. BAC DNA was extracted from the resulting pellet of 

cells using a maxi-prep kit (Clonetech), precipitated with isopropanol and resuspended in 

30 pi TE (10 mM Tris-HCl pH8, O.lmM EDTA). 

The identity of each BAC clone was confirmed via a Hindlll digest fingerprint. A 

2 pi aliquot of the extracted DNA was mixed with 1 ul Hindlll restriction enzyme (10 

units), 1. pi 10X RE buffer, and 6 pi sterile, distilled water and was incubated at 37°C 

overnight (Ishkanian, et al. 2004; Watson, et al. 2004b). The digested product was then 

run on a 1% agarose gel, stained with SYBR green and visualized with the Storm 

phosophoimager. The Hindlll fingerprint was then compared to the in silico fingerprint 

with the FPC software. Clones that failed to generate informative or matching hindlll 

fingerprints were eliminated from the clone set to under 600 clones. 

Hindlll fingerprint confirmed clones were then amplified by linker-mediated PCR 

(LM-PCR) to generate sufficient DNA for spotting. To prepare the BAC DNA for L M -

PCR, fifty nanograms of BAC DNA from each clone was transferred to a 96 well plate 

and digested for 8 hours with 5 U Msel in a 40 pi reaction, followed by inactivation at 

65°C for 10 minutes. This enabled both the removal and digestion of the genomic DNA 

insert from the BAC and the exposure of overhangs necessary for ligation with the primer 

linkers. The digested DNA was then ligated with primer linkers. Msel long (5'-

AGTGGGATTCCGCATGCTAGT-3') and Msel short primers (5' -TAACTAGCATCG-

3') (Alpha DNA, Quebec) were pre-annealed together for 5 minutes at room temperature 

prior to addition to the ligation reaction. Ten percent of the digested product was then 
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transferred to a new 96 well plate and mixed with 0.2 uM of both Msel long and short 

primers, 80 U of T4 DNA ligase, and NEB ligase buffer (New England Biolabs) in a 40 

ul volume and ligated at 16°C overnight (12-16 hours). This enabled the ligation of 

specific primer linker sites to the genomic DNA BAC inserts for PCR amplification. 

Two rounds of PCR were employed. For the first round of PCR, a 2.5 pi aliquot of the 

linker-ligated DNA product was brought up in 50 pi reaction consisting of 8 mM MgCh, 

1 mM dNTP's (Promega), 0.4 uM Msel long primer and 5 U of Taq polymerase 

(Promega,storage buffer B) in Promega PCR buffer. The following PCR program was 

used: 

Step.l: 95° C, 3 minutes 

Step 2 95° C, 1 minute 

Step 3 55° C, 1 minute 

Step 4 72° C, 3 minutes 

Step 5 Return to step 2, 30 times 

Step 6 72° C, 10 minutes 

For the second round of PCR, 0.25 pi of the first round PCR product PCR amplified 

under the same conditions for 35 cycles, rather than 30 cycles. This product, the 

amplified fragment pool (AFP), was then precipitated with 5 pi (1/10 volume) 3 M 

sodium acetate and 150 pi (2.5 X volume) ethanol at -20°C for 1 hour. The final 

concentration of the ethanol precipitated DNA was quantified using a ND-1000 

spectrophotometer (Nanodrop, Delaware). Generally, the concentration concentrations 

varied between 40-50 pg per sample. Clones that failed to amplify were also eliminated 

from the array reducing the clone set to 539 BAC clones. 
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The amplified DNA was then dissolved in 50 pi of 0.5% Micro spotting solution 

(Telechem) to a final concentration of 1 pg/ul, heat denatured and re-arrayed for robotic 

printing. Amplified BAC DNA was spotted in triplicate onto SuperAmine substrate 

slides (Telechem/ArraylT, Sunnyvale, CA) with Stealth Micro Spotting Pins (SMP2.5) 

using a VersArray Chip Writer Pro system (Bio-Rad, Mississauga, Ontario, Canada). 

Each "spot" was -100 um in diameter with 180 um spacing between spots. The positive 

charge of the amine slides enabled the binding of the negatively charged DNA clones to 

the slide. Baking at 80°C for 1 hour and UV cross linking at 2600 mJ enabled the cross-

linking of the DNA to the amine slides. Normalization was achieved by spotting linker-

mediated PCR amplified normal male human DNA 48 times. The slides were then 

washed to remove unbound DNA. The array was finally reduced to 535 clones following 

the elimination of duplicate redundant clones. The clone list is presented in Appendix 2. 

2.2.2 3p Array Probe Labelling 

Tumour and normal diploid male reference genomic DNA (lOOng each) were 

random prime labelled with cyanine-5 and cyanine-3 dCTP respectively using a Bioprime 

Labelling Kit (Invitrogen, Carlsbad, CA). In separate reactions, the DNA was mixed 

with 10 ul 2.5 X random primers buffer and brought up to a final volume of 20 ul with 

sterile distilled water. The DNA was then incubated at 100°C for 10 minutes, placed on 

ice and combined with 40U Klenow, 2.5 pi 10 X dNTPs (2mM dATP, dGTP, dTTP, 

ImM dCTP) and 2nmoles of cyanine-5 (tumour DNA) or cyanine-3 (normal male 

reference) labelled dCTP. The probe mixture was then incubated at 37°C for 18 hours, 
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combined and purified together to remove unincorporated nucleotides using ProbeQuant 

Sephadex G-50 Column (Amersham, Baie d'Urf, PQ). The purified probe was then 

combined with lOOpg human Cot-1 DNA (Invitrogen, Burlington, ON), precipitated with 

ethanol and redissolved in 28 ul DIG Easy hybridization buffer (Roche, Laval PQ), 3.5 pi 

(20 ug/ul) sheared herring sperm DNA (Sigma-Alderich) and 3.5 pi (100 ug/ul) yeast 

tRNA (Calbiochem). This probe mixture was then denatured at 85° C for 10 minutes and 

the probe was blocked at 45° C for 1 hour. 

2.2.3 3p Array Hybridization 

3p-arrays were pre-hybridized by applying 28 u.1 DIG Easy hybridization buffer 

(Roche, Laval PQ), 4 u.1 (20 u.g/u.1) sheared herring sperm DNA (Sigma-Aldrich, 

Oakville, ON, Canada), and 4 p.1 10% BSA to the arrays with a 24 x 40 mm cover slip in 

an ArraylT Array Hybridization Cassette containing lOul water and incubating at 45°C 

for 1 hour. Arrays were then rinsed with sterile distilled water and placed in 100% 

isopropanol followed by air-drying. The denatured and pre-blocked probe was then 

applied to the slide with a 24 x 40 mm cover slip and placed in a hybridization chamber 

as described above at 45°C for 40 hours. 

2.2.4 3p Array Imaging and Normalization 

Hybridized 3p arrays were scanned for the cyanine-3/cyanine-5 signal intensities 

using a charge coupled device (CCD) based imaging system and analyzed using 

Softworx array analysis software (Arrayworx, API, Issaquah, WA). Intensities were 
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normalized using a scale factor based on the signal intensities of the 48 human genomic 

DNA control spots on the array. The normalized log2 cyanine-5/cyanine-3 signal ratio 

for each BAC clone was plotted in a graph versus relative tiling path position. A log2 

signal ratio of 0 corresponds to equivalent copy number between tumour and normal 

reference DNA. 

2.3 Whole Genome SMRT Array CGH 

2.3.1 Whole Genome SMRT Array Construction 

Clone selection for the whole genome SMRT array was performed by the British 

Columbia Cancer Agency Genome Sciences Centre (BCCA GSC) (Krzywinski, et al. 

2004) from RPCI-11, RPCI-13 and Caltech D1/D2 (CTD1/2) clone libraries using the 

human BAC fingerprint based physical map developed by the Washington University 

Genome Sequencing Center (McPherson, et al. 2001). In addition, clones were cultured, 

the BAC DNA was extracted, and the identity of each clone was confirmed by 

comparison of Hindlll fingerprints as described with the FPC BAC fingerprint database 

(http://bacpac.chori.org/genomicRearrays.php) at the BCCA GSC. The BAC DNA for 

all 32,433 clones was provided to our lab in 96-well plates. 

Construction of the whole genome SMRT array has been previously described 

(Ishkanian, et al. 2004; Watson, et al. 2004b). BAC DNA was amplified through linker 

mediated PCR (LM-PCR) as described above, to generate AFP with sufficient DNA 

concentration for spotting. However, the primer linkers, Msel long and Msel short, used 

for the whole genome SMRT array, were linked to an amino acid group. This was done 
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because while the 3p-array was spotted onto SuperAmine slides, the whole genome array 

was spotted onto aldehyde slides (Erie Scientific). While the amine slides bound the 

spotted DNA through an electrostatic interaction followed by cross-linking, the aldehyde 

groups on the Erie Scientific slides formed a covalent bond with the amino acid group on 

the AFP DNA. 

Following linker mediated amplification the identities of 3 clones per plate 96-

well plate were confirmed by sequencing (Watson, et al. 2004b). Each 10 ul sequencing 

reaction consisted of 2 ul of the AFP, 4 pi Big Dye (Perkin-Elmer), 0.32 pmol T7 primer 

(5'-TAATACGACTCACTATAGG-3') or SP6 primer (5'-

ATTTAGGTGACACTATAG-3') (Alpha DNA, Quebec) and was amplified using the 

following program: 

Stepl: 95° C, 1 minutes 

Step 2 95° C, 15 seconds 

Step 3 50° C, 5 seconds 

Step 4 72° C, 4 minutes 

Step 5 Return to step 2, 85 times 

Step 6 72° C, 10 minutes 

The product was then purified either by ethanol precipitation with 1 ul 3 M sodium 

acetate and 25 ul ethanol, or a PCR Min-elute kit (Qiagen). The purified product was 

then resolved using an ABI Model 377 or ABI Model 3700 sequencer (Applied 

Biosystems) and analysed using NCBI BLAST to query the non-redundant and high 

throughput genomic sequences database of GeneBank v.2.2.5 (Watson, et al. 2004b). 

28 



While confirmation of all clones in the array would have been desirable, cost limitations 

restricted the confirmation to 3 clones per plate. 

The AFP DNA was then dissolved in 50 pi of 0.5% Micro spotting solution 

(Telechem, Sunnyvale, CA), denatured by boiling, re-arrayed into 384-well plates for 

robotic printing and spotted in triplicate onto two aldehyde glass slides as described 

above, producing an array containing 97,299 elements (Ishkanian, et al. 2004). 

Normalization was achieved based on median signal intensities. The ability to detect 

single copy changes was confirmed as part of the quality control of array production (De 

Leeuw, et al. 2004). This involves hybridization of normal male versus normal female 

DNA and examination of the X chromosome profiles as previously described by others 

(De Leeuw, et al. 2004; Ishkanian, et al. 2004). 

2.3.2 Whole Genome SMRT Array Probe Labelling 

Tumour and normal diploid male reference genomic DNA (200 ng each) were 

random prime labelled with cyanine-3 and cyanine-5 dCTP respectively. In separate 

reactions, the DNA was mixed with 10 pi 5 X random primer buffer (Promega) 

containing random octomer primers (Alpha DNA, Quebec) and brought up to a final 

volume of 33.5 pi with sterile distilled water. The probe was then incubated at 100°C for 

10 minutes, placed on ice and combined with 45 U Klenow (Promega), 7.5 pi 10 X 

dNTPs (2 mM dATP, dGTP, dTTP, 1.2mM dCTP) and 4 nmoles of cyanine-3 (tumour 

DNA) or cyanine-5 (normal male reference) labelled dCTP. The probe mixture was then 

incubated at 37°C for 18 hours, combined together, and purified to remove 
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unincorporated nucleotides using ProbeQuant Sephadex G-50 Column (Amersham, Baie 

d'Urf, PQ). The purified probe was then combined with 400 pg human Cot-1 DNA 

(Invitrogen, Burlington, ON), precipitated with ethanol and redissolved in 80 pi DIG 

Easy hybridization buffer (Roche, Laval PQ), 10 pi (20 ug/ui) sheared herring sperm 

DNA (Sigma-Aldrich, Oakville, ON, Canada) and 10 pi (10 ug/ul) yeast tRNA 

(Calbiochem, La Jo 11a, CA). This probe mixture was then denatured at 85° C for 10 

minutes and the probe blocked at 45° C for 1 hour. 

2.3.3 Whole Genome SMRT Array Hybridization 

Since these arrays were printed onto aldehyde slides, as apposed to the amine 

slides on which the regional array was spotted, the pre-hybridization steps were much 

different. Slides were immersed in a blocking solution comprised of lg sodium 

borohydride, 400 ml 1 X PBS, 100 ml ethanol, for 5 minutes to block the remaining 

exposed aldehyde groups from binding additional DNA, followed by 3 rinses in sterile, 

distilled water for 2 minutes each. The slides were then immersed in boiling sterile, 

distilled water for 2 minutes to denature the DNA and then air dried. The slides were 

then pre-warmed to 45° C prior to application of the probe. 

Denatured and pre-blocked probe was then split equally and applied to the two 

pre-warmed halves of the array with a 24 x 40 mm cover slip in an ArraylT Array 

Hybridization Cassette (Telechem, Sunnyvale, CA) containing 10 pi water and incubated 

at 45°C for 40 hours. The hybridized arrays were then washed five times for 5 minutes 

each at 55° C with 0.1 X SSC/0.1% SDS, followed by five rinses with 0.1 X SSC. 
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2.3.4 Whole Genome SMRT Array Imaging and Normalization 

Images of the hybridized arrays were captured through Cyanine 3 and Cyanine 5 

channels using a charge-coupled device (CCD) camera system (Applied Precision, 

Issaquah, WA). Images were then analyzed using Softworx Tracker Spot Analysis 

software (Applied Precision). SeeGH custom software was used to visualize all data as 

log2 ratio plots (Chi, et al. 2004). This software is available publicly online (http://www. 

flintbox. com/technology, asp? tech=FB312FB). Clones with standard deviations above 

0.075 or with signal-to-noise ratios less than 10 were filtered from the raw data. Clones 

were normalized based on the mean signal intensity of all spots. 

2.4 Identification of alterations and alignment of BAC array profiles 

2.4.1 Identification of alterations using the 3p-array 

A combination of strategies was used to identify copy number gains and losses in 

all 19 tumours including threshold cut-off analysis and 3p profile alignment. Since spots 

exhibiting a signal ratio outside of 3 standard deviations from 0 were eliminated, a +/- 0.2 

log2 ratio threshold was established for defining copy number alterations in each 

experiment. Regions of DNA achieving this value were required to involve more than 

one consecutive clone in order to qualify as a copy number alteration. Alignment of all 

3p profiles enabled the identification of minimal regions of alteration recurring in 

multiple samples. 
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2.4.2 Identification of alterations using the SMRT array 

A combination of strategies was used to analyse the changes in all 20 tumours, 

including assessment with aCGH-Smooth with frequency plot analysis, individual 

karyogram visual analysis, and SeeGH karyotype multiple alignment. Analytical 

software called aCGH-Smooth was used to detect genetic alterations at a gross level. 

Briefly, clones with standard deviations above 0.075 or with signal-to-noise ratios less 

than 10 were filtered from the raw data. Genomic imbalances and their associated 

breakpoints were identified using genetic local search algorithms within the aCGH-

Smooth software package (Jong, et al. 2004) and confirmed by visual inspection of the 

normalized data. aCGH-Smooth calculates the probability that the signal ratio for each 

BAC clone resides within that of a set of previous clones using maximum likelihood 

estimation (Jong, et al. 2004). The "smoothed" data was then aligned in a frequency plot 

to look for "hot spots" of alteration, or regions frequently altered, in the oral tumour 

genome. 

Individual SeeGH karyograms were also visually analyzed for copy number 

alterations. While threshold analysis was initially employed with the regional array, 

subsequent experience demonstrated to us that this approach was flawed. That is, each 

tumour sample is independent and therefore has a different variability often influenced by 

differing levels of normal DNA contamination as well as differing DNA quality. Use of 

a uniform threshold, therefore, is not applicable. Indeed, using the SMRT array well 

known alterations such as 3p and 8p loss, though visible, was often not detected if 

32 



threshold analysis was applied. Finally, all 20 SteeG//karyograms were aligned to 

identify minimal regions of gain or loss recurring in multiple tumour samples. 

2.5 Expression Analysis Confirmation 

2.5.1 Frozen Tissue Accrual, Microdissection & RNA Extraction 

Frozen tissue was obtained from the BC Oral Biopsy Service, sectioned, diagnosis 

confirmed, and microdissected by oral pathologist, Dr. Lewei Zhang. Microdissected 

tissue was suspended in 1 ml RNAlater (Ambion, Austin, TX) and stored at -20° C until 

RNA extraction. Before extraction, tissue was resuspended in 1 ml 1 X PBS. Total 

messenger RNA was extracted using a Dynabeads® mRNA DIRECT™ Kit (Dynal, 

Oslo, Norway). Briefly, tissue was spun down at 14,000g for 15 minutes; supernatant 

was removed, re-suspended in 1000 ul lysis/binding buffer (Dynal, Oslo, Norway) and 

homogenized. The suspension was then spun down at 14,000g for 15 minutes and the 

supernatant was isolated. 250 | i l suspended beads was purified and separated from 

supernatant using a magnetic tube rack. This supernatant was discarded and supernatant 

from the tissue lysis was than added to the beads and mixed. The Dynabeads were then 

washed twice with buffer A and once with buffer B (Dynal, Oslo, Norway). mRNA was 

eluted from the Dynabeads with 20 pi 10 mM Tris-HCl. Total mRNA yields were 

assessed using a Nanodrop Spectrometer (Nanodrop Technologies, Wilmington, DE). 

2.5.2 Reverse Transcriptase PCR 

Aliquots of 40 ng of RNA were converted to cDNA in 20 pi reaction volumes 

using the Superscript II Kit (Invitrogen, Burlington, ON). Briefly, 40 ng RNA and 0.5 ug 
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polydT primers (5'-TTTTTTTTTTTTTTTTTT-3') was suspended in 12 pi sterile 

distilled water and denatured at 70° C for 10 minutes, followed by addition of 4 pi of 5 X 

First Strand Buffer (250 mM Tris-Cl, pH 8.3, 375 mM KC1, 15 mM MgCl 2), 2 pi 0.1 M 

DTT, 1 pi 10 mM dNTPs and incubation at 42° C for 2 minutes. 200 U Superscript II 

Reverse Transcriptase was then added and the reaction was incubated at 42° C for 50 

minutes and stopped by incubation at 70° C for 15 minutes. 

cDNA yield was confirmed by PCR amplification using primers specific to p-

actin. Two sets of primers were used - a positive control set, in which both primers 

anneal to exon sequences (5'-GATGTGGATCAGCAAGCA-3 75'-

GAAAGGGTGTAACGCAACT-3'), and a negative control set, in which one primer 

anneals to an introns sequence (5'-AGACGATGCAGATCC-375'-

GCATGGCAGCAGCAC-3'). cDNA (1 pi) was amplified using a Promega Kit in a 20 pi 

volume containing 14.2 pi sterile distilled water, 2 pi 10 X PCR buffer, 1.6 pi 25 mM 

MgCi2, 0.5 pi 10 mM dNTPs, 0.5 pi primers (forward and reverse combined), and 0.2 pi 

Promega Taq DNA polymerase (5 U/pl). The following PCR program was used: 

Stepl: 95° C, 1 minute 

Step 2 95° C, 30 seconds 

Step 3 55° C, 30 seconds (positive control set)/62° C, 30 seconds (negative 

control set) 

Step 4 72° C, 30 seconds 

Step 5 Return to step 2 35 times 
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Step 6 72° C, 10 minutes 

5ul of PCR product was than run on 0.7% agarose gel to assess band intensity. 

To assess candidate gene (TRIO, TENS1, CDK6) and control gene (B2-

microglobulin, /32M) expression 1 pi and 0.33 pi of cDNA, respectively, was PCR 

amplified in a 20 pi reaction as above using following primers specific to the gene of 

interest: 

(forward): 5' - AAGGAACC AAGCGAGC AGT-3' 

TRIO (reverse): 5' -GGTGTGCTATCCTGCAGTTGT-3' 

TENS1 (forward): 5' -TCTTCTTCCGGAGGCATTAC-3' 

TENS1 (reverse): 5' - AAC AGGTGGC AC ACATTATCC-3' 

CDK6 (forward): 5' -GAAGACTGGCCTAGAGATGTTG-3' 

CDK6 (reverse): 5' -CCTGAAGTATGGGTGAGAC A-3' 

B2M (forward): 5' -GATGAGTATGCCTGCCGTGT-3' 

B2M (reverse): 5' -GC AAGCAAGCAG AATTTGGA-3' 

Primers were designed to span an intron as a means to assess for genomic DNA 

contamination. Positive control templates comprised of cDNA from Human MTC™ 

cDNA Panels I and II (Clonetech, BD Biosciences, Palo Alto, CA) (TRIO: colon, heart, 

thymus; TENSl: placenta, pancreas, colon; CDK6: testis, thymus, heart; f!2M: heart, 

placenta, ovary). The following PCR programs were used for each PCR reaction: 
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Step 1 95° C, 1 minute 

Step 2 95° C, 30 seconds 

Step 3 62° C (TRIO), 60° C (TENSI), 64° C (CDK6), 56° C (B2M), 30 seconds 

Step 4 72° C, 30 seconds 

Step 5 Return to step 2 35 times 

Step 6 72° C, 10 minutes 

Five micro litres of B2M PCR product for each sample was loaded onto a 10% 

polyacrylamide gel (37.5 acrylamide:l bis-acrylamide) and run for 2 hours in 1 X TBE at 

400V. An additional 5ul of cDNA from either TRIO, TENSI or CDK6 PCR reactions 

was loaded into the corresponding sample well and run for an additional hour at 400V. 

The gel was stained in 1 X SYBR-Green (Roche, Laval, Quebec, Canada)/1 X TBE for 

30 minutes and imaged using a Storm Phosphoimager. ImageQuant analysis software 

(Molecular Dynamics, Piscataway, NJ, USA) was used to measure band and background 

intensities. The averaged background intensity value was subtracted from each sample 

band intensity value. For each gene, the ratio of the candidate gene band intensity over 

the P2M band intensity was calculated and averaged across the tumours and normal 

samples, and plotted into a bar graph. 

In addition, for each gene the band intensities of the candidate gene in the tumour 

samples and normal samples were compared using the Mann-Whitney U Test. The null 

hypothesis, that there is no difference in the expression level of (candidate gene) between 

the normal and tumour samples, was tested against the alterative hypothesis, that there is 
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a difference in the expression level of (candidate gene) between the normal and tumour 

samples. The Mann-Whitney U Test is a non-parametric statistical ranking test employed 

when the assumptions of normality and/or a sufficient sample size cannot be met. In this 

case, the candidate gene band intensities for all the tumours and normal samples were 

ranked. Assuming ni is the number of normal samples (for example, 6), n 2 is the number 

of tumour samples (for example, 4), R\ is the sum of the ranks assigned to normal 

samples, and R2 is the sum of the ranks assigned to the tumour samples then, 

U = ni* n 2 + ni(ni + 1) - R i 

and 

U'= n 2* ni + n2(n2 + 1)-R 2 

and 

P0.05(20,6,4) - 22 

If U or U ' > po.o5(20,6,4) than the null hypothesis is rejected and the alternative hypothesis 

is supported. 
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C H A P T E R 3: R E S U L T S & D I S C U S S I O N 

3.1 Summary of 3p Array Results 

The 3p-array employed in this thesis project was constructed as part of the 

regional array - a pilot project for the whole genome Sub-Megabase Resolution Tiling-set 

(SMRT) array. The regional array consists of 2770 BAC clones providing overlapping 

coverage of 26 regions. The regions were selected based on previous studies in print. 

Included among these regions on the regional array was the 3p-arm specific array which 

consisted of 535 near-overlapping BAC clones spanning from 3pl2.3-3p26.3. Use of the 

regional array enabled the optimization of array comparative genomic hybridization 

(CGH) technology for the detection of single copy number alterations in archival 

genomic DNA. 

3.1.1 Validation of the Regional Array 

To test the ability of the regional array to detect single copy number alterations in 

archival DNA, 41 BAC clones representing different autosomes as well as sex 

chromosomes were included in the regional array and their hybridization signals 

compared. Normal non-archival male diploid DNA and archival formalin-fixed female 

DNA were differentially labelled and co-hybridized to the array and the log2 ratios of the 

dye signal intensities of these 41 BAC clones were calculated and plotted to visualize the 

differences in the signal intensities of the autosome clones and X and Y clones (Figure 8). 

As shown, BAC clones representing autosomal regions exhibited log2 ratios at or around 
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Figure 8: Detection of single copy changes on chromosomes X and Y with the 
regional array. 

Forty-one BAC clones representing different autosomes and sex chromosomes were 
included in the regional array for comparison following co-hybridization with normal 
non-archival male diploid reference and archival formalin-fixed female DNA. When the 
log2 ratios of the signal intensities are plotted as shown here, single copy number 
differences are easily visible on the X and Y clones. Clones lying around zero represent 
autosomal DNA, thus showing no change in the normal samples. The single clone lying 
above zero represents Y chromosome DNA, thus showing an increased copy number 
ratio, and the two clones lying below zero represent X chromosome DNA, thus showing a 
low signal ratio. This demonstrates the sensitivity the regional array (and thus the 3p-arm 
specific array) to the detection of single copy number changes. 
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0, while those representing chromosome Y and X, exhibited log2 ratios near +1.7 and 

-0.7, respectively. This demonstrated the sensitivity of the regional array, and thus the 3p 

array, to detect single copy alterations in archival DNA. 

3.1.2 Detection of Genetic Alteration on Chromosome 3p 

Loss of heterozygosity (LOH) on chromosome 3p is well known and extensively 

studied in oral squamous cell carcinoma (OSCC) and has been shown to be associated 

with increased risk of progression in oral premalignant lesions (OPL) (Rosin, et al. 2000; 

Rosin, et al. 2002). Several studies have sought to fine-map the minimal regions of 

alteration in oral cancer using LOH (Arai, et al. 2002; Buchhagen, et al. 1996; Hibi, et al. 

1992; Killary, et al. 1992; Maestro, et al. 1993; Partridge, et al. 1996; Partridge, et al. 

1994; Rowley, et al. 1996; Roz, et al. 1996; Uzawa, et al. 2001; Waber, et al. 1996). 

However, LOH is unable to distinguish between copy number gains and losses and the 

resolution is limited by the availability of microsatellite markers. Moreover, following 

the sequencing of the human genome many of the microsatellite markers have been re

mapped making the data difficult to interpret (Garnis, et al. 2003). Application of array 

comparative genomic hybridization (aCGH) for the detailed analysis of chromosome 3p 

in OSCC addressed the need to fine-map and characterize the minimal regions of 

alteration while, in addition, providing a platform on which to test the utility of array 

CGH in studying OSCC genomes. 

Nineteen formalin-fixed OSCC DNA samples were analyzed against non-archival 

normal male diploid DNA on the 3p-array. The demographics of these cases are shown 
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in Appendix 1. The log2 ratio for each clone was plotted according to the relative 

position to obtain a "3p profile." In order to identify regions of alteration, individual 

tumour profiles were first visually analyzed for regions of copy number gain and loss 

using a +/- 0.2 log2 ratio threshold. By relating the NCBI accession number for bordering 

clones to the fingerprint map of the human genome (FPC) (Soderlund, et al. 1997), the 

estimated base pair positions of the clones were determined and the breakpoints 

identified. Two cases bared no copy number changes on 3p and three cases exhibited a 

whole arm deletion. The remaining 14 tumours showed multiple segmental copy number 

changes. Figure 9 shows three examples of 3p profiles showing no change (A), whole 

arm loss (B), and segmental copy number changes (C). These profiles demonstrate the 

ability of aCGH technology to detect copy number alterations. Detection of loss on 3p in 

17/19 cases (85%) correlates well to that which has previously been reported using LOH 

and conventional CGH (Buchhagen, et al. 1996; Maestro, et al. 1993; Rosin, et al. 2000; 

Rosin, et al. 2002; Rowley, et al. 1996; Waber, et al. 1996). 

3.1.3 Fine-mapping Genetic Alterations in 3p 

In order to identify recurring minimal regions of alteration (MRA) in these 

samples and to define the minimal boundaries of these changes, all nineteen profiles were 

aligned (Figure 10). Among the 14 samples showing segmental copy number alterations 

on 3p, 5 distinct recurring MRAs were defined - 4 regions of loss (regions, 1,3,4,5) and 1 

region of gain (region 2) (Figure 10). Only alterations present in >6 of the 14 cases 

showing segmental copy number changes were considered recurrent. These regions are 
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Figure 9: Representative examples of three 3p-array profiles. 

The log2 ratios o f the signal intensities of each clone in the 3p-arm specific array were 
plotted according to relative clone position. Regions o f gain and loss were then identified 
visually as well as using a +/- 0.2 log2 ratio threshold. Clones lying along zero show no 
change, while clones lying above and below zero show gain and loss, respectively. 
Green shading represents areas of copy number decrease, while red shading represents 
areas of copy number increase. Tumour 539T demonstrates no changes on 3p, and thus a 
normal profile (A). Tumour 43T shows copy number decrease of the entire 3p arm (B), 
and tumour 528T shows segmental regions o f both copy number increase and decrease 
(C). 
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Figure 10: Alignment of 19 oral squamous cell carcinoma (OSCC) array 
comparative genomic hybridization (aCGH) profiles for chromosome arm 3p. 
Five minimal regions of alteration ( M R A ) were identified and are marked by grey arrows 
including 4 regions o f loss (regions 1,3-5) and the first ever reported region of gain on 3p 
(region 2). Red bars denote regions of copy number increase, while green bars represent 
regions copy number decrease. Tumour specimens are listed on the left. Microsatellite 
markers commonly used in the analysis of oral tumour genomes were re-mapped and are 
listed in relative position along the top. Markers in blue have been reported in previous 
studies to have L O H frequencies o f 60% (Beder, et al. 2003; Kayahara, et al. 2001; 
Rowley, et al. 1996; Roz, et al. 1996). The 5 M R A and the genes within them are 
summarized in Table 1. 

4 3 



summarized in Table 1. Region 1 at 3pl2.2 (RP11-603J22)-3p21.1 (RP11-122D19), 

which was lost in 7/14 cases showing segmental copy number changes, was the largest 

region at ~27 Mbp in size. This region contained 750 known genes. Interestingly, this 

region encompasses the fragile histidine triad gene, or FHIT, shown to be altered and 

aberrantly expressed in oral lesions (Lee, et al. 2001; Paradiso, et al. 2004). FHIT, which 

lies at 3pl4.2, is a large gene comprised of 10 exons that produces a 1.1 kb transcript 

(Chang, et al. 2002). The resulting protein is a diadenosine triphosphate hydrolase 

(Barnes, et al. 1996), which has been demonstrated to function in the induction of 

apoptosis (Barnes, et al. 1996; Fong, et al. 1997; Ohta, et al. 1996; Pace, et al. 1998; Sard, 

et al. 1999; Siprashvili, et al. 1997). The FHIT gene is prone to interruption due to the 

presence of the FRA3B common fragile site (Fong, et al. 1997). However, the vast size 

of region 1 suggests the presence of other tumour suppressor genes within it. Analysis of 

a larger cohort of samples or the analysis ofearly lesions, such as dysplasias and CIS 

samples, may assist in narrowing down the region. 

Table 1: Five minimal regions of alteration identified using the 3p-arm specific 
array. 

Region Location Gain/Loss Centromeric 
B A C 

Telomeric B A C Size 
(Mbp) 

Known Genes 

3pl2.2-
3p21.2 

3p21.3 

3p22 

3p24.1 

3p26.1 

loss 

gain 
loss 

loss 

loss 

RP11-603J22 
(AC107030) 
RP11-447D11 
(AC 104447) 
RP11-56P22 
(AC093557) 
RP11-35C18 
(AC018359) 
RP1-7715 
(AC011327) 

RP11-122D19 
(AC018354) 
RP 11-509121 
(AC 104304) 
RP11-598J13 
(AC073353) 
RP11-539L2 
(AC092503) 
RP11-7M24 
(AC012136) 

27 750 (FHIT) 

0.7 
S(TSP50, 
TDGF-1) 

0.7 no genes 

0.8 

1 (RBMS3) 

\(GRM7) 
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The remaining 3 regions of loss (regions 3-5) were much smaller than that of 

region 1 at less than 2 Mbp. Region 3 at 3p22 (RP11-56P22 to RP11-598J13) was -0.7 

Mbp and, interestingly, contains no known genes. However, while this region contains 

no known genes it may harbour an unknown gene or an important regulatory region. 

Further studies on this region may shed more light on its potential role in oral 

tumourigenesis. Region 4 at 3p24.1 (RP11-35C18 to RP11-539102) was ~2 Mbp and 

contains 1 known gene, the RNA binding motif, single stranded interacting protein 3 

(RBMS3) gene. Although RBMS3 is a member of the MYC gene single strand-binding 

protein family which are believed to be involved in transcription regulation, RBMS3 has 

been shown to be involved in RNA metabolism (Penkov, et al. 2000). Further functional 

studies identifying the role, if any, and mechanism of RBMS3 in oral tumourigenesis 

may clarify the function of this protein. Region 5 at 3p26.1 (RP11-77105 to RP11-7M24) 

is ~0.8 Mbp and also contains only 1 known gene, a metabotropic glutamate receptor, 

GRM7. Metabotropic glutamate receptors belong to the G protein-coupled receptor 

superfamily. The exact function of GRM7 is unknown, however, it has been shown to be 

involved in the inhibition of cyclic AMP signalling (Schulz, et al. 2002). Although loss 

of GRM7 has not been reported in oral cancer, methylation of the GRM7 promoter has 

been reported in chronic lymphocytic leukaemia (Rush, et al. 2004), supporting a putative 

role of the gene in oral tumourigenesis. 

Interestingly, there was a recurring minimal region of copy number gain (region 

2) at 3p21.3 (RP11-447D11 to RP11-509121) that was -0.7 Mbp in size containing 8 

known genes, 2 of which are putative oncogenes: Testes-Specific Protease 50 (TSP50), 
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and Teratocarcinoma-Derived Growth Factor 1 (TDGF-1). TSP50 has been shown to 

have protease-like activity with expression restricted to the testes (Yuan, et al. 1999). In 

breast cancer a hypo methylated fragment containing TSP50 was isolated, while in testes 

the same gene was also found to be demethylated but not methylated in other non-

malignant tissue, suggesting that hypomethylation of the promoter results in TSP50 

expression (Yuan, et al. 1999). The implication of this gene in spermatogenesis and 

breast cancer suggests a possible role for this gene in the cell-cycle, supporting its 

possible role in oral tumourigenesis. TDGF-1 is a glycoprotein sharing structural 

similarities with epidermal growth factor (EGF) and has been shown to be over-expressed 

in a variety of cancers including embryonic tumours (Baldassarre, et al. 1997) and 

colorectal cancer (Baldassarre, et al. 2001). The structural similarity shared between 

TDGF-1 and EGF suggests the role of this protein in cellular proliferation and 

tumourigenesis. As mentioned, the large size of region 1 on 3p made it difficult to 

identify candidate genes despite the presence of the FHIT region within it. 

3.2 Summary of Whole Genome SMRT Array Results 

The successful identification and characterization of recurring MRA on 

chromosome 3p using the 3p-arm specific array validated the use of aCGH for the 

analysis of archival OSCC specimens. The whole genome sub-megabase resolution tiling 

set (SMRT) array contains 32,433 BAC clones spotted in triplicate across two glass slides 

providing comprehensive overlapping coverage of the entire human genome. Following 

sample hybridization, the log2 ratio of the clone signals were plotted along their 

corresponding chromosomes according to their exact base pair positions using SeeGH 
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software (Chi, et al. 2004). The resulting plot appeared as a karyogram. A combination 

of approaches was used to analyze the data generated from the SMRT array. SeeGH 

software (Chi, et al. 2004) is invaluable to the analysis of data generated from 

pathological samples because of the many tools it offers. The entire data set can be 

viewed at the whole genome level for the analysis of gross genetic alterations (Figure 

11 A). However, the data can also be further resolved by "zooming" into individual 

chromosomes at the whole chromosome view (Figure 1 IB) and at the regional view 

(Figure 1 IC). Finally, and perhaps the most powerful tool utilized in SeeGH, is the 

alignment of specific chromosome and chromosomal region data of multiple specimens 

or experiments to visually analyze for recurring MRA (Figure 1 ID). This enabled the 

identification of common regions of gain and loss and the minimal breakpoints involved. 

3.2.1 Validation of the Whole Genome SMRT Array 

In order to test the sensitivity of the whole genome SMRT array to detecting 

single copy changes non-archival normal female diploid DNA was hybridized against 

non-archival normal male diploid DNA. Closer analysis of the X and Y profiles using 

the "zoom-in" tool in SeeGH as described above shows that single copy number 

differences are easily detectable on sex chromosomes, demonstrating the ability of the 

array to detect single copy number changes. Finally, to test the reproducibility of the 

array, the lung cancer cell line H526 was hybridized against normal male diploid DNA in 

numerous independent experiments and the data plotted into karyograms as described 

above with SeeGH software (shown in Figure 7A above). Alignment of the 
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Figure 11: Use of SeeGH software to analyze SMRT array data. 
At the whole genome view (A) each chromosome is aligned with a chromosome profile 
on the left in which the log2 ratio of the clones are plotted. Within the array profile, the 
central blue line represents a log2 ratio of 0. Clones lying to the right and left of 0 show 
copy number increase and decrease, respectively. At the high resolution chromosome 
view (B), the clarity o f copy number changes is improved. The red bar on the right 
indicates a log2 ratio of+1 while the green bar on the left indicates a log2 ratio o f -1. 
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Figure 11 (cont.): Use of SeeGH software to analyze SMRT array data. 

The program also enables the visual analysis o f whole genome profiles at the regional 
view (C). Band names are listed between the chromosome drawing and the profiles. 
Genes are listed to the left of the chromosome drawings. Clicking on a given gene with 
the mouse enables the determination of the gene name. Multiple alignment o f regions in 
SeeGH (D) enables the identification o f recurring M R A and the fine-mapping of their 
minimal boundaries. 
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chromosomal regions as described above allows the careful comparison of the data 

(Figure 12). While signal ratios commonly varied between slides (due to numerous 

variables such as slide chemistry, dye labelling efficiency, and washing variability), the 

alterations were, nonetheless, easily visually identifiable and the consistency of these 

alterations was 100%. 

To test the robustness of the whole genome array, the profiles were compared for 

a tumour analyzed using both the 3p-arm specific array, which consists of 535 BAC 

clones spanning 3pl2.3-3p26.3, and the SMRT array, which contains a different tiling set 

of 957 BAC clones spanning 3pl 1.1-the 3p26.3. The 3p profiles generated using each 

array were visually compared. Although the two arrays have only 104 clones in 

common, as shown in Figure 13, the profiles are virtually identical. While the exact start 

and end base pair positions of the whole genome array clones are known and thus plotted 

accordingly, the base pair positions of the all the 3p specific array clones are not known 

and are thus plotted in relative order. Exact alignment of the profiles, therefore, is 

imperfect. Nevertheless, the reproducibility of the data is striking supporting both the 

robustness of the array CGH technology employed for this thesis and the regions 

identified. 

3.2.2 Detection of Genetic Alterations Using the SMRT Array 

In order to identify and characterize alterations in OSCC, twenty formalin-fixed 

OSCC samples were hybridized against non-archival normal male diploid DNA on the 

SMRT array. Due to a lack of sufficient DNA material only three tumour specimens 
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Figure 12: Validation of SMRT array by multiple alignment and comparison of 
H526 profiles in SeeGH. 
Alignment of the data from a region on 3q generated in three independent experiments 
clearly demonstrates the reproducibility o f S M R T array. The two red bars to the right of 
0 in each profile represent a log2 ratio of +0.5 and +1, respectively, while the two green 
bars to the left of 0 in each profile represent a log2 ratio o f -0.5 and -1, respectively. 

51 



Tel . 

o 
Q. 

a 

re 
OQ 

Cent. 

3p A rm of 
SMRT Array 

Tel . 

l l 

P s 
J o 

2 

Cent. 

1 I 

ft 

3p Array 

Figure 13: Comparison of 3p profiles generated with 3p-arm specific array and the 
SMRT array. 

Exact alignment o f profdes was not possible because, unlike the S M R T array clones, the 
exact base-pair positions o f the 3p-arm specific array clones are unknown and are 
therefore plotted in relative clone order as apposed to exact base pair position. 
Nevertheless, the profiles appear to be virtually identical. This demonstrates the 
robustness and validity o f the whole genome S M R T array. Red shaded areas represent 
common regions o f copy number increase, while green shaded areas represent common 
regions of copy number decrease. 
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analyzed with the 3p-array were also analyzed using the SMRT array. The demographics 

of the cases analyzed with the SMRT array are listed in Appendix 3. For each sample, 

the log2 ratio for each clone was plotted along the chromosomes according to their exact 

base pair positions using SeeGH software. The SeeGH karyograms for each of the 20 

tumours and the matched normal samples are listed in Appendices 4-27. An example of 

one such profile, 125T, is shown in Figure 14. At the gross whole genome view, large 

alterations such as whole arm gains and losses are easily identifiable and the karyogram 

exhibits numerous large alterations, many of which have been previously reported. A 

case in point, 125T shows whole arm loss of chromosome 3p, in addition to previously 

reported losses of chromosomes 4, 5q, 8p, 9, and regions of loss on 1 lp and 1 lq, 17p, 18 

and 21. Tumour 125T also shows previously reported gains. Specifically, gain of the 

well known 8q arm (MYC), gain on 1 lq at the cyclin DI locus, and gains of 5p (hTERT) 

and 7p (EGFR). However, even at this view we see a novel copy number amplification at 

1 lq22.2-22.3 containing a matrix metalloproteinase cluster. This novel region is 

discussed further in section 3.2.5.1. 

3.2.3 Identification of "Hot Spots" Using Frequency Plot Analysis 

To facilitate the visualization of "hot spots" - regions of frequent gain or loss - a 

frequency plot of the genetic alterations at each loci among the 20 OSCC samples was 

constructed (Figure 15). Generation of this frequency plot required the use of aCGH-

Smooth software (Jong, et al. 2004) to identify genomic imbalances and their associated 

breakpoints and SeeGH to plot the data. aCGH-Smooth employs an algorithm that 

calculates a maximum likelihood for each clone by calculating the probability that a 
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Figure 14: Representative whole genome comparative genomic hybridization 
(CGH) profde of an OSCC tumour (125T). 
At the whole genome view gross alterations such as whole arm gains and losses are easily 
visible as well as high copy number amplifications. This karyogram exhibits many 
known alterations such as a whole arm loss of 3p, 4, 5q, 8p, and 9. Also visible are gains 
on 7p (EGFR), 8q arm (MYC), and 1 l q near the cyclin DI locus. Interestingly, there is 
also a high copy number amplification on 1 l q discussed later. For each chromosome, the 
central blue line represents a log2 ratio of 0. The red bar to the right of 0 in each profile 
represents a log2 ratio of+1, while the green bar to the left o f 0 in each profile represents 
a log+2 ratio of -1. 
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Figure 15: Frequency plot of all copy number gains and losses present in the 20 oral 
samples analysed in this study. 

Copy number increases and decreases were grossly identified using CGH-Smooth 
software (explanation in Figure 17). The frequency o f gain and loss at each clone was 
then tabulated and plotted along the chromosomes in SeeGH. Areas o f red represent 
copy number increase while areas o f green represent copy number decrease. The blue 
bars to the left and right of the chromosome indicate a frequency o f 100% (+1) gain and 
100% (-1) loss, respectively. 
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given clone is of the same copy number status as a set of previous clones. This enables 

the identification of putative breakpoints that are then shifted randomly upstream and 

downstream to calculate an overall fitness. Thus, a group of clones considered to have 

the same copy number status will be assigned a relative value. When this data is again 

plotted using SeeGH the data appears to be "smooth" in comparison to the "raw" data 

(Figure 16). 

As shown in Figure 15, the frequency of alterations is non-random. Some 

chromosomes are mostly gained and some are mostly lost. Regions that show an equal 

frequency of gain and loss are likely alterations resulting from background genomic 

instability. A variety of "hot spots," however, are evident. Many of these alterations are 

known. For example, chromosome 3p appears to be the most frequently lost region 

followed by loss of 4, 5q, 8p, 11, and 18q. Interestingly, loss of 9p, which is thought to 

be the earliest event in oral tumourigenesis, was evident in only half of the cases. The 

most frequently gained regions appear to be 8q followed by 3q, and smaller regions on 9q 

and 1 lq (CCND1). Most noteworthy, at this resolution the frequency plot identifies 

common alterations that may be missed by conventional CGH. One such example is the 

telomeric end of 5p containing hTERT which is gained in -50% of cases. 

Conventionally, loss of chromosome 9p is believed to be the first region lost in 

oral cancer progression (Figure 3), which has previously been attributed to loss of pi 6, an 

inhibitor of the cell cycle (Califano, et al. 1996; Wu, et al. 1999). Loss of 3p and 17p is 

then incurred, and subsequently, loss of 1 lq, 13q, and 14q. The final progression of CIS 
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Figure 16: Alignment and comparison of the "raw" or non-manipulated data from 
528T with the data manipulated in aCGH-smooth. 

aCGH-Smooth grossly identifies breakpoints and copy number gains and losses using a 
genetic local search algorithm. The algorithm calculates a maximum likelihood for each 
clone by determining the probability that a given clone is of the same copy number status 
as a set of previous clones. This enables the identification of putative breakpoints, which 
are then shifted randomly upstream and downstream to calculate an overall fitness of the 
breakpoint. Clones considered to have the same copy number status are assigned a 
relative value. As described by the name of the software, the manipulated data points 
appear "smoothened." 
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to invasive carcinoma is thought to be paralleled by the final loss of 6p, 8, and 4q. 

However, according to the frequency plot, 9p loss is less frequent than 3p perhaps 

suggesting that the opposite is true. In addition, 17p shows a much lower frequency of 

loss than 3p. Interestingly, loss of 1 lq was more frequent in these samples than loss of 

17p. Finally, loss of 8p and 4q appears far more frequent than loss of 13q, 14q, 17p or 

9p, which are thought to come before this. However, one must consider that array C G H 

detects copy number gain and loss - only one mechanism of gene over-expression and 

tumour-suppressor inactivation. In addition to copy number loss, genes may be 

interrupted or silenced via other mechanisms both genetic, such as a single base pair 

mutation or a frame-shift mutation, and epigenetic, such as methylation - all of which are 

detectible, but not necessarily distinguishable using L O H , the technique upon which the 

current progression model was based. Additionally, according to Figure 16, gain of 14q 

is more frequent than loss. Once again, since L O H is unable to distinguish between copy 

number gain and loss, this may not be contradictory to the accepted progression model. 

Interestingly, the frequency plot also shows a greater frequency of whole arm loss 

than whole arm gain overall. While most frequent losses appear to affect entire 

chromosome arms, frequently gained regions tend to involve minimal regions within an 

arm (Figure 15). For example, chromosome arms 3p, 4q, 5q, 8p, and 11 show what 

appears to be frequent whole arm loss. However, while 5p and 8q show what might 

appear to be whole arm gain, there are regions of much higher frequency creating 

"peaks." Similarly, 3q, 7q, 9q, 1 lq, 12p, 13q, and 14q show smaller "peaks" of gain 
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within arms showing no or little whole arm loss. Further analysis of these "peaks" may 

reveal the minimal region of gain. 

3.2.4 Array CGH representation of aneuploidy 

One possible explanation for the over-representation of whole arm loss compared 

to whole arm gain in the frequency plot is that the high frequency of whole arm loss is 

indicative of aneuploidy, or, having more or less than the normal diploid number of 

chromosomes, characteristic of most solid tumour cells. Aneuploidy has been theorized 

to result from a tetraploid intermediate early in tumourigenesis. Indeed, near tetraploidy 

karyotypes is common in epithelial tumours (Mitelman, et al. 2003). This results in 

unstable subsequent mitosis leading to a loss of chromosomal material, and finally, 

aneuploidy (Reith and Sudbo 2002). This may perpetuate in further genomic instability 

producing sub-populations of malignant cells within a single tumour. Although by 

definition aneuploidy can be characterized by an excess of chromosomes, this may not be 

represented in aCGH profiles. Rather, since equal quantities of tumour and normal DNA 

are compared, not equal quantities of cells compared, the aCGH karyogram may show an 

overall loss for a given chromosome. Hence, unlike minimal copy number gains 

encompassing putative oncogenes that are selectively amplified (abnormal mitosis leads 

to loss of chromosomes, not gain of specific chromosome regions), minimal regions of 

copy number loss are not necessarily selected for because loss of an entire chromosome 

or chromosome arm is sufficient for the biological effect. Thus, in the frequency plot we 

see a high frequency of whole arm or whole chromosome loss compared to gain. 
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3.2.5 Characterization of Known Minimal Regions of Alterations 

A closer look at the frequency plot in SeeGH allowed the assessment of known 

regions such as 7pl 1.2 (EGFR) (Figure 17A) and 1 lql3.3 (CCND1) (Figure 19A). 

However, while the frequency plot is useful in identifying "hot spots," one must employ 

alignment of these chromosomal regions in SeeGH from all 20 OSCC profiled. This 

approach enables the identification of common regions as well as the definition of the 

minimal breakpoints with sub-megabase resolution. Several recurring minimal regions of 

alteration previously associated with OSCC were characterized and their breakpoints 

defined. These regions and the genes within them are listed in Table 2. 

Table 2: Known minimal regions of alteration identified in 20 OSCC using whole 
genome array CGH. 

Size 
Region Gain/Loss Frequency Start bp End bp (Mbp) Genes 

7p11.2 

8p23.2 

Gain 

Loss 

8/20 
(40%) 

13/20 
(65%) 

54532642 
(RP11-
16407) 
3016057 
(CTD-
2042C19) 

55539345 
(RP11-535N12) 

3207129 
(RP11-234C5) 

1.06 

0.19 

5 (EGFR) 

1 (CSMD1) 

8p23.2 

11q13.3 

Loss 

Gain 

13/20 
(65%) 

9/20 
(45%) 

3868230 
(RP11-
567H20) 
68951045 
(RP11-
243A15) 

4094513 
(RP11-315I17) 

69742338 
(CTD-

2192B11) 

0.23 

0.79 

1 (CSMD1) 

8 (CCND1) 

The small peak in the frequency plot at 7pl 1.2 (Figure 17A) suggested the 

presence of a recurrent region of gain at the EGFR locus. Further alignment of the region 

in all 20 OSCC allowed the identification of a 1.06 Mbp minimal region of copy number 

gain present in 8/20 cases. Of these 8 cases, 3 were high copy number amplifications. 
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Figure 17: Identification and characterization of a known gain at 7 pi 1.2. 

This region harbours epidermal growth factor receptor (EGFR) which is well known to 
be over-expressed in a variety of cancers including O S C C . In this study we define the 
minimal regions of gain at this locus. (A) This frequent copy number gain is evident in 
the frequency plot (Figure 16). (B) Alignment of this region in 5 tumours using SeeGH. 
Shaded red regions represent copy number increase and shaded green regions represent 
copy number decrease. 
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Figure 17B illustrates the alignment of 5 cases (161T, 809T, 486T, 793T, 528T) and the 

minimal region identified. The minimal region runs from bp 54532642 (RP11-16407) to 

bp 55539345 (RP11-535N12). Based on the base pair positions of the bordering clones 

in SeeGH the genes encompassed by this region were identified using the April 2003 

version of the UCSC human genome browser (Figure 18). This region contains 5 known 

genes SEC61G, EGFR, LANCL2, DKFZP564K0822 and FKBP9. EGFR is well known 

to be associated with a variety of cancers (Clarke, et al. 2003; Dobashi, et al. 2004; 

Lager, et al. 1994; Tobita, et al. 2003) including head and neck (Rikimaru, et al. 1992; 

Ulanovski, et al. 2004)and oral squamous cell carcinoma (Chen, et al. 2004; Garnis, et al. 

2004b; Kiyota, et al. 2002). Conventional metaphase CGH analyses have indicated high 

copy number gains on the 7p arm (Jin C 2000), while expression studies have reported 

EGFR to be over-expressed in oral tumours (Ford and Grandis 2003; Freier, et al. 2003; 

Grandis and Tweardy 1993a; Grandis and Tweardy 1993b; Santini, et al. 1991). 

The peak in the frequency plot at 1 lql3.3, the cyclin DI locus, demonstrates a 

high frequency of gain (Figure 19A). SeeGH alignment of all 20 OSCC at this region 

identified the 0.79 Mbp minimal region of gain and its boundaries. This gain was present 

in 9/20 cases with high copy number amplifications in 7/20 cases. The minimal region 

borders from bp 68951045 (RP11-243A15) to bp 69742338 (CTD-2192B11) and 

encompasses 8 known genes including IGHMBP2, MGC21621, TPCN2, TPC2, MYEOV, 

CCDNE and ORAOV. Alignment of 5 cases (125T, 669T, 486T, 542T, 800T) and the 

minimal region is shown in Figure 19B. Cyclin DI is well known to be associated with a 
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F i g u r e 19: I den t i f i c a t i on a n d c h a r a c t e r i z a t i o n o f a k n o w n g a i n at l lql3.3. 
This region harbours cyclin DI (CCND1) which is well known to be over-expressed in a 
variety of cancers including O S C C . In this study we define the minimal regions of gain 
at this locus. (A) This frequent copy number gain is evident in the frequency plot (Figure 
16). (B) Alignment of this region in 5 tumours using SeeGH. Shaded red regions 
represent copy number increase and shaded green regions represent copy number 
decrease. 
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variety of cancers (Hedberg, et al. 2003; Janssen, et al. 2000; Specht, et al. 2004; Wong, 

et al. 2001) and has been previously demonstrated to be over-expressed in 

OSCC (Carlos de Vicente, et al. 2002; Miyamoto, et al. 2003; Nishimoto, et al. 2004; 

Papadimitrakopoulou, et al. 2001; Shintani, et al. 2001). 

Although not highlighted in the frequency plot, multiple alignment of 

chromosome 8p data showed 2 minimal regions of copy number loss at 8p23.2 (Figure 

20). Both minimal regions of loss were present in 13/20 cases. The first region runs 

from bp 30146057 (M2042C19) to bp 3207129 (RP11-234C05) while the second region 

runs from bp 3868230 (RP11-567H20) to bp 4094513 (RP11-315117). Referring to the 

April 2003 version of the UCSC physical map of the human genome revealed that a 

single large gene, CUB Sushi Domain 1 (CSMD1), spans both regions and is, therefore, 

interrupted by the copy number loss. Interestingly, 3/20 cases show a narrow copy 

number decrease that appears within an apparent whole arm loss, suggesting that loss of 

CSMD1 may represent a homozygous loss in these cases. CSMD1 encodes a 11.5 kb 

transcript that translates into a transmembrane protein (Sun, et al. 2001). CSMD1 has 

been previously identified as lost in head and neck squamous cell carcinoma, often by 

homozygous deletion (Toomes, et al. 2003). Indeed, loss on 8p23 has been previously 

reported based on LOH (El-Naggar, et al. 1998; Ono, et al. 1999; Sun, et al. 2001; Wu, et 

al. 1997) and FISH (Ishwad, et al. 1999). Interestingly, this region of loss is not evident 

in the frequency plot in Figure 16. This may be explained by the fact that aCGH-Smooth 

often misses alterations that, although visually detectable, do not pass the statistical test 

applied by the program's algorithm. The reduced ratios may be explained by the 
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Figure 20: Multiple alignment 5 cases showing a recurring loss at 8p23.2 containing 
CSMD1. 
Multiple alignment of the chromosome arm 8p data in SeeGH revealed 2 minimal regions 
o f copy number loss present in 13/20 cases, both of which interrupt the known CUB sushi 
domain-l (CSMD1) gene. CSMD1 has been previously shown to be lost homozygously 
in oral cancer (Scholnick and Richter 2003; Toomes, et al. 2003). This region of loss is 
not evident in the frequency plot (Figure 15) due to the insensitivity o f the software to 
detecting additional small regions of double copy allele loss within a single copy whole 
arm loss. Shaded green regions represent copy number decrease, with darker shaded 
green areas representing an addition level o f decrease. 

6 6 



presence of normal tissue contamination or the presence of subpopulations of tumours 

cells not exhibiting this change, in contrast to cell lines which consist of pure 

populations of genetically identical cells. It is for this reason, that all SeeGH profiles 

were analyzed visually rather than relying solely on this software. 

Interestingly, although a high frequency of 3p loss was evident in the frequency 

plot, further analysis of the 3p arm by multiple alignment of the 3p profiles in SeeGH did 

not reveal any minimal regions, let alone the same minimal regions detected using the 3p-

arm specific array. The vast majority of cases simply showed whole arm or near whole 

arm loss. Only one case, 528T, showed segmental copy number changes. Incidentally, 

this case was the only case analyzed with both the 3p-arm specific array and the whole 

genome array. While initially this may appear to discredit the minimal regions identified 

with the 3p array, one must also take into account the sample selection process. The 

samples analysed using the 3p array were selected based on LOH results showing 

minimal regions of loss on 3p. That is, at least one marker on the 3p arm had to show 

retention of heterozygosity. In contrast, the samples analyzed using the whole genome 

SMRT array where chosen based on the amount of DNA available. Since the minimal 

segmental copy number changes on 3p for 528T appeared identical using both the 3p-arm 

specific array and the whole genome SMRT array, we can be confident that this 

observation can be attributed to the small sample size of 20, rather than an artefact of 

either the 3p array or the whole genome array. Analysis of a larger sample size would 

certainly reveal the minimal regions identified on chromosome 3p using the 3p array. 
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Pooling the 3p-array and SMRT array data, we observed a high frequency of 3p-arm loss 

at 92%. 

3.2.6 Detection of putative polymorphisms 

While we were able to detect known copy number alterations relative to the 

reference DNA using the whole genome SMRT array, some of the differences may be 

attributed to polymorphisms in the human population. This was assessed by visual 

comparison of the highly frequent regions of gain or loss that appeared characteristically 

similar in both the magnitude and size of the change with a matched normal sample. One 

such example is the loss shown in Figure 21. This loss was present in 15 of 20 cases with 

each case showing a similar size of the region. Note that the size of the alteration is 

identical in both tumours. Comparison of two cases showing this loss with their matched 

normal karyograms shows that this loss is present in the matched normal DNA as well. 

This suggests that the region is polymorphic. The SMRT arrays sensitivity to detecting 

polymorphisms is exciting because it will aid in the identification and mapping of 

polymorphic regions - an interesting and exciting future venture in its own right. 

However, in the meantime, because the array detects polymorphisms and because these 

polymorphic regions have not yet been mapped and logged, it is necessary to compare 

our minimal regions of alteration with matched normal DNA in order to assess whether 

the novel regions we identify are real. Whenever possible, frequent minimal regions of 

gain or loss present in a given sample were compared with the corresponding matched 

normal. However, unfortunately, not all cases used in this analysis were accompanied by 

matched normal DNA and, therefore, this was not always possible - particularly for the 
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Figure 21: Detection of polymorphisms using the SMRT array. 
Alignment o f a region on chromosome band 9ql3 showing a minimal region o f copy 
number decrease in both tumour and matched normal D N A . The identification of this 
minimal region of apparent loss in both the tumour and the normal D N A suggests that the 
region represents a polymorphism present in the pooled normal reference D N A , but 
absent in this particular patient. Since polymorphisms are copy number alterations 
present in at least 1% of the population, only further assessment of this region in a larger 
random cohort of individuals wi l l determine whether this region is, in fact, a true 
polymorphism. Whenever possible suspected minimal regions of alteration present in the 
tumours were compared with the matched normal D N A to avoid false positives. 
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novel regions of loss identified (see section 3.2.7.2). However, the minimal regions 

presented here frequently comprise larger regions of change which altered from case to 

case. In contrast, the size of polymorphisms does not tend to vary from case to case. 

Hence we are confident that the losses described are not polymorphisms and are, in fact, 

somatic alterations. 

3.2.7 Identification of Novel Regions ofAlteration 

While characterization of known regions detected in OSCC using the SMRT array 

is exciting, the most noteworthy achievements were the detection and characterization of 

novel regions of alteration. Many of these novel regions are sub-megabase in size, often 

containing a single gene, and thus, may have been missed by previous studies employing 

conventional, lower resolution techniques such as metaphase CGH and LOH analysis. 

Both novel gains and losses were detected, fine-mapped, and the candidate genes 

identified using the whole genome SMRT array (Table 3). 

3.2.7.1 Novel Copy Number Gains 

Interestingly, five novel sub-megabase minimal recurring regions of copy number 

increase were identified, their boundaries defined, and the candidate genes identified. 

While some of these regions are exhibited in the frequency plot (Figure 15), some were 

not. Each of these regions harbour either putative oncogenes or genes already associated 

with cancer. Most were highly recurrent occurring in a minimum of 6 (30%) cases (the 

amplification at 1 lq22.2-22.3 being the exception). Each of these regions were also 

analyzed in matched normal specimens to rule out the possibility that they may be 
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Table 3: Summary of novel minimal regions of alteration detected in 20 OSCC 
using whole genome array CGH. 

Region Gain/Loss Frequency Start bp End bp 
Size 

(Mbp) Genes 

2pl5 

3q23 

4q34.3 

5pl5.2 

7p 12.3-13 

7q21.2 

7q35 

llq22.2-
22.3 

16q23.2 

Loss 

Gain 

Loss 

Gain 

Gain 

Gain 

Gain 

Gain 

Loss 

15/20 
(75%) 

7/20 
(35%) 

14/20 
(70%) 

9/20 
(45%) 

12/20 
(60%) 
6/20 

(30%) 
8/20 

(40%) 

3/20 
(15%) 

7/20 
(35%) 

61407007 
(RP11-803E10) 
142353819 
(RP11-
507019) 
180186394 
(RP11696K24) 
14059583 
(RP11-
744A15) 
46947366 
(RP11-338N5) 
91736598 
(RP11-82E23) 
143199102 
(RP11-466J6) 
102097765 
(CTD-
2003023) 
80907943 
(RP11-806J24) 

61606973 
(RP11-803E10) 0.2 4 (USP34) 

142536099 
(RP11-507019) 0.44 4 (RASA2) 

180630413 
(RP11-631C12) 0.44 no genes 

14641689 
(RP11-611H04) 0.58 3 (TRIO) 

47204328 
(RP11-338N5) 
92058838 
(RP11-514K1) 
143523590 
(RP11-714J20) 

0.25 

0.32 

0.32 

3 (TEM6, TENS!) 

4 (PEX1, CDK6) 

4 (ARHGEF5, 
TPK1) 

103342179 
(RP11-57016) 1.24 16(MMP cluster) 

81058473 
(RP11-806J24) .0.15 

5 (PKD1L2, 
BCDOl) 
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polymorphisms. Most noteworthy, this is the first implication of these genes in oral 

tumorigenesis. 

The frequency plot in Figure 15 in section 3.2.3 illustrates a high frequency of 

copy number gain on 3q. Multiple alignment of chromosome 3q in all 20 OSCC revealed 

a minimal region of gain at 3q23. This minimal region is 0.44 Mbp in size running from 

bp 142353819 - bp 142536099 (RPT1-507019). The copy number gain is present in 

7/20 cases. Figure 22 shows the alignment of 3 cases showing the gain (16IT, 628T, 

486T) and the corresponding unchanged region in one matched normal (486C). This 

region contains 4 genes, including 3 hypothetical genes (AK092355, BC008901, 

AK055693) and 1 known gene, RASp21 Protein Activator 2 (RASA2), which is 

interrupted at the telomeric end of the region. RASA2 is a GTPase activating protein 

(GAP1M) which functions to inactivate RAS by catalyzing the hydrolysis of GTP to GDP 

(Aspenstrom 2004). Interruption of this gene may result in over-activity of RAS 

activating downstream pathways. Gains on 3q have been previously reported in a variety 

of cancers including cervical and vulvar (Huang, et al. 2005), liver (Sy, et al. 2004), 

neuroendocrine (Welborn, et al. 2004), leukaemia (Casas, et al. 2004), renal (Hoglund, et 

al. 2004), gastric, lung (Hoglund, et al. 2004; Ashman, et al. 2002; Chujo, et al. 2002), 

head and neck (Gotte, et al. 2005; Oga, et al. 2001; Squire, et al. 2002), and, specifically, 

oral cancer (Hannen, et al. 2004; Hermsen, et al. 2001; Hermsen, et al. 1997; Huang, et 

al. 2002; Jin C 2000; Komiyama, et al. 1997; Okafuji, et al. 1999; Okafuji, et al. 2000; 

Sreekantaiah, et al. 1994; Weber RG 1998; Wolff, et al. 1998). However this is the first 

report of a fine-mapped minimal region of gain on 3q in oral cancer. Although the 
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Figure 22: Alignment of novel alteration at 3q23 among tumours and a matched 
normal. 

Shown here is the alignment of 3 tumours (161T, 628T, 486T) and one matched normal 
(486C) in SeeGH. For each tumour profile, the central purple line represents a log2 ratio 
o f 0. Clones lying along this central line show no change. Clones lying to the right of 
the central line show copy number increase while clones lying to the left of the central 
line show copy number decrease. The two red lines to the right, and the two green lines 
to left, represent log2 ratios of +0.5 and +1, and -0.5 and -1, respectively. Red shaded 
regions mark areas o f copy number increase. The approximate position o f RASA 2 is 
drawn in purple along the third tumour profile before the matched normal. As shown 
here the minimal region of gain is marked by 486T. 

73 



amplification interrupts a known putative tumour suppressor gene, the recurrence of this 

sub-megabase gain encompassing only hypothetical genes in multiple tumours suggest 

the presence of novel oncogene on 3q23. 

Chromosome 5p also exhibited a high frequency copy number gain based on the 

frequency plot (Figure 15). Subsequent alignment of the 5p arm revealed a 0.58 Mbp 

minimal region of copy number gain at 5pl5.2, which was present in 9/20 cases. The 

region runs from bp 14059583 (RP11-744A15) - bp 14641689 (RP11-611H04). Figure 

23 shows the alignment of 3 cases showing the gain (123T, 125T, 486T) and the 

corresponding unchanged region in one matched normal (486C). Interestingly, the 

matched normal does show a small peak, though of much smaller magnitude than the 

tumour. This can be attributed to the absence of this sequence in the normal reference 

DNA, due to polymorphism. This region contains 3 genes including 2 hypothetical genes 

(AL390214, FIJI 1127) and I known gene, Triple Functional Domain (TRIO). TRIO 

contains three functional domains - a serme/threonine kinase domain and two guanine 

nucleotide exchange factor (GEF) domains specific for Racl and RhoA families of Ras 

(Debant, et al. 1996). The serine/threonine kinase domain suggests kinase activity while 

the plekstrin homology domains adjacent to the GEF domains, similar to that of other 

signal transduction molecules, may play a role in protein-protein interactions and 

membrane sequestration (Debant, et al. 1996). Amplifications on 5p have been reported 

in a variety of cancers including gastric (Takada, et al. 2005), neuroendocrine (Welborn, 

et al. 2004), cervical and vulvar (Huang, et al. 2005), rectal adenocarcinoma (Verbeek, et 

al. 2004), and head and neck cancer (Ashman, et al. 2003). Indeed, a micro-
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Figure 23: 
normal. 

Alignment of novel alteration at 5pl5.2 among tumours and a matched 

Shown here is the alignment of 3 tumours (125T, 161T, 486T) and one matched normal 
(486C) in SeeGH. For each tumour profile, the central purple line represents a l o g 2 ratio 
o f 0. Clones lying along this central line show no change. Clones lying to the right of 
the central line show copy number increase while clones lying to the left of the central 
line show copy number decrease. The two red lines to the right and the two green lines to 
left represent l o g 2 ratios o f +0.5 and +1, and -0.5 and -1, respectively. Red shaded 
regions mark areas o f copy number increase. The approximate position o f TRIO, is 
drawn in purple along the third tumour profile before the matched normal. As shown 
here the minimal region of gain is marked by 486T and 161T. 
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amplification encompassing TRIO detected using array CGH has been reported in small 

cell lung cancer cell lines (Coe, et al. 2005). Although gains at 5p have been detect in 

oral cancer (Hannen, et al. 2004; Huang, et al. 2002; Komiyama, et al. 1997; Oga, et al. 

2001; Okafuji, et al. 1999; Okafuji, et al. 2000; Sreekantaiah, et al. 1994) 

(Hermsen, et al. 2001; Hermsen, et al. 1997), this is the first report of a fine-mapped 

minimal region of gain at 5pl5.2. 

According to the frequency plot (Figure 15), the 7p chromosome arm does not 

appear to show frequent gain. However, a novel 0.25 Mbp gain at 7pl2.3-13 was, 

nonetheless, evident in 12/20 cases using multiple alignment of the karyograms in 

SeeGH. This region runs from bp 46947366 to bp 4724328 (RPT1-338N05) and 

encompasses 3 genes including 1 hypothetical gene (AK092864) and 2 known genes, 

tumour endothelial marker 6 (TEM6) and its transcript variant tensin-like SH2 domain-

containing 1 (TENSI). Figure 24 shows the alignment of 3 cases showing the gain 

(528T, 809T, 123T) and the corresponding unchanged region in one matched normal 

(123C). Along with TEMs 1-9, TEM6 expression has been shown to be elevated in 

colorectal tumour endothelial cells (St. Croix B et al 2000) using reverse transcriptase 

PCR analysis. However, RNA In Situ Hybridization (RISH) analysis failed to show 

elevated expression of TEM6. Although Carson-Walter et al (2001) showed that TEM6 

contains no transmembrane domains, they were unable to locate the signal peptide and 

subsequently were not confident they had cloned the entire gene (Carson-Walter, et al. 

2001). Although this gene would appear only to be expressed and deposited on the 

cellular membrane of endothelial cells, it may also be expressed and secreted by 
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Figure 24: Alignment of novel alteration at 7pl2.3-13 among tumours and a 
matched normal. 
Shown here is the alignment of 3 tumours (528T, 809T, 123T) and one matched normal 
(123C) in SeeGH. For each tumour profile the central purple line represents a l o g 2 ratio 
of 0. Clones lying along this central line show no change. Clones lying to the right of 
the central line show copy number increase while clones lying to the left of the central 
line show copy number decrease. The two red lines to the right and the two green lines to 
left represent l o g 2 ratios of +0.5 and +1, and -0.5 and -1, respectively. Red shaded 
regions mark areas of copy number increase. The approximate position of TEM6, is 
drawn in purple along the third tumour profile before the matched normal. As shown 
here the minimal region of gain is marked by 809T. 
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epithelial cells, and in the case of cancer, malignant epithelium. The protein may 

function by interacting with proteins on the cell surface of endothelium during 

angiogenesis. This may explain the expression on the surface of endothelium in 

colorectal cancer and the lack of a transmembrane domain. 

Similar to the known region of gain on 8p23.2, which did not appear evident in 

the frequency plot, the aCGH-Smooth software may not be sensitive enough to the log2 

ratio difference in archival tumour samples. Certainly, gains on 7p have been reported in 

a variety of cancers including gastric (Takada, et al. 2005), breast (Nessling, et al. 2005) 

(Aulmann, et al. 2005), cervical (Lyng, et al. 2004), renal (Kallio, et al. 2004), 

and oral cancer (Chen, et al. 2004; Hermsen, et al. 2001; Hermsen, et al. 1997; Huang, et 

al. 2002; Komiyama, et al. 1997). This is the first report of a minimally defined region of 

gain in oral cancer. 

The frequency plot in Figure 15 shows a significant peak in the middle of the 7q 

arm. Subsequent alignment of SeeGH karyograms enabled the identification of a novel 

0.32 Mbp minimal gain at 7q21.2 from bp 91736598 (RP11-82E23) to bp 92058838 

(RP11-514K1) which was present in 6/20 cases. This region contains 4 genes including 2 

hypothetical genes (DKFZP5640523, MGC40405) and 2 known genes, Peroxisome 

Biogenesis Factor 1 (PEX1) and Cyclin Dependent Kinase 6 (CDK6). Figure 25 shows 

the alignment of 3 cases showing the gain (528T, 542T, 486T) and the corresponding 

unchanged region in one matched normal (486C). CDK6 has been shown to be over-

expressed in a number of squamous cell carcinoma cell lines including OSCC cell lines 
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Figure 25: Alignment of novel alteration at 7q21.2 among tumours and a matched 
normal. 
Shown here is the alignment of 3 tumours (528T, 542T. 486T) and one matched normal 
(486C) in SeeGH. For each tumour profile the central purple line represents a l o g 2 ratio 
of 0. Clones lying along this central line show no change. Clones lying to the right of 
the central line show copy number increase while clones lying to the left of the central 
line show copy number decrease. The two red lines to the right and the two green lines to 
left represent l o g 2 ratios of +0.5 and +1, and -0.5 and -1, respectively. Red shaded 
regions mark areas of copy number increase. The approximate positions o f CDK6 and 
PEX1, are drawn in purple along the third tumour profile before the matched normal. As 
shown here the minimal region of gain is marked by 542T. 
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and in endocervical adenocarcinomas (Timmermann, et al. 1997; Timmermann, et al. 

1998). Inhibition of CDK6 has been shown to result in tumour regression in colon cancer 

(Fry, et al. 2004). Like CDK4, CDK6 binds to Cyclin D l , which was also shown to be 

amplified at the gene level in this study and well known to be over-expressed in oral and 

other cancers. The resulting cyclin D1/CDK6 complex phosphorylates retinoblastoma 

protein (RB) resulting in progression through the cell cycle. Increased copy numbers of 

the CDK6 may be one mechanism driving over-proliferation of malignant oral cells. 

PEX1 is an ATPase involved in peroxisomal matrix protein import. Interruption of the 

gene is associated with a number of peroxisomal biogenesis disorders including neonatal 

adrenoleukodystrophy (NALD), immune restoration disease (IRD), and Zellweger 

syndrome. Peroxisomes contain oxidative enzymes responsible for the elimination of 

toxic substances such as H2O2. Unlike CDK6, PEX1 has never been implicated in any 

cancer types nor does it have any obvious roles in cellular proliferation and 

tumourigenesis. 

Although the telomeric end of chromosome arm 7q shows no significant peaks of 

copy number increase, analysis using SeeGH multiple alignment did, nevertheless, reveal 

a region of recurring copy number gain at 7q35 from bp 143199102 (RP11-466J6) to bp 

143523590 (RP11-714J20) which was present in 8/20 cases. This region contains 4 

genes including 2 hypothetical genes (AF327904, AF338232) and 2 known genes, Rho 

Guanine Nucleotide Exchange Factor 5 (ARHGEF5) and Thiamine Pyrophosphokinase 1 

(TPK1). Figure 26 shows the alignment of 3 cases showing the gain (125T, 123T, 486T) 

and the corresponding unchanged region in one matched normal (486C). ARHGEF5 is a 
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Figure 26: Alignment of novel alteration at 7q35 among tumours and a matched 
normal. 
Shown here is the alignment of 3 tumours (125T, 123T, 486T) and one matched normal 
(486C) in SeeGH. For each tumour profile the central purple line represents a l o g 2 ratio 
of 0. Clones lying along this central line show no change. Clones lying to the right of 
the central line show copy number increase while clones lying to the left of the central 
line show copy number decrease. The two red lines to the right and the two green lines to 
left represent logi ratios of +0.5 and +1, and -0.5 and -1, respectively. Red shaded 
regions mark areas of copy number increase. Green shaded regions mark areas of copy 
number decrease. The approximate positions of ARHGEF5 and TPKl are drawn in 
purple along the third tumour profile before the matched normal. As shown here the 
minimal region of gain is marked by 123T. 
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member of the Dbl guanine nucleotide exchange factor (GEF) family specific for Rho 

GTPases, which are well known to be involved in tumorigenesis (Debily, et al. 2004). 

Interestingly, the ARHGEF5 gene is 0.5 Mbp centromeric of the fragile site FRA7I, a 

region prone to chromosomal breakage. Rho-GEFs activate Rho-GTPases by stimulating 

the exchange of GDP for GTP. Aberrant expression of ARHGEF5, may result in 

constitutive activation of this signalling pathway. While over-expression of Rho 

GTPases has been reported in carcinogenesis, this is the first report of an amplification of 

a GEF in oral cancer. TPK1 regulates thiamine (vitamin BI) metabolism by 

phosphorylation (Nosaka, et al. 2001). Although TPK1 has kinase activity, neither the 

amplification of the gene nor the over-expression has been reported in any cancers. 

Gains on 7q have been reported in a variety of cancers including medulloblastoma 

(Tong, et al. 2004b), cancers of the peripheral nervous system (Bridge, et al. 2004), 

uterine (Micci, et al. 2004), head and neck cancer (Huang, et al. 2002; Ng, et al. 2000), 

and oral cancer (Hermsen, et al. 2001; Jin and Mertens 1993; Komiyama, et al. 1997; 

Steinhart, et al. 2001; Wang, et al. 1998). Although LOH has been specifically reported 

at 7q21.2 in thyroid cancer (Trovato, et al. 2004), this is the first report of a minimal 

region of gain at 7q21.2 in oral cancer. 

An interesting novel gain on the 1 lq arm was also unapparent in the frequency 

plot in Figure 15. Indeed it was only present in 3/20 cases, however, 2 of these cases 

showed a very narrow and high copy number amplification (Figure 27). This 1.24 Mbp 

gain was detected at 1 lq22.2-l lq22.3 from bp 102097765 (M2003O23) to bp 103342179 
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Figure 27: Alignment of novel high copy number at llq22.2-22.3 containing a 
matrix metalloproteinase gene cluster. 
Shown here is the alignment of 3 tumours (628T, 125T, 805T) in SeeGH. For each 
tumour profile the central purple line represents a log2 ratio of 0. Clones lying along this 
central line show no change. Clones lying to the right of the central line show copy 
number increase while clones lying to the left of the central line show copy number 
decrease. The two red lines to the right and the two green lines to left represent log2 
ratios of +0.5 and +1, and -0.5 and - I, respectively. Red shaded regions mark areas of 
copy number increase. Green shaded regions mark areas of copy number decrease. In 
this case, the minimal region is marked at the centromeric end by 125T and at the 
telomeric end by 628T. The minimal region is indicated by two dotted blue lines. The 
genes are listed in their relative order to the right. Interestingly, although this region is 
present in only 3 tumours, 2 represent high copy number amplification (125T, 805T) and 
one represents a low copy number increase (628T). 
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(RP 11-57016) and encompasses 21 genes - 3 hypothetical (AB082528, AK095579, 

AK021818) and 16 known. Included in the known genes is a cluster of 9 matrix 

metalloproteinases (MMP1, 3, 7, 8, 10, 12, 13, 20, 27). Matrix metalloproteinases 

(MMP) are secreted zinc-dependent endopeptidases that function in degrading 

components of the extracellular matrix and basement membrane (Werner, et al. 2002). 

While MMP are important in many normal physiological functions such as 

embryogenesis, differentiation, angiogenesis, and tissue remodelling (Birkedal-Hansen, 

et al. 1993; Foda and Zucker 2001; John and Tuszynski 2001; Sternlicht and Werb 2001), 

they are also well known to be involved in tumour invasion and metastasis. Over-

expression of MMP has been reported in head and neck cancer (Charous, et al. 1997; 

Franchi, et al. 2002), and more specifically, in oral cancer (Sutinen, et al. 1998) (Lin, et 

al. 2004a; Lin, et al. 2004b). 

Alterations on 1 lq have been reported in a variety of cancers including gastric 

(Takada, et al. 2005), breast (Nessling, et al. 2005), cervical (Zhang, et al. 2005), 

laryngeal (Rogowski M 2004), endometrial (Moinfar F 2004), ovarian (Lambros, et al. 

2005), and oral cancer (Grati, et al. 2000; Komiyama, et al. 1997; Wolff, et al. 1998; 

Hermsen, et al. 2001; Lin, et al. 2002; Weber RG 1998). Most of these alterations have 

been attributed to cyclin DI at 1 lql3.3. However, gains at 1 lq22.2 containing this MMP 

gene cluster have been reported in ovarian (Lambros, et al. 2005) and peripheral nerve 

sheath cancer (Bridge, et al. 2004). This evidence suggests that additional regions of gain 

on 1 lq, specifically the gain at 1 lq22.2-22.3, are critical to oral tumorigenesis. 
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In addition to the gains at 1 lql3.3 and 1 lq22.2-22.3, the chromosome also shows 

frequent regional loss, on both 1 lp and 1 lq, which is also evident in the frequency plot 

(Figure 15). Multiple alignment in SeeGH revealed mostly whole arm or large regions of 

loss, and therefore, provided little information with which to identify candidate tumour 

suppressor genes. Analysis of whole genome SMRT array data generated from early 

lesions may shed light on this chromosome. 

3.2.7.2 Novel Copy Number Losses 

In addition to novel recurrent copy number gains, novel recurrent copy number 

losses were also apparent by alignment of karyograms in SeeGH. Unlike the samples 

exhibiting the aforementioned novel gains, most of the samples (the exception is 486T) 

possessing novel minimal regions of loss were not accompanied by matched normal 

DNA. Hence these regions were not compared in matched normal DNA. However, 

unlike polymorphic regions, which do not vary significantly in the magnitude and size of 

the copy number difference (compared to the normal male diploid DNA), the minimal 

regions presented here frequently vary in the magnitude of the copy number difference 

and comprise larger regions of change, which vary from case to case. This provides 

some validation of these regions. 

The minimal region of loss 2pl5 was present in 15 of 20 samples. Figure 28 

illustrates the SeeGH alignment of 3 cases showing this deletion (528T, 486T, 794T). 

This recurrent deletion was 0.20 Mbp in size, running from bp 61407007 to bp 61606973 
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(RP11-803E10). The region encompassed 4 genes - 3 hypothetical (BC022783, 

AB018272, AL831918) and one known, ubiquitin specific protease 3 (USP34). Ubiquitin 

specific proteases (USP), also known as deubiquitinating enzymes (DUB), function in the 

removal of ubiquitin groups from protein substrates (Borodovsky, et al. 2005). To date, 

the vast majority of USP have not been characterized and their physiological significance 

remains unclear (Borodovsky, et al. 2005). This is the first implication of USP 

involvement in tumorigenesis. Loss of heterozygosity on 2p has been reported in a 

variety of cancers including prostate (Ueda, et al. 2005), colorectal (Tada, et al. 2004), 

cervical (Miyai, et al. 2004) and salivary gland tumours (Johns, et al. 1996). However, 

CGH studies on oral tumours have never identified a minimal region of loss or gain. 

Indeed, this is the first application of complete coverage array CGH for the detailed 

analysis of oral tumours. Since the region is sub-megabase, previous studies may have 

simply missed this alteration due to insufficient resolution. This is the first report of a 

loss on 2p in oral cancer. 

LOH on 4q has frequently been reported in OSCC (Garnis, et al. 2004b; Grati, et 

al. 2000; Huang, et al. 2002; Lin, et al. 2002; Ng, et al. 2000; Okafuji, et al. 1999; Rosin, 

et al. 2000; Weber RG 1998; Zhang and Rosin 2001). Indeed, the frequency plot in 

Figure 15 exhibits a high frequency of loss on the 4q arm. SeeGH karyograms alignment 

revealed a minimal region of loss at 4q34.3, which was 0.44 Mbp in size from bp 
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Figure 28: Alignment of a novel recurring minimal region of loss at 2pl5 among 3 
tumours. 
Shown here is the alignment of 3 tumours (528T, 486T, 794T) in SeeGH. For each 
tumour profile the central purple line represents a l o g 2 ratio of 0. Clones lying along this 
central line show no change. Clones lying to the right of the central line show copy 
number increase while clones lying to the left of the central line show copy number 
decrease. The two red lines to the right and the two green lines to left represent l o g 2 

ratios of +0.5 and +1, and -0.5 and -1, respectively. Green shaded regions mark areas of 
copy number decrease. The approximate position of USP34 is drawn in purple along the 
third tumour profile before the matched normal. As shown here the minimal region o f 
gain is marked by 486T. 
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180186394 (RP11-696K24) to bp 180630413 (RP11-631C12). This novel loss was 

present in 14/20 tumours; however, interestingly, there are no genes within this region. 

Three of these cases are illustrated in Figure 29 (528T, 125T, 809T). Loss of 

heterozygosity at 4q34 has been reported in a variety of cancers, including colorectal 

(Douglas, et al. 2004), small cell lung (Cho, et al. 2002), liver (Bluteau, et al. 2002), and 

cervical (Sherwood, et al. 2000). However, this is the first report of a minimal region of 

loss at 4q34 in oral cancer. While the absence of genes in this region may appear to halt 

the analysis of this region, further research should be done on this region as any recurring 

MRA harbouring no genes may harbour novel undiscovered genes or critical regulatory 

regions. 

The final novel region identified in these tumours was a recurrent minimal 

deletion at 16q23.2 from bp 80907943 to bp 81058473 (RP11-806J24). Once again, this 

minimal loss was not represented in the frequency plot (Figure 15). This loss occurred in 

7/20 cases and encompasses 5 genes - 3 hypothetical (BC014120, BC014157, 

AK098052) and 2 known, polycystic kidney disease 1-like 2 (PKD1L2) and beta-carotene 

15, 15'-dioxygenase 1 (BCDOl). Three cases exhibiting this deletion are aligned in 

Figure 30 (794T, 800T, 836T). PKD1L2 has been shown to be a novel G-protein binding 

protein expressed in heart, mammary gland and brain (Yuasa, et al. 2004). Deletion of 

PKD1L2 results in polycystic kidney disease (Li, et al. 2003), which is believed to result 

from increased cellular proliferation stimulated by cAMP. PDK1L2 has been shown to 

bind G-proteins that stimulated cAMP (Yuasa, et al. 2004). This is the first report of a 

PDK1L2 deletion in tumorigenesis. 
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Figure 29: Alignment of a novel recurring minimal region of loss at 4q34.3 among 3 
tumours. 
Shown here is the alignment of 3 tumours (528T, 125T, 809T) in SeeGH. For each 
tumour profile the central purple line represents a l o g 2 ratio o f 0. Clones lying along this 
central line show no change. Clones lying to the right of the central line show copy 
number increase while clones lying to the left of the central line show copy number 
decrease. The two red lines to the right and the two green lines to left represent l o g 2 

ratios o f +0.5 and +1, and -0.5 and -1 , respectively. Green shaded regions mark areas of 
copy number decrease. A s shown here, the minimal region o f gain is marked by 125T. 
Interestingly, there are no known genes within this region but the deletion may interrupt 
an unknown gene or a regulatory region. 
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Figure 30: Alignment of a novel recurring minimal region of loss at 16q23.2 among 
3 tumours. 
Shown here is the alignment of 3 tumours (794T, 800T, 836T) in SeeGH. For each 
tumour profile the central purple line represents a logi ratio o f 0. Clones lying along this 
central line show no change. Clones lying to the right of the central line show copy 
number increase while clones lying to the left of the central line show copy number 
decrease. The two red lines to the right and the two green lines to left represent l o g 2 

ratios o f +0.5 and +1, and -0.5 and -1, respectively. Green shaded regions mark areas o f 
copy number decrease. The approximate positions of PKD1L2 and GAN are drawn in 
purple along the third tumour profile before the matched normal. As shown here the 
minimal region o f gain is marked by 794T. 
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Similarly, this is also the first report of a deletion of BCDOl; however, there is also no 

literature reporting information on this gene. Deletions on 16q have also been reported in 

a variety of cancers, including gall bladder (Kuroki, et al. 2005), breast (Simpson, et al. 

2005), brain (Zakrzewska, et al. 2004), endocervical (Hirai, et al. 2004), prostate (Pettus, 

et al. 2004), and salivary gland (Choi, et al. 2002; Johns, et al. 1996). Losses specific to 

16q23.2 have also been reported in prostate (Fromont, et al. 2003; Latil, et al. 1997; 

McCarthy, et al. 2004; Watson, et al. 2004a), liver (Park, et al. 2004) and gastric cancer 

(Aqeilan, et al. 2004). However, this is the first report of a minimal loss at 16q23 in oral 

cancer. Interestingly, 16q23-24 has been reported to be gained in oral cancer (Wolff, et 

al. 1998) using conventional CGH. 

3.2.8 "Masking" of single copy number changes due to tissue heterogeneity. 

As previously discussed, the frequency plot (Figure 15) shows a higher frequency 

of whole arm or chromosome loss than whole arm or chromosome gain, and frequent 

regions of gain appear to be small or sub-arm in size. The results of the SeeGH 

karyogram alignment analysis correlates with this observation with the identification of 

more minimal regions of gain than loss (5 vs 3). This is because regions of gain were 

usually whole arm and many megabases in size. This may be explained by tumour cell 

aneuploidy, as described in section 3.2.4. However, this may also be explained by the 

"masking" of alterations in these late stage lesions, caused (i) genomic instability, (ii) 

tissue heterogeneity due to the presence of subpopulations of tumour cells, and (iii) non

cancerous cell contamination such as by epithelial and connective tissue cells, circulatory 

cells, and immune cells. In late stage tumours, the tumour cells microdissected do not 
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represent a pure population of genetically identical cells. Rather, there are 

subpopulations of tumours cells, which, although clonally related, exhibit many different 

alterations which may look histologically similar. In addition, the technique of 

microdissection does not completely eliminate contamination of surrounding normal 

cells, such as normal epithelium and connective tissue as well as lymphocytes from the 

capillary networks within the tumours produced by angiogenesis. The presence of these 

normal cells within the microdissected and DNA extracted tissue may mask small single 

copy number changes. While gains often represent many more copy fold increases, copy 

number losses can only represent at most a 2-fold difference. Hence, minimal regions of 

loss may be more readily masked than minimal regions of gain. Studies within the 

laboratory have assessed the effect of varying levels of contamination in the visual 

detection of copy number alterations (Garnis 2005b). They demonstrate that increasing 

degrees of contamination lead to an apparent decrease in the log2 ratio difference. They 

state that alterations as small as ~1 Mb can tolerate 75% contamination. However, one 

must keep in mind that these studies were conducted on genetically pure cell lines. At 

present, the inability to measure the level of contamination from both infiltrating normal 

cells and tumour cell subpopulations makes it difficult to control the degree of the 

"masking" effect. The first step might be to apply more precise microdissection 

techniques, such as laser.microdissection, to eliminate contamination of normal cells. 

3.2.9 Comparison of tumour and dysplasia data 

In addition to the analysis of oral tumour specimens, concurrent studies on oral 

dysplasia and CIS specimens have also been conducted by fellow graduate student Cathie 
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Garnis. While this data is in the early stages of analysis, multiple alignment of the data 

from the oral tumours with that of the dysplasias and CIS at the novel regions of 

alteration outlined in this thesis reveals some similarities. The two minimal regions of 

gain at 5pl5.2, containing TRIO, and at 7q35, containing ARHGEF5 and TPK1, were also 

present in a selection of the oral dysplasias and CIS (Garnis 2005a). While this suggests 

the importance of both regions in tumourigenesis, the absence of the remaining novel 

alterations in the dysplasia and CIS samples does not undercut the validity of those 

regions. The process of tumourigensis is well known to be characterized by the gradual 

accumulation of genetic alterations. The amplification at 1 lq22.2-22.3 containing the 

matrix metalloproteinases is an example of an alteration that would be accrued at the later 

stages of disease because it selects for metastasis. Hence, the alterations at 3q23, 7pl2.3-

13, 7q21.2, 2pl5 and 16q23.2 may simply be acquired at a later stage. 

3.3 Expression Analysis Confirmation of Candidate Genes 

In order to assess the effects on gene expression associated with the copy number 

alterations identified in this thesis project, reverse transcriptase rtPCR was performed on 

a panel of oral tumours and normal oral tissue. Five frozen sections and 7 normal 

sections were microdissected and the mRNA was isolated. Since single copy number 

changes are difficult to assess using rtPCR and losses represent low copy number 

changes, the analysis was restricted to genes located within novel regions of copy number 

gain. Primers were designed specific to RASA2 (3q23) TRIO (5pl5.2), TENSI (7pl3 -

12.3), CDK6 (7q21.2) and ARHGEF5 (7q35) transcripts; however, only primer sets 

specific to TRIO, TENSI, and CDK6 were successfully optimized and utilized. Four of 
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the 5 tumours and seven of the 8 normal samples analyzed gave informative results for 

each primer set. 

TRIO expression in oral tumours was significantly higher than in normal oral samples 

(Figure 31). When the PCR products for TRIO were run and imaged on an acrylamide 

gel, lanes loaded with tumour product clearly exhibited bands of the expected band size 

for TRIO, while lanes loaded with normal product showed no visible bands (Figure 31 A). 

Further analysis of the bands using ImageQuant enabled the quantification of band 

intensities, which were then averaged across tumour samples and normal samples 

separately. The bar graph shown in Figure 3 IB demonstrates the significant difference in 

the average TRIO band intensity between the tumours and the normal samples. 

Moreover, application of the Mann-Whitney U Test, a non-parametric rank test applied to 

data sets when the sample size is small and the assumption of normality cannot be met 

(Zar 1999), suggested that the expression level in tumours and normal samples were 

statistically different. The U and U ' were calculated to be 24 and 0 respectively. Since U 

(24) > p.o.05(2), 4,6 (22), the null hypothesis, that the average level of TRIO expression in 

tumours and normals is not different, is rejected. Thus, the alterative hypothesis, that the 

average level of TRIO expression in tumours and normals is different, is accepted. Thus, 

an increase in the level TRIO expression in tumour samples as compared to normal 

samples suggest confirmation of the amplified minimal region on 5pl 1.2 containing the 

TRIO gene. 
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Figure 31: Comparison of T R I O expression between oral tumours and normal oral 
specimens. 

P C R products for both TRIO and ^-microglobulin (B2M) using both tumour and normal 
D N A templates were run on a 12% acrylamide gel (A). As shown, TRIO bands appeared 
in the lanes loaded with the tumour product, but not in lanes loaded with the normal 
product. While the B2M bands in the normal lanes also appear to be dimmer for some 
samples, analysis o f the bands using ImageQuant software followed by a statistical 
analysis revealed that there is a significant difference in the TRIO expression between 
tumours and normal samples (B). 
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The results for both TENSI and CDK6 also suggest that their expression is higher 

in tumours than in normal oral samples. However, interpretation of the results was 

slightly more complicated due to the presence of an additional band on the acrylamide gel 

for both genes (Figure 32A and 33A). Since, the sizes of the unidentified bands differ 

(Figure 34) for each gene and, since the same /32-microglobulin control PCR reaction was 

loaded onto all 3 gels, the extra bands cannot be attributed to the ̂ -microglobulin PCR 

product. However, as a precaution, the TENSI and CDK6 PCR product was run on an 

acrylamide gel in the absence of p2-microglobulin. As expected, the additional bands 

were still present in the lanes (Figure 34). While it is possible that both bands represent a 

splice variant, this, too, is unlikely, due to the small size of the band. Moreover, while 

the primers designed for TENSI span a short exon, the primers designed for CDK6 do 

not. Finally, even if the intervening exon in the TENSI transcript were spliced, the 

resulting band would still be greater than 100 base pairs (127 vs 153 base pairs). In 

contrast, it also appears unlikely that the band represents primer dimmers, since the bands 

are not present in the normal lanes. It is also possible, however, that these extra bands 

may represent gel artefacts resulting from different conformations of the PCR product. 

Further optimization of these primers may eliminate these unidentified bands. In order to 

account for the difference these extra bands may make, ImageQuant analysis of gels for 

TENSI and CDK6 was done twice, separately, first using only the expected band and then 

using both bands. Similarly, the average expression for tumours and normal samples 

were graphed for TENSI and CDK6 (Figures 33B,C and Figure 34B,C). The bar graphs 

for both genes demonstrate that the differences in the expression levels between the 

tumours and the normals are significantly different and that the standard error of the 
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means for each do not overlap. Application of the non-parametric Mann-Whitney U Test 

further suggests a significant difference in the expression of both TENSI and CDK6 

between tumours and normal samples. As in the TRIO test, the value for U was 

calculated to be 24 and, since U (24) > po.05(2), 4,6 (22), the null hypothesis, that the 

average level of TENSI (or CDK6) expression in tumours and normals is not different, is 

rejected. The alterative hypothesis, therefore, is accepted, and the average level of 

TENSI (CDK6) expression in tumours and normals is significantly different. This 

supports a validation of the regions of gain at 7pl3-12.3 containing TENSI and at 7q21.2 

containing CDK6. Although these expression studies are promising for the validation of 

the recurring MRA detected with the whole genome SMRT array, they are limited by the 

small sample size of tumours screened. Microdissection of the frozen tumours is a very 

time-consuming process that it was not possible to achieve within the time allotted for 

this thesis. However, microdissection of further frozen tumours sections for RNA 

extraction are currently underway and, thus, the analysis of a larger cohort of samples 

will provide more concrete data. Similarly, not all the genes within these regions, nor all 

the regions, were assessed for expression in this thesis. Further troubleshooting focused 

on designing specific primers, and the optimization of primers specific to these genes in 

the near future will facilitate the expression analysis of all the known candidate genes 

identified in this thesis. 
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Figure 32: Comparison of TENSI expression between oral tumours and normal 
oral specimens. 
P C R products for both TENSI and ^-microglobulin (/32M) using both tumour and 
normal D N A templates were run on a 12% acrylamide gel (A). As shown, TENSI bands 
appeared in the lanes loaded with the tumour product, but not in lanes loaded with the 
normal product. Interestingly, there also appears to be a secondary mystery band <100bp 
in size. This product was also run independent of /32M to determine that the band was not 
attributed to this control gene (Figure 35). This band may represent a splice variant or a 
conformational artefact. To control for the impact of this and the dimmer J32M bands in 
some of the normal lanes, analysis o f the bands using ImageQuant software followed by a 
statistical analysis was also done using only the expected band size (B) and using both 
the expected and mystery bands (C). As shown, in both instances, there is a significant 
difference in the TENSI expression between tumours and normal samples. 
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Figure 33: Comparison of CDK6 expression between oral tumours and normal oral 
specimens. 

P C R products for both CDK6 and ^-microglobulin (f32M) using both tumour and normal 
D N A templates were run on a 12% acrylamide gel (A). As shown, CDK6 bands 
appeared in the lanes loaded with the tumour product, but not in lanes loaded with the 
normal product. Interestingly, there also appears to be a secondary mystery band <100bp 
in size. This product was also run independent of ft2M\o determine that the band was not 
attributed to this control gene (Figure 35). This band may represent a splice variant or a 
conformational artefact. To control for the impact of this and the dimmer R2M bands in 
some of the normal lanes, analysis o f the bands using ImageQuant software followed by a 
statistical analysis was also done using only the expected band size (B) and using both 
the expected and mystery bands (C). As shown in both instances there is a significant 
difference in the CDK6 expression between tumours and normal samples. 
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Figure 34: Assessment of mystery band present in TENSI and CDK6 PCR product. 
The same tumour P C R product for both TENSI and CDK6 run on the acyrlamide gels 
shown in figures 33 and 34, were run a 12% acrylamide gel independent of B2-
microglobulin (B2M) to demonstrate that the unexpected bands present on the previous 
gels was due to the TENSI and CDK6 P C R product, and not that of B2M. Indeed, these 
mystery bands also appear here. While these bands may represent an alternative splice 
variant, they are more likely to represent a conformational form o f the expected band. 
While the TENSI primers do span a small exon, the band size difference would be 127 vs 
153 bp, whereas the mystery band appears <100 bp. Similarly, the primers for CDK6 do 
not span an exon. 
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3.4 Significance 

The identification of the novel regions of gain and loss described here and their 

validation through rtPCR analysis of the genes within these regions demonstrates the 

utility of whole genome SMRT array analysis in the elucidation of the genetic 

mechanisms driving OSCC progression. As demonstrated in this thesis, the sub-

megabase resolution enables the fine-mapping and characterization of known regions as 

well as novel regions. Analysis of a much larger cohort of tumour samples will be useful 

for correlating alterations with disease behaviour and outcome, thus sub-typing the 

disease. Ultimately, this will lead to better management of the disease, through genetic 

screening of premalignant lesions, which will aid in treatment decision-making in terms 

of both surgical and drug therapy. Further, aCGH will also be invaluable in the 

identification of gene targets for novel drug therapy development. Using new regions 

and new genes, better and more specific drugs can be developed for different disease sub

types. 

While the ability of aCGH to detect genetic alterations on a genome-wide basis 

with high resolution in a single experiment is a great improvement on previous 

technologies and will greatly benefit our understanding of oral cancer, one must also be 

aware that this technique will not replace existing techniques used in the analysis of oral 

genomes, but, rather, will be most useful when integrated with these conventional 

approaches. Array CGH is highly sensitive to detecting copy number differences; 

however, it is not able to detect other forms of LOH such as single base pair mutations, 

reciprocal translocations that interrupt critical genes, or epigenetic alterations such as 
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methylation, which silence or activate gene promoters. In contrast, these alterations are 

detectable, although not distinguishable, with micro satellite analysis. Similarly, SNP 

oligonucleotides arrays, although lower in resolution than the whole genome SMRT 

array, are able to detect single base pair alterations. It is the consolidation of, rather than 

the competition between, these techniques that will unravel the biological mechanisms 

driving the behaviour of this disease. 

3.5 Future Directions 

This thesis provides a proof-of-principle analysis of oral tumour genomes using 

whole genome SMRT array technology. However, while a series of novel minimal 

regions of alteration were identified and characterized, analysis of a much larger cohort 

of tumour genomic DNA samples, as well as the matched RNA and normal DNA, will be 

required for the detailed sub-classification and characterization of this disease. While a 

selection of dysplasias and CIS samples are in the early stages of SeeGH karyogram 

analysis, the sample size is similar to that of this study. Thus, a detailed analysis of the 

DNA, RNA, and matched normal DNA from a much larger cohort of each of mild 

dysplasia, moderate dysplasia, severe dysplasia and CIS samples, followed by a 

subsequent comparison with the aforementioned larger cohort of invasive tumour data, 

will provide a more comprehensive picture of genome copy number alterations driving 

various stages of oral cancer progression. 

Analysis of epigenetic alterations will also enable a better understanding of 

disease progression. Examples of such epigenetic changes include DNA methylation and 
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histone methylation. Both DNA and histone methylation have been shown to be involved 

in tumourigenesis (Feinberg and Tycko 2004). While hypomethylation of both DNA and 

histones can lead to activation of oncogenes, hypermethylation can lead to the silencing 

of tumour suppressor genes. In DNA, methylation is thought to occur at CpG rich 

regions within the promoter. Interestingly, in this study, 9p, which is commonly believed 

to be the first loss in oral cancer progression, was less frequently lost than 3p, which is 

thought to be lost subsequent to the loss of 9p. This raises the possibility that 

methylation within the 9p arm may be producing the LOH identified in this region and, 

therefore, may be silencing expression of the pi 6 gene in this region. Certainly, pi 6 has 

been shown to be methylated in cell lines and primary tumours (Hibi, et al. 2001; Jones 

and Baylin 2002; Puri, et al. 2005; Raschke, et al. 2005; Sanchez-Cespedes, et al. 2000; 

Shapiro, et al. 1995). The development of a novel application of the whole genome 

SMRT array for the analysis of DNA methylation is currently underway. The approach 

involves isolating DNA bound to methyl transferase proteins in both normal and tumour 

DNA, purifying the DNA, which is then labelled and the data analyzed in SeeGH. 

Regions shown to be hypermethylated, therefore, appear as gains in the SeeGH 

karyograms, while hypomethylated regions appear to be lost. This approach is in the 

early stages of development, but represents a cutting edge technique useful for the 

detailed analysis of methylation patterns in tumour DNA. The integration of approaches 

such as this for epigenetic analysis of a larger cohort OSCC specimen from various stages 

will be invaluable to understanding the biological mechanisms underlying oral cancer. 
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While detailed analysis of copy number alterations, mutations, and epigenetic 

changes will be highly useful in understanding the biology of the disease, knowledge of 

the role of aneuploidy in disease progression will be of equal worth in elucidating the 

underlying biological mechanisms. Aneuploidy has been shown to be highly common in 

epithelial tumours (Mitelman, et al. 2003); however, it is not understood whether 

aneuploidy results from the genomic instability or if genomic instability is caused by 

aneuploidy (Storchova and Pellman 2004). At present cytogenetic analysis of tumour 

genomes is the only method of assessing patterns of aneuploidy in epithelial tumours. 

Previous studies have reported that each tumour has a different pattern of aneuploidy, 

making identification of recurrent patterns difficult (Storchova and Pellman 2004). 

Development of a high throughput technique to assess aneuploidy in a large cohort of 

specimens from various stages of disease progression may reveal some key patterns 

critical to understanding the disease. 

Unfortunately, no clinical outcome or history was recorded for the tumours 

profiled in this study. Although this sample size is not sufficiently large for a 

comprehensive analysis of the genetic mechanisms driving the disease, this data does 

provide some insight into the association of novel alterations with the invasive stages. 

Future analysis of larger cohorts of samples that have recorded clinical history will be 

crucial to sub-typing the disease, based both on genetic alterations and outcome. This 

would aid in better screening programs and improved disease management. 
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Following the identification of the novel alterations identified in this study, the 

next step will be to better characterize expression patterns of the candidate genes lying 

within these regions. While we assessed gene expression in 4 tumours within 3 regions, 

this sample size is clearly inadequate, and, furthermore, not all of the genes within these 

regions, nor all of the regions, were verified. Further expression analysis of all candidate 

genes within a much larger cohort of samples, perhaps using a tissue microarray, would 

provide a much more reliable validation of these regions. Furthermore, functional 

analysis of the genes will aid in the unravelling of the molecular mechanisms underlying 

the involvement of these genes in tumourigenesis. Such approaches might include the 

use of cell models and RNA interference, in which the expression of putative tumour 

suppressor gene is inhibited, and transgenic mouse models, in which a candidate tumour 

suppressor gene is "knocked-out" or a candidate oncogene is "knocked-in." Only when 

the functional role of these genes in tumourigenesis is understood will the development 

of novel drug therapies and, subsequently, improved treatment, begin. 
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C H A P T E R 4: C O N C L U S I O N S 

The data from this thesis can be summarized in the following key points: 

1) High resolution aCGH using both a 3p-arm specific BAC array and whole genome 

sub-megabase resolution tiling-set (SMRT) array, detects DNA copy number gains and 

losses in archival formalin-fix oral squamous cell carcinoma (OSCC) DNA. 

2) High resolution aCGH detects novel, recurrent sub-megabase genetic alterations not 

previously identified by conventional approaches. 

3) Recurrent, LOH observed on the short arm of chromosome 3 in OSCC can be 

attributed to 5 recurring minimal regions of copy number alteration. 

4) Recurrent sub-megabase alterations, not detected by previously existing technologies, 

are present throughout the genomes of OSCC. Some examples include the 0.58 Mbp 

alteration at 5pl5.2 encompassing the gene TRIO, the 0.25 Mbp gain at 7pl2.3-13 

comprising TEM6, and the 1.24 Mbp amplification at llq22.2-22.3 encompassing a 

cluster of matrix metalloproteinase genes. 

5) The importance of the sub-megabase alterations in the behaviour of this disease is 

suggested by the presence of genes within these regions known to be involved in cellular 

proliferation and apoptosis or previously implicated in cancer. 
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6) A selection of regions, including the copy number gains at 5pl5.2, 7pl2.3-13, and 

7q21.2 were confirmed through rtPCR expression analysis of the genes lying within them 

(TRIO, TEM6, and CDK6, respectively) within a small sample of 4 tumours. 

7) In addition to the regions already analyzed using expression analysis, the remaining 

regions will also be confirmed through rtPCR expression analysis on a larger cohort of 

OSCC. 

8) Investigation of a much larger cohort of OSCC, accompanied by clinical history data 

using the whole genome SMRT array, may make possible the sub-typing of the disease. 

9) Further functional studies of the candidate genes will elucidate the biological 

mechanisms underlying this disease and will aid in the development of novel drug 

therapy. 
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APPENDIX 1: Clinical Information of Specimens Analyzed Using the 3p-Array 
Age Histological T N M 

Sample (yrs) Gender Smoker Grade stage 
114T 75 F S 2 1 
166T 82 F NS 2 2 
199T 89 F unknown 2 2 
211T 72 M S 1 3 
24T 63 F NS 1 1 
2T 58 F S 2 2 
43T 67 M S 3 1 
451T 67 M S 1 3 
453T 48 F NS 1 1 
469T 75 M S 1 N/A 
478T 62 F unknown 

NS (betel 
1 4A 

528T 74 M nut) 3 4A 
539T 64 F NS 1 4A 
566T 78 F unknown N/A N/A 
569T 76 F NS 1 3 . 
573T 69 M S 2 3 
574T 78 F unknown 1 N/A 
587T 68 M S 1 0 
620T 55 M S 2 1 
628T 41 M NS 2 4A 

129 



APPENDIX 2: 3p Array Clone Set 
96 
Plate/Well 

new 
order 

July 2003 
Band 

July 2003 
ChrStart 

Fingerprint (RPCI-
11) 

01-G11 3p-001 N0570H17 
01-G12 3p-002 12.1 86136427 N0789F05 
01-H01 3p-003 12.1 85926605 N0447J13 
01-H02 3p-004 N0259G08 
01-H03 3p-005 N0259G08 
01-H05 3p-006 N0639P09 
01-H06 3p-007 12.1 85112855 N0494I08 
01-H07 3p-008 12.1 84928673 N0754J20 
01-H08 3p-009 12.1 84921259 N0482K02 
01-H09 3p-010 12.1 84729361 N0735B13 
01-H10 3p-011 N0276B15 
01-H11 3p-012 12.1 84257655 N0731C08 
02-A01 3p-013 12.1 84009520 N0472I03 
02-A02 3p-014 12.1 83903781 N0412N09 
02-A03 3p-015 N0339M21 
02-A04 3p-016 12.1 83697556 N0382L10 
02-A05 3p-017 N0739C09 
02-A06 3p-018 12.2 83138074 N0175J03 
02-A07 3p-019 12.2 83101730 N0189B07 
02-A08 3p-020 12.2 82895811 N0544A22 
02-A09 3p-021 N0657G02 
02-A10 3p-022 12.2 82565909 N0001E05 
02-A11 3p-023 N0735G06 
02-A12 3p-024 12.2 82252566 N0026G10 
02-B01 3p-025 N0444J02 
02-B03 3p-026 12.2 81662672 N0603J22 
02-B04 3p-027 12.2 81576272 N0142L01 
02-B05 3p-028 12.2 81307397 N0291P10 
02-B06 3p-029 12.2 81341669 N0059E22 
02-B07 3p-030 12.2 81087668 N0520D19 
02-B08 3p-031 12.2 80946720 N0554B18 
02-B10 3p-032 N0755H19 
01-B03 3p-033 N0036C14 
01-B02 3p-034 12.2 80025983 N0450I19 
02-C06 3p-035 12.2 79854980 N0297L21 
01-B01 3p-036 12.2 79854980 N0297L21 
01-A12 3p-037 12.2 79802538 N0042O01 
01-A10 3p-038 12.3 79253880 N0406C14 
01-A09 3p-039 12.3 79015796 N0539J20 
01-A08 3p-040 12.3 78874632 N0268F24 
01-A07 3p-041 12.3 78828508 N0635O13 
01-A06 3p-042 N0594C08 
01-A05 3p-043 N0347G18 
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01-A04 3p-044 12.3 78217744 N0016M12 
01-A03 3p-045 12.3 78124386 N0769N07 
01-A02 3p-046 N0765A07 
01-A01 3p-047 N0198O02 
01-G06 3p-048 N0342C02 
01-G05 3p-049 12.3 77488753 N0220O14 
01-G04 3p-050 N0653K14 
01-G03 3p-051 N0021G05 
01-G02 3p-052 N0797J06 
01-G01 3p-053 N0003N12 
01-F12 3p-054 12.3 76521106 N0536K04 
01-F11 3p-055 12.3 76394793 N0264B09 
01-F10 3p-056 12.3 76087194 N0484E07 
01-F09 3p-057 12.3 75907362 N0089H10 
01-F08 3p-058 12.3 75922522 N0058L10 
01-F07 3p-059 N0441E02 
01-F06 3p-060 12.3 75536844 N0413E06 
01-F04 3p-061 N0642N14 
01-F03 3p-062 N0718F10 
01-F01 3p-063 N0746O08 
01-E10 3p-064 12.3 74328750 N0282J12 
01-E09 3p-065 13 73914427 N0508O18 
01-E08 3p-066 13 73693108 N0020B07 
01-E07 3p-067 N0404L21 
01-E05 3p-068 13 73189804 N0673E20 
01-E04 3p-069 13 73134934 N0610N12 
01-E03 3p-070 13 73134934 N0610N12 
01-E02 3p-071 N0349E16 
01-E01 3p-072 13 72506678 N0328N12 
01-D09 3p-073 13 71711525 N0321A23 
01-D07 3p-074 13 70958723 N0398F09 . 
01-D06 3p-075 13 70854033 N0079P21 
01-D05 3p-076 N0056K23 
01-D04 3p-077 N0736H02 
01-D03 3p-078 13 70483112 N0118O11 
01-D02 3p-079 N0767D18 
01-D01 3p-080 13 69933080 N0215K24 
01-C12 3p-081 N0170F17 
01-C11 3p-082 14.1 69552202 N0444P10 
01-C10 3p-083 14.1 69417535 N0062G11 
01-C09 3p-084 N0152N21 
01-C08 3p-085 N0076J08 
01-C06 3p-086 14.1 68721081 N0199N21 
01-C05 3p-087 14.1 68535723 N0436J20 
01-C04 3p-088 N0259O22 
01-C03 3p-089 14.1 68323117 N0253K11 
01-C01 3p-090 N0384L17 
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0 1 - B 1 2 3p-091 N 0 3 6 4 O 0 9 

01-B11 3p-092 14.1 6 7 5 0 3 5 9 2 N0115124 

0 1 - B 1 0 3p -093 N 0 5 3 5 G 1 5 

0 1 - B 0 7 3p-094 14.1 6 6 7 1 0 7 1 3 N 0 0 2 4 O 1 7 

0 1 - B 0 6 3p -095 N 0 8 0 5 G 1 6 

0 1 - B 0 5 3p-096 N 0 7 5 1 K 0 5 

0 1 - B 0 4 3p-097 14.1 6 6 2 2 6 5 9 3 N 0 5 3 5 L 0 3 

02 -C01 3p-098 14.1 6 5 8 0 9 6 6 2 N 0 3 2 0 P 1 1 

0 2 - C 0 3 3p -099 14.1 6 5 4 0 8 3 8 3 N 0 7 5 7 A 0 9 

0 2 - C 0 4 3p-100 N 0 7 2 5 H 1 3 

0 2 - C 0 5 3p-101 14.1 6 5 0 0 7 5 2 0 N 0 5 4 3 A 1 8 

0 2 - C 0 8 3p -102 N 0 3 6 7 P 0 8 

0 2 - C 0 9 3p -103 14.1 6 4 3 3 4 7 2 9 N 0 0 1 4 D 2 2 

0 2 - C 1 0 3p-104 N 0 7 9 5 J 1 9 

02 -C11 3p -105 N 0 5 0 7 B 2 1 

0 2 - C 1 2 3p-106 N 0 2 8 9 G 1 0 

02-D01 3p-107 N 0 4 7 4 A 1 9 

0 2 - D 0 2 3p-108 14.2 6 3 6 6 6 1 4 2 N 0 0 5 0 F 2 4 

0 2 - D 0 3 3p -109 N 0 5 8 4 G 0 1 

0 2 - D 0 4 3p-110 14.2 6 3 4 2 8 5 7 4 N 0 6 7 2 O 0 6 

0 2 - D 0 5 3p-111 14.2 6 3 2 6 1 7 5 7 N 0 5 8 5 O 2 1 

0 2 - D 0 6 3p -112 14.2 63131951 N 0 6 0 1 G 1 8 

0 2 - D 0 7 3p -113 14.2 6 2 9 5 8 9 9 4 N 0 1 2 9 K 2 0 

0 2 - D 0 8 3p-114 14.2 6 2 7 9 7 0 3 7 N 0 0 2 4 H 0 1 

0 2 - D 1 0 3p -115 14.2 6 2 4 5 5 5 4 3 N 0 1 1 4 P 1 5 

02-D11 3p-116 14.2 6 2 1 3 1 3 5 4 N 0 2 3 1 J 1 7 

0 2 - D 1 2 3p-117 N 0 0 0 6 O 2 3 

02-E01 3p-118 14.2 6 1 9 9 9 0 4 4 N 0 1 5 4 D 0 3 

0 2 - E 0 2 3p -119 14.2 6 1 8 6 3 6 6 5 N 0 0 5 8 L 0 9 

0 2 - E 0 3 3p-120 14.2 6 1 6 5 8 0 7 4 N 0 7 2 0 N 2 4 

0 2 - E 0 4 3p-121 14.2 6 1 5 5 5 8 4 5 N 0 6 1 1 H 1 0 

0 2 - E 0 5 3p-122 N 0 6 4 0 B 0 5 

0 2 - E 0 6 3p -123 N 0 4 9 5 E 2 3 

0 2 - E 0 7 3p-124 14.2 6 1 0 7 2 5 4 6 N 0 1 3 7 N 2 2 

0 2 - E 0 9 3p -125 N0468L11 

0 2 - E 1 0 3p-126 14.2 60489911 N 0 6 4 1 C 1 7 

02-E11 3p-127 N 0 0 2 9 O 2 0 

0 2 - E 1 2 3p-128 N 0 1 8 2 G 2 4 
0 2 - F 0 2 3p -129 14.2 5 9 8 3 4 4 6 7 N 0 7 6 9 M 2 3 

05-A01 3p -130 14.2 5 9 8 3 4 4 6 7 N 0 7 6 9 M 2 3 

0 2 - F 0 3 3p-131 N 0 1 7 0 K 1 9 

0 4 - E 0 6 3p-132 N 0 1 7 0 K 1 9 

0 2 - F 0 5 3p -133 N 0 7 1 9 N 2 2 

0 4 - E 0 4 3p-134 N 0 7 1 9 N 2 2 

0 2 - F 0 6 3p -135 N0115I11 

0 4 - E 0 3 3p-136 N0115I11 

0 2 - F 0 7 3p -137 N 0 5 6 7 G 0 2 
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02-F08 3p-138 14.2 59006095 N0734E15 
04-E02 3p-139 14.2 59006095 N0734E15 
02-F09 3p-140 14.2 58887870 N0057M07 
03-B11 3p-141 14.2 58887870 N0057M07 
02-F10 3p-142 N0385P13 
02-F11 3p-143 14.2 58677137 N0391P04 
04-A06 3p-144 14.2 58677137 N0391P04 
02-F12 3p-145 N0092A17 
04-A04 3p-146 N0092A17 
02-G01 3p-147 N0458F14 
02-G02 3p-148 N0813L15 
02-G03 3p-149 N0316L22 
02-G04 3p-150 14.3 57701716 N0332H21 
04-A01 3p-151 14.3 57701716 N0332H21 
02-G05 3p-152 14.3 57584082 N0680P23 
05-E06 3p-153 14.3 57584082 N0680P23 
02-G06 3p-154 N0688P04 
02-G07 3p-155 N0700D11 
02-G08 3p-156 N0767N01 
05-E03 3p-157 N0767N01 
02-G09 3p-158 14.3 56780966 N0754F19 
02-G11 3p-159 14.3 56387454 N0750K11 
05-E01 3p-160 14.3 56387454 N0750K11 
02-G12 3p-161 14.3 56192945 N0189A01 
02-H01 3p-162 N0669E05 
02-H02 3p-163 14.3 55983012 N0532I06 
02-H03 3p-164 14.3 55807008 N0379L20 
05-A05 3p-165 14.3 55807008 N0379L20 
04-B05 3p-166 N0372C07 
04-F01 3p-167 N0533N15 
04-B06 3p-168 14.3 55590746 N0029M01 
04-B04 3p-169 14.3 55508998 N0567P18 
04-B02 3p-170 N0277M17 
04-B01 3p-171 N0064C01 
05-E11 3p-172 14.3 54919741 N0096N05 
05-E10 3p-173 14.3 54801802 N0015O05 
05-E09 3p-174 14.3 54594717 N0554O01 
05-E08 3p-175 N0594F16 
05-A12 3p-176 N0632O05 
05-A11 3p-177 N0122D19 
05-A10 3p-178 N0753M04 
05-A08 3p-179 N0536P10 
05-A07 3p-180 N0417A02 
04-E12 3p-181 N0134J14 
04-E11 3p-182 N0266E15 
04-E10 3p-183 21.1 53238351 N0782N04 
04-E09 3p-184 21.1 53320404 N0072H11 

133 



04-E08 3p-185 N0557M05 
04-E07 3p-186 N0178O02 
04-A12 3p-187 N0134N13 
04-A10 3p-188 N0017O10 
04-A09 3p-189 N0447A21 
04-A08 3p-190 N0474I07 
04-A07 3p-191 21.2 52016695 N0330H06 
04-F05 3p-192 N0316H08 
04-F04 3p-193 21.2 51775960 N0314A05 
04-F03 3p-194 21.2 51616480 N0413B21 
04-B10 3p-195 N0665B04 
04-B09 3p-196 N0162M15 
04-B08 3p-197 21.31 51374604 N0089F17 
05-F05 3p-198 N0808I21 
05-F04 3p-199 N0095P12 
05-F03 3p-200 N0106F04 
05-F01 3p-201 N0211E01 
05-B06 3p-202 N0646D13 
05-B05 3p-203 21.31 50517664 N0804H08 
05-B01 3p-204 21.31 49955231 N0493K19 
04-F06 3p-205 N0460G14 
04-B11 3p-206 N0140N21 
04-B12 3p-207 N0171C03 
04-F07 3p-208 21.31 48997394 N0804H15 
04-F09 3p-209 N0316M24 
04-F10 3p-210 N0150N22 
06-C10 3p-211 21.31 47155027 N0447D11 
06-C09 3p-212 N0677J16 
06-C08 3p-213 N0704H13 
06-C07 3p-214 N0380M12 
06-C06 3p-215 21.31 46843451 N0425J09 
06-C05 3p-216 21.31 46755830 N0427P05 
06-C04 3p-217 N0538M22 
06-C03 3p-218 21.31 46469740 N0509I21 
06-C02 3p-219 N0676N17 
06-C01 3p-220 N0029H14 
06-B12 3p-221 N0458C12 
06-B11 3p-222 21.31 46077054 N0793E15 
06-B10 3p-223 N0808A02 
06-B09 3p-224 N0680N04 
06-B08 3p-225 N0307M13 
06-B07 3p-226 N0437F20 
06-B05 3p-227 21.31 45651411 N0697K23 
06-B04 3p-228 N0123N09 
06-B03 3p-229 21.31 45458031 N0107O13 
06-B02 3p-230 N0047O06 
06-B01 3p-231 N0140N09 
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06-A12 3p-232 N0622P17 
06-A11 3p-233 N0487I21 
06-A10 3p-234 21.31 45013948 N0578F05 
06-A09 3p-235 21.31 44908243 N0681O04 
06-A08 3p-236 N0674D23 
06-A07 3p-237 21.31 44723759 N0272D20 
03-A06 3p-238 N0348P10 
06-A06 3p-239 N0106E23 
06-A05 3p-240 N0753N24 
06-A04 3p-241 N0333M05 
06-A02 3p-242 N0448P22 
06-A01 3p-243 21.33 44162861 N0424N24 
05-H12 3p-244 N0445K05 
05-H11 3p-245 N0627O21 
05-H09 3p-246 N0221D23 
05-H08 3p-247 N0723E20 
05-H07 3p-248 22.1 43543285 N0606H24 
03-A05 3p-249 22.1 43452027 N0024L15 
05-D12 3p-250 N0794P05 
05-D11 3p-251 N0316I23 
05-D10 3p-252 N0117A18 
05-D09 3p-253 22.1 43278456 N0188P20 
05-D07 3p-254 22.1 43120920 N0625B23 
04-H12 3p-255 N0646G12 
04-H11 3p-256 22.1 42963135 N0136C24 
04-H10 3p-257 N0736F16 
04-H08 3p-258 N0312C22 
04-H07 3p-259 N0437M11 
04-D12 3p-260 22.1 42435367 N0119L02 
04-D10 3p-261 N0814E10 
04-D09 3p-262 N0698G20 
04-D08 3p-263 22.1 41982701 N0193I22 
04-D07 3p-264 N0626A01 
05-H06 3p-265 22.1 41728499 N0523D22 
05-H05 3p-266 22.1 41577833 N0044E08 
05-H04 3p-267 22.1 41430754 N0756A10 
05-H03 3p-268 22.1 41299743 N0107K23 
05-H02 3p-269 22.1 41157668 N0527M19 
05-H01 3p-270 N0413K12 
05-D06 3p-271 22.1 40789228 N0520A21 
05-D05 3p-272 22.1 40666112 N0761N21 
05-D03 3p-273 N0809O09 
05-D02 3p-274 22.1 40292536 N0391M01 
05-D01 3p-275 N0670I16 
04-H06 3p-276 22.1 40038176 N0613N24 
04-H05 3p-277 N0737L23 
04-H04 3p-278 22.2 39837141 N0268J19 
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04-H03 3p-279 N0013C23 
04-H02 3p-280 22.2 39652636 N0066G08 
04-H01 3p-281 N0365B07 
04-D06 3p-282 22.2 39423436 N0667E17 
04-D05 3p-283 N0801C10 
04-D04 3p-284 N0423B17 
04-D01 3p-285 N0623P21 
05-G12 3p-286 N0583E05 
05-G11 3p-287 N0452P03 
05-G10 3p-288 N0134J21 
05-G09 3p-289 N0140P20 
05-G07 3p-290 N0284F22 
05-G08 3p-291 N0284F22 
05-C12 3p-292 22.3 38323155 N0090M23 
05-C11 3p-293 N0775O14 
03-A03 3p-294 N0775O14 
05-C09 3p-295 N0091E04 
05-C08 3p-296 N0667H18 
05-C07 3p-297 N0721J12 
04-G12 3p-298 N0802A21 
04-G11 3p-299 N0305C24 
04-G10 3p-300 22.3 37532207 N0128H05 
04-G09 3p-301 N0798L14 
04-G08 3p-302 N0285J16 
04-G07 3p-303 N0170E06 
03-B04 3p-304 N0170E06 
04-C12 3p-305 22.3 36852458 N0129K12 
04-C10 3p-306 22.3 36638024 N0640L09 
04-C09 3p-307 N0709D17 
04-C08 3p-308 N0631H24 
03-A02 3p-309 N0172A18 
05-G06 3p-310 22.3 36095745 N0437B05 
05-G03 3p-311 N0774G17 
05-G02 3p-312 22.3 35575764 N0380G10 
05-C06 3p-313 N0346E13 
05-G01 3p-314 N0346E13 
05-C04 3p-315 22.3 35375018 N0329N16 
05-C03 3p-316 22.3 35258930 N0061J21 
05-C02 3p-317 22.3 35228139 N0092I24 
05-C01 3p-318 N0518K24 
04-G06 3p-319 N0553F16 
04-G05 3p-320 23 34977960 N0056P22 
04-G02 3p-321 N0316L20 
04-G03 3p-322 N0316L20 
04-G01 3p-323 N0059J13 
04-C06 3p-324 N0408A16 
04-C05 3p-325 N0318H08 
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04-C04 3p-326 N0435M24 

04-C03 3p-327 N0640M05 

04-B07 3p-328 N0151D03 

04-C02 3p-329 N0151D03 

04-C01 3p-330 N0609H24 

05-F12 3p-331 N0521E09 

05-F10 3p-332 N0764N08 

05-F11 3p-333 N0764N08 

05-F08 3p-334 N0150H17 

05-F07 3p-335 N0795G20 
05-B12 3p-336 N0514O06 

05-B11 3p-337 N0033O01 
05-B10 3p-338 N0692F18 

05-B09 3p-339 N0294O18 

05-B08 3p-340 N0421B02 

05-B07 3p-341 N0705C20 

04-F12 3p-342 N0459C18 
06-D04 3p-343 23 32450495 N0524O15 
06-D02 3p-344 N0187I16 

06-D01 3p-345 24.1 32003419 N0345J06 
06-C12 3p-346 N0230N21 
06-C11 3p-347 24.1 31631584 N0048E16 
06-H12 3p-348 N0671P21 

06-H10 3p-349 N0760G13 
06-H11 3p-350 N0760G13 

06-H09 3p-351 N0167C09 
06-H07 3p-352 N0381I06 
06-H08 3p-353 N0381I06 

06-H06 3p-354 N0727D09 
06-H05 3p-355 N0018A10 

03-A08 3p-356 23 34492266 N0035C18 

03-B08 3p-357 23 34492266 N0035C18 

06-H03 3p-358 N0272K09 
06-H04 3p-359 N0272K09 

06-H02 3p-360 N0717D24 

06-H01 3p-361 24.1 29648600 N0009J18 

06-G12 3p-362 N0562G23 

06-G11 3p-363 N0411F11 

06-G10 3p-364 N0077M24 

06-G08 3p-365 24.1 28336037 N0301D08 

06-G07 3p-366 24.1 28140460 N0539L02 

06-G06 3p-367 24.1 27769954 N0057O23 
06-G05 3p-368 24.1 27554125 N0222K16 

06-G03 3p-369 N0586F17 

06-G02 3p-370 N0630B16 
06-G01 3p-371 24.1 27349524 N0002G22 

06-F12 3p-372 N0342A21 
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06-F11 3p-373 24.1 27178794 N0030A19 
06-F10 3p-374 24.1 27003011 N0353I06 
06-F09 3p-375 24.2 26717957 N0226E22 
04-F11 3p-376 24.2 26520653 N0592A05 
06-F08 3p-377 24.2 26520653 N0592A05 
06-F07 3p-378 24.2 26359878 N0268I20 
06-F06 3p-379 24.2 25893195 N0001C05 
06-F05 3p-380 24.2 25680615 N0653E17 
06-F04 3p-381 24.2 25469449 N0109D05 
06-F03 3p-382 24.2 25253624 N0733H11 
06-F02 3p-383 24.2 25029855 N0537O08 
06-E12 3p-384 N0689A12 
06-E11 3p-385 N0745L10 
06-E10 3p-386 N0528H05 
06-E09 3p-387 N0763K04 
06-E08 3p-388 24.2 23991786 N0118N13 
06-E06 3p-389 N0778D16 
06-E05 3p-390 N0143O01 
06-E04 3p-391 24.3 23207814 N0228H05 
06-E03 3p-392 N0703F09 
06-E02 3p-393 24.3 22680924 N0053O02 
06-E01 3p-394 N0501K22 
06-D11 3p-395 N0208G16 
06-D10 3p-396 24.3 22209263 N0320M06 
06-D09 3p-397 N0644G08 
06-D08 3p-398 24.3 21893180 N0587M06 
06-D07 3p-399 N0203N02 
06-D05 3p-400 N0451A11 
07-B04 3p-401 24.3 20979276 N0466A13 
07-B03 3p-402 24.3 20827766 N0527L09 
07-B02 3p-403 24.3 20635975 N0027J05 
07-B01 3p-404 24.3 20489150 N0632N21 
07-A12 3p-405 N0669C19 
07-A11 3p-406 24.3 20148430 N0197J13 
07-A10 3p-407 24.3 20091575 N0809O24 
07-A08 3p-408 N0705F24 
07-A07 3p-409 N0641E06 
07-A06 3p-410 24.3 19229735 N0507A10 
07-A05 3p-411 N0566C02 
07-A04 3p-412 N0362M23 
07-A03 3p-413 N0408A18 
07-A02 3p-414 N0566M05 
07-A01 3p-415 24.3 18424766 N0054L06 
07-B05 3p-416 24.3 18082473 N0554B20 
07-B06 3p-417 24.3 17809289 N0008D23 
07-B07 3p-418 N0802N17 
07-D03 3p-419 24.3 17299996 N0083E07 
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07-D02 3p-420 N0080D24 
07-C12 3p-421 24.3 16764377 N0654A18 
07-C10 3p-422 25.1 16323060 N0125A16 
07-C09 3p-423 25.1 16140472 N0608O08 
07-C08 3p-424 N0657N03 
07-C06 3p-425 N0317C02 
07-C05 3p-426 N0056F22 
02-H10 3p-427 25.1 15128467 N0072K12 
07-C04 3p-428 25.1 15147208 N0421B21 
07-C03 3p-429 25.1 15064381 N0060M01 
07-C02 3p-430 N0768A23 
07-C01 3p-431 25.1 14651548 N0708D01 
07-B11 3p-432 25.1 14236271 N0536I06 
07-B10 3p-433 N0320K24 
07-E10 3p-434 N0395P16 
07-E09 3p-435 N0509B22 
02-H09 3p-436 N0488M06 
07-E08 3p-437 N0488M06 
07-E07 3p-438 N0220D14 
07-E06 3p-439 N0011L22 
07-E05 3p-440 N0606C06 
07-E04 3p-441 25.2 12741771 N0333A02 
07-E03 3p-442 25.2 12590778 N0163D23 
07-E02 3p-443 25.2 12323574 N0025C10 
07-D12 3p-444 25.2 11962174 N0398J15 
07-D11 3p-445 25.2 11825108 N0625C09 
07-D10 3p-446 25.3 11524143 N0169K17 
07-D09 3p-447 25.3 11245310 N0105H19 
07-D08 3p-448 N0429F16 
07-D07 3p-449 N0680B09 
02-H08 3p-450 N0115G03 
07-D06 3p-451 N0651I15 
07-D05 3p-452 N0094A14 
07-D04 3p-453 N0431M22 
07-E12 3p-454 N0412A07 
07-F01 3p-455 25.3 9667146 N0266J06 
07-F02 3p-456 N0810I07 
08-C07 3p-457 N0796O13 
08-C06 3p-458 25.3 9053942 N0334L22 
03-B09 3p-459 25.3 9053942 N0334L22 
08-C05 3p-460 25.3 8917082 N0019E08 
08-C04 3p-461 N0212O10 
08-C03 3p-462 25.3 8376051 N0502K05 
08-C02 3p-463 N0427K04 
02-H06 3p-464 N0542K24 
08-C01 3p-465 N0542K24 
08-B12 3p-466 26.1 7745575 N0794G03 
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08-B09 3p-467 N0537O07 
08-B08 3p-468 N0812I02 
08-B07 3p-469 N0534J21 
08-B06 3p-470 N0077I05 
03-A10 3p-471 N0077I05 
08-B05 3p-472 26.1 6616664 N0529B17 
08-B04 3p-473 N0255K15 
08-B03 3p-474 26.1 6140905 N0007M24 
08-B02 3p-475 26.1 6016133 N0474B13 
08-B01 3p-476 26.1 5856605 N0096F18 
02-H05 3p-477 26.1 5450383 N0033E18 
08-A11 3p-478 26.1 5346972 N0155E14 
08-A10 3p-479 N0586C02 
08-A09 3p-480 26.1 4916593 N0622A14 
08-A08 3p-481 N0608N16 
08-A07 3p-482 N0643I08 
08-A06 3p-483 26.1 4490451 N0238A09 
08-A05 3p-484 N0778H24 
08-A04 3p-485 N0800I01 
08-A03 3p-486 26.1 4158925 N0453A03 
08-A01 3p-487 N0057I04 
07-H11 3p-488 N0691I12 
07-H09 3p-489 26.2 3818356 N0327M20 
07-H10 3p-490 26.2 3818356 N0327M20 
07-H08 3p-491 26.2 3754638 N0453F03 
07-H07 3p-492 N0367B01 
07-H06 3p-493 26.2 3569680 N0090K01 
07-H05 3p-494 N0007F04 
07-H04 3p-495 N0512O18 
07-H03 3p-496 26.2 3274526 N0319I18 
07-H01 3p-497 N0772P01 
07-G12 3p-498 N0228N13 
07-G11 3p-499 26.3 2690182 N0785A07 
02-H04 3p-500 26.3 2443360 N0063O01 
07-G09 3p-501 N0556O10 
07-G08 3p-502 N0567B16 
07-G07 3p-503 N0499E07 
07-G06 3p-504 N0789M13 
07-G05 3p-505 26.3 1962634 N0096G04 
07-G04 3p-506 N0201B02 
06-G04 3p-507 N0295A13 
07-G03 3p-508 26.3 1560711 N0551L04 
07-G01 3p-509 N0640N12 
07-F12 3p-510 26.3 1424088 N0076O22 
07-F11 3p-511 26.3 1309777 N0263P03 
07-F10 3p-512 N0432F09 
07-F09 3p-513 N0655O17 
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07-F08 3p-514 26.3 1064435 N0392M07 
07-F07 3p-515 N0517G20 
07-F06 3p-516 N0329A20 
07-F05 3p-517 N0645L14 
07-F04 3p-518 26.3 768337 N0086C13 
07-F03 3p-519 N0440C20 
08-D02 3p-520 N0151A04 
08-D01 3p-521 26.3 658223 N0775C23 
08-C12 3p-522 N0609G18 
08-C11 3p-523 N0306H05 
03-A09 3p-524 N0806C02 

* Clone list reduced to 524 from 535 since publication. 
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A P P E N D I X 3: Clinical Information of Specimens Analyzed Using the Whole 
Genome S M R T Array 

Age Tobacco 
Sample (yrs) Gender usage 
117T 34 M NS 
123T 63 M S 
125T 85 F NS 
161T 46 M unknown 
24T 63 F NS 

486T 67 M S 
NS (Betel 

528T 74 M Nuts) 
542T 47 M S 
628T 41 M NS 
669T 55 M S 
792T 42 M unknown 
793T 64 M S 
794T 59 M NS 
800T 78 F unknown 
801T 27 M NS 
805T 44 M unknown 
809T 80 M S 
814T 68 F NS 
819T 61 M S 
836T 40 M S 
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i nil ii mi IIIÎ IIIIII i n i in ii III inn » ii II i i i mini 5 IIIIIIB? mini iiimiiD * 

iiui.ii i i i i i i i i i i iBi i l l i i 

iiiinnn i l i u m mini N iiiiniiiniiinii ? in mm £ 
itiuikffittiihw i 

CM 

3 

frmiithiriiiini i ffiitiiir i. i riffifrrfiim t ff iniit i nii:»iiiiaiifiiii»liliifi» 

IIIIIIHIIIIIII l l l l r-
M i i i S H i i i s H - i i M S i i i i i i i i m 

III llll III III f m i n s 



APPENDIX 5: Supplemental Karyogram of Tumour 117T 
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APPENDIX 7: Supplemental Karyogram of Matched Normal 123C 
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APPENDIX 8: Supplemental Karyogram of Tumour 125T 
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APPENDIX 9: Supplemental Karyogram of Tumour 161T 
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