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Abstract 
 

Oral verrucous carcinoma (OVC) is categorised as a low-grade variant of oral 
squamous cell carcinoma (OSCC). The aetiology of OVC is unknown, and the 
suggested role of human papillomavirus (HPV) as a causative factor remains 
contentious. Distinguishing OVC from OSCC is problematic. The rarity of these 
lesions also makes them difficult to investigate, so most previous studies have 
been made on small numbers of cases.  

The aim of this study is to use next generation (NG) copy number (CN) 
sequencing to identify OVC and oral verrucous hyperplasia (OVH) genomic 
features and determine if CN analysis could distinguish between the genomic 
damage pattern in OVH, OVC, and OSCC lesions. Additionally, this project 
aims to investigate the transcriptional and genomic changes that occur in OVC 
and compare them with the alterations that occur in OSCC using NG RNA-seq 
and whole-exome sequencing. Also, and since a verrucous appearance is 
suggestive of viral aetiology, this study aims to analyse OVC and OVH lesions 
for the presence of HPV. 

A total of 57 OVC and 16 OVH FFPE cases were identified for CN analysis and 
were analysed for the presence of HPV subtypes and for all known human 
viruses. The CN karyograms of those cases were compared with 45 OSCC 
karyograms. Transcriptome and exome sequencing were performed on a 
subset of OVC cases and the results were compared with OSCC sequencing 
data (all OSCC data belongs to Pre-cancer Genomic Group). 

CN results showed that the OVC lacked any of the classical OSCC genomic 
abnormalities such as gain of 3q and loss of 3p and demonstrated considerably 
less genomic instability than the OSCC cohort. OVC and OSCC profiles could 
be clearly distinguished. An HPV-16 sequence was identified in one OVC and 
one OVH, and an HPV-2 sequence was identified in one OVC out of the 73 
cases but with low viral loads. Transcriptome sequencing also identified genes 
that are differentially expressed between the groups. Exome sequencing 
showed that OVC patients lacked mutations in any of the genes commonly 
associated with OSCC (TP53, CDKN2A, NOTCH2 etc.).  

Taken together, these results lead to the conclusion that no association 
between HPV infections and oral verrucous lesions. OVC is not a subtype of 
OSCC, but should be classified as distinct entity. The distinguishing features 
presented in this project should be of value in diagnosis. 
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Chapter 1 Introduction 
 

1.1 Oral cancer 

1.1.1 Incidence 
Oral cancer can be defined as a type of head and neck malignancy that 

includes all neoplasms in any part of the mouth, and involves uncontrollable 

growth of cells that attack and harm the surrounding tissue (Silverman, 1999). 

Oral cancer is a growing serious problem in many parts of the world. 

Pharyngeal and oral cancers are the sixth most common type of cancer 

worldwide (Warnakulasuriya, 2009). The estimated annual incidence of oral 

cancer is about 275,000, with two-thirds of these cases occurring in developing 

countries (Figure 1.1) (Warnakulasuriya, 2009). In addition, oral cancer is more 

common in men than in women in most countries, and the recorded sex 

variations are attributable to more indulgence in risk behaviors by men 

(Warnakulasuriya, 2009). Oral cancer is still considered a fatal disease for more 

than 50% of annually diagnosed cases (Warnakulasuriya, 2009). This is 

basically due to the fact that most diagnosed cases are in advanced stages at 

presentation (Warnakulasuriya, 2009). Several studies have revealed a lack of 

awareness regarding oral cancer causes and symptoms, which underscores the 

urgent need for public education that specially targets high-risk groups 

(Warnakulasuriya et al., 1999, (Swerdlow et al., 1995). Eighty-five percent of 

oral cancer arises in the lips, tongue, and floor of the mouth (Silverman, 1999), 

however, the tongue is the most common site, while oral squamous cell 

carcinoma (OSCC) forms the most common histological subtype, and involves 

about 9 out of 10 cases. Besides being the most common oral cancer type, 

squamous cell carcinoma (SCC) tends to spread quickly (Silverman, 1999). In 

some geographic areas, the lip is involved more frequently (Haya-Fernandez et 

al., 2004).  
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Figure 1.1 Countries with high oral cancer incidence (in red colour). 

Figure adapted from (Warnakulasuriya, 2009). 

 

Depending upon various factors, the survival rates for oral cancer patients vary 

from one case to another. These factors include: the lesion stage (i.e. lesion 

size, distant metastasis, lymph node involvement, and local extension); the 

primary tumour site (generally, posterior tumour site leads to negative 

prognosis); initial treatment adequacy; patient’s ability to cope, and the 

histological differentiation of the tumour (Silverman, 1999). Patient’s general 

health and life style (particularly alcohol and tobacco use) are other main 

secondary factors affecting their survival (Silverman, 1999). Any delay in the 

diagnosis allows deep tumours to penetrate into the local structures that can 

extend to reach the neck regional lymph nodes causing high mortality. Regular 

oral examinations play an essential role in detecting and controlling oral tumour 

(Coleman, 2002). Routine oral assessments can identify any mucosal changes 

that could be premalignant or malignant alterations, and as a result, speeding 

up the diagnosis and early treatment (Daniel et al., 2004). 
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1.1.2 Development of oral cancer 
Oral carcinogenesis is believed to be a complex process resulting from an 

accumulation of different cellular changes that are induced by some 

carcinogens. Alterations in genes regulating DNA synthesis and repair, cell 

cycle progression, and cell division are fundamental to this process (Thomson 

et al., 2002), in addition to the mutational alteration of proto-oncogenes. The 

consequences of these genetic and molecular alterations are changes in the 

epithelial tissue phenotype, which could be histologically recognized as 

epithelial dysplasia, and eventually representing cell proliferation and 

differentiation dysregulation (Kushner et al., 1997), (Gonzalez-Moles et al., 

2000). It is believed that cells with high proliferative activity are most likely to be 

associated with premalignant changes during carcinogenesis, and that 

increasing cell proliferation deregulation plays an important role in 

tumorogenesis (Jordan et al., 1998). However, precise, predictive assessments 

of individual oral cancers and precancerous lesions and their clinical behavior 

and progression still remain undefinable in medical practice (Thomson et al., 

2002). Some oral squamous cell carcinomas arise in obviously normal mucosa, 

but others are preceded by clinically apparent premalignant lesions, mainly 

leukoplakia (white patch), erythroplakia (red patch), or speckled leukoplakia 

(white and red patches) (Cabay et al., 2007). 

1.1.3 Oral cancer arising from mutations in keratinocytes 
Oral keratinocytes are assumed to be the cell of origin of OSCC (Scully and 

Bagan, 2009a). As for any cancer, OSCC is often caused by spontaneous DNA 

mutation but increased by prolonged exposure to any type of mutagen: 

microbial, physical, or chemical. Mutations in the DNA can promote 

development of a normal keratinocyte into a potentially malignant or pre-

malignant keratinocyte that is described by the capability to proliferate in a less-

controlled manner than normal (Scully and Bagan, 2009a). The cells become 

autonomous and a fully malignant cancer results by the invasion through the 

epithelial basement membrane and, eventually, metastasises to lymph nodes, 

bone and other sites (Scully and Bagan, 2009a). 
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1.1.4 Genetic changes in OSCC 
A cancer arises in a multi-step way, with the involvement of a diversity of 

genetic changes that occur at each level, such as tumour suppressor gene 

inactivation (genes that prevent uncontrolled cellular proliferation), and 

oncogene activation (genes encoding proteins that can prompt cancer) 

(Hanahan and Weinberg, 2011). Such genetic changes are what push normal 

cells toward developing the main cancer hallmarks such as growth signal 

autonomy, inducing angiogenesis, uncontrolled and continuous proliferation, 

avoiding apoptosis, insensitivity to anti-growth signals, and metastatic and 

invasion capabilities (Hanahan and Weinberg, 2011). Passengers’ genetic 

change contributes towards obtaining one or more of these cancer-associated 

phenotypes (Haddad and Shin, 2008). Wide-ranging research studies have 

been carried out or are still ongoing to discover and locate all the contributory 

genetic changes and their indirect or direct roles in head and neck cancer 

(HNC) pathogenesis, in order to develop effective cancer therapies, or at least 

to identify more reliable biomarkers (Haddad and Shin, 2008) that would help in 

early diagnosis and/or in monitoring therapeutic response. 

Carcinogen exposure is known to induce a number of genetic defects 

identifiable in the aero-digestive tract epithelium, which in turn causes the 

epithelium to be exposed to high risk concerning the occurrence of 

premalignant lesions, which can arise at various phases of carcinogenesis 

(Thomas et al., 2003). The issue of ‘field cancerisation’—which is recognised as 

being a characteristic of cancer affecting the head and neck (H&N)—was first 

presented in the early 1950s (Slaughter et al., 1953), the introduction of which 

centred on the hypothesis that long-term exposure to carcinogens can result in 

the independent progression of epithelial cells at a number of different locations 

in the adjacent mucosa. The large-scale accumulation of such genomic 

alterations throughout this developmental process is recognised as arising 

across a large population of cells—a heterogeneous ‘field of genetically altered 

cells’—which could potentially induce a visible precursor lesion (da Silva et al., 

2011). Importantly, this idea seeks to describe the overall high frequency of 

local recurrences, in addition to the emergence of second primary tumours 

amongst OSCC patients (da Silva et al., 2011). Additionally, conducting a 
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number of researches through the use of genetic markers has validated this 

theory. At the present time, data supports the view that wide fields of cells, 

comprising cancer-related genetic alterations, surround an estimated 30% of all 

oropharyngeal and oral cancer cases, which suggests a clonal association with 

the invasive carcinoma (Tabor et al., 2001). These fields of cells regularly 

maintain their position upon the removal of tumours, thus, causing the 

occurrence of secondary tumours, which are clinically assigned as local 

recurrences and second primary tumours, although this ultimately depends on 

the time and distance related to the index tumour (Bedi et al., 1996), (Califano 

et al., 1996), (Califano et al., 2000), (Tabor et al., 2002), (Tabor et al., 2004), 

(Perez-Ordonez et al., 2006). 

Metastasis is a complicated process that involves the progression of tumour 

cells through a number of different phases. It is controlled by consecutive 

changes in the expression of particular genes, or gene structure alterations and 

changes in encoded products (da Silva et al., 2011). Cell disassociation is the 

preliminary stage within OSCC primary tumour that commonly induces 

metastasis in the regional (cervical) lymph nodes (Amaral et al., 2004), 

(Vartanian et al., 2004), (Kowalski et al., 2005). Determining the biological 

parameters linked with regional metastasis could help to deliver additional 

information on tumours’ metastatic behaviours, and could even prove valuable 

when making decisions concerning the clinical treatment of the neck (Takes et 

al., 2008). When taking into account the overall intricacy apparent in the 

metastatic process, high-throughput approaches are acknowledged as 

important tools for predicting oral cancer’s regional metastasis (Roepman et al., 

2005). Identifying variations in gene expression could even aid in identifying the 

critical genes involved in the metastasis process. In such a way, the gene 

signatures linked with nodal metastasis can then be established (Roepman et 

al., 2005), (Takes et al., 2008). 

1.1.4.1 Oncogenes and tumour suppressor genes in OSCC 
The abnormal activation of ErbB family members is a process that has been 

widely recognised as playing a role in a number of human cancers (Casalini et 

al., 2004), such as those affecting the H&N (O-charoenrat et al., 2002), which 
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has been associated with the increased development and metastasis of 

tumours (Casalini et al., 2004), (Wei et al., 2008), (Silva et al., 2010). 

Throughout the progression of oral carcinogenesis, growth signalling is known 

to be deregulated through increased growth factor receptors levels, as well as 

their ligands, which are known to induce autocrine stimulation (Wei et al., 2008), 

(Marcu and Yeoh, 2009). EGFR (Epidermal Growth Factor Receptor) is an 

oncogene in H&N tumours that has received much attention and analysis. 

Owing to its position as an oncogene, it needs to be activated, either through 

amplification or otherwise via mutation. In the case of the latter, these are not 

common, whereas amplification, on the other hand, is recognised in as many as 

30% of all cases (Sheu et al., 2009). In OSCC, the pathways most widely 

activated are mitogen-activated protein kinase, PI3K/AKT/mTOR and WNT 

(Nelson and Nusse, 2004), (Barker, 2008) (Agarwal et al., 2010), (Courtney et 

al., 2010), (Wong et al., 2010). Importantly, in the case of MYC and RAS gene 

families, overexpression plays a fundamental role in the development of 

HNSCC tumours, and is known to be linked with poor prognoses (Bhattacharya 

et al., 2009). In a similar vein, the large-scale expression of cyclins—particularly 

cyclin D1 (CCND1)—is a common (36–66%) characteristic in pre-malignant 

lesions and OSCC (Miyamoto et al., 2003), (Myo et al., 2005). It is important to 

highlight that CCND1 is a key regulator, which has the propensity to induce the 

G1–S transition in the cell cycle regulated by CDKs (cyclin-dependent kinase) 

(Tsantoulis et al., 2007). The amplification of the CCND1 gene could potentially 

be responsible for a poorer prognosis, as well as higher risk of occult cervical 

lymph nodes metastasis in the case of H&N tumours (Miyamoto et al., 2003), 

(Myo et al., 2005). 

Another point to highlight is the fact that tumour suppressor genes are able to 

stop cells from gathering malignant features, and commonly act in the 

regulation of discrete checkpoints throughout cell cycles progression, 

monitoring mitosis and DNA replication (Tsantoulis et al., 2007). Tumour 

suppressor genes being inactivated may arise through genetic or epigenetic 

mechanisms. This selection of gene inactivation route throughout 

tumourigenesis has not yet come to be understood, although, it was suggested 

that the chemical carcinogens in tobacco smoke could act as a contributory 
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factors playing a role in TP53 genetic mutations (Tsantoulis et al., 2007). TP53 

tumour suppressor signalling pathway inactivation is usually identifiable in the 

cases of human cancers, such as that of OSCC (Hrstka et al., 2009). 

Furthermore, abnormal p53 protein activity could also be induced as a result of 

TP53 sequence mutations, causing shortened sequence or inactive mutant 

proteins, or otherwise through the abnormal production of other proteins known 

to regulate the activity of p53 (such as viral proteins or MDM2 gene 

amplification) (da Silva et al., 2011). Studies conducted recently proposed that 

inherited genetic polymorphisms in the p53 pathway have an impact on tumour 

development and response to therapy (Hrstka et al., 2009). Comparably, 

p16INK4A protein expression—encoded by the CDKN2A suppressor gene—is 

either low or completely negative in up to 60% of pre-malignant lesions and up 

to 83% of OSCC (Das and Nagpal, 2002). A number of different studies 

emphasise the frequent loss of gene expression or the presence of frequent 

CDKN2A gene mutations in the case of oral lesions, thus implying that this is an 

initial stage in oral carcinogenesis (Das and Nagpal, 2002). 

In addition, several studies and reviews have been published on the 

identification of HNSCC candidate genes (Leemans et al., 2011a).  Table 1.1 

shows a list of frequent genetic mutations and the cancer genes at these loci. 

These genes have been reported in several studies, where they have revealed 

mutations and/or deletions and/or they have shown a role in oncogenesis in 

frequently altered (>50%) chromosome locations. Several chromosome regions 

have been reported too, including allelic losses at 2q, 4p, 4q, 5q, 6p, 9q, 10q, 

11q, 13q, 14q, 15q and 19q (Beder et al., 2003), numerical gains at 5p, 8p, 9q, 

17q, 19 and 20, and numerical losses at 1p, 4, 5q, 6q, 11q and 21 (Bockmuhl et 

al., 1997), (Smeets et al., 2006). 
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Table 1.1 Frequent genetic mutations in HNSCC candidate gene loci. 

The table was adapted from (Leemans et al., 2011a). 

Chromosomal location Gene References  

Tumour suppressor genes 

3p14 FHIT (Virgilio et al., 1996) 

3p21 RASSF1A (Hogg et al., 2002) 

8p23 CSMD1 (Sun et al., 2001) 

9p21 CDKN2A (Smeets et al., 2011),  

9p23 PTPRD (Reed et al., 1996b) 

10q23 PTEN (Okami et al., 1998) 

17p13 TP53 (Somers et al., 1992), (Brennan et al., 1995b) 
(Smeets et al., 2011) 

18q21 SMAD4 (Bornstein et al., 2009) 

Oncogenes 

3q25 CCNL1 (Redon et al., 2001) 

3q25 PARP1 (Katoh and Katoh, 2003) 

3q26 PIK3CA (Okami et al., 1998), (Murugan et al., 2008) 

3q26 TP63 (Rocco et al., 2006), (Murugan et al., 2008) 

3q26 DCUN1D1 (Sarkaria et al., 2006) 

7p11 EGFR (Sheu et al., 2009) 

7q31 MET (Seiwert et al., 2009) 

8q24 MYC (Rodrigo et al., 1996), (Bockmuhl et al., 1997), 
(Goessel et al., 2005) 

8q24 PTK2 (Agochiya et al., 1999) 

11q13 CCND1 (Inaba et al., 1992), (Schuuring et al., 1992), 
(Rodrigo et al., 1996), (Rheinwald et al., 2002), 
(Smeets et al., 2011) 

11q13 CTTN (Schuuring et al., 1992) 

11q13 FADD (Gibcus et al., 2007) 
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1.1.5 Risk factors for oral cancer 
Numerous risk factors for OSCC act mainly by enhancing and increasing the 

overall rate of mutations (da Silva et al., 2011). These factors might include 

dietary influences, lifestyle habits (alcohol consumption and tobacco exposure), 

exposure to external agents, poor oral hygiene, genetic susceptibility, 

occupational activity and socioeconomic status (Das and Nagpal, 2002), 

(Hashibe et al., 2009), (Hennessey et al., 2009), (da Silva et al., 2011). 

Moreover, there is also the likelihood that there are a number of other causative 

elements, which are yet to be established. Although alcohol drinking and 

tobacco smoking are the major etiological factors, oral cancer occurs also in 

patients who do not adopt these habits (Schmidt et al., 2004). 

1.1.5.1 Alcohol and tobacco 
The harmful, negative impacts associated with excessive alcohol consumption 

and tobacco use have been well documented (Hashibe et al., 2009), with the 

occurrence of OSCC amongst those who smoke as much as four to seven 

times greater than in those who do not smoke (Nozad-Mojaver et al., 2009), 

(Poveda-Roda et al., 2010). Despite the fact that both alcohol and tobacco are 

recognised as being independent risk elements, they have a synergistic impact 

with dose-dependent link between exposure frequency and duration, and the 

progression of the tumour (Tsantoulis et al., 2007), (McCullough and Farah, 

2008). Mucosa permeability is seen to increase as a result of ethanol, which 

facilitates the action of acetaldehyde, hydrocarbons and nitrosamines. 

Importantly, it is possible that carcinogenic agents can induce DNA mutations 

whilst also suppress the function of DNA repair enzymes (the most fundamental 

element against human cancer) (da Silva et al., 2011). Brennan et al., for 

example, have provided support for the correlation between smoking and 

particular mutations of the tumour suppressor gene p53 (Brennan et al., 1995a), 

although the precise mechanism of carcinogenesis might not be completely 

apparent (Tsantoulis et al., 2007), (McCullough and Farah, 2008), (Hashibe et 

al., 2009). 
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1.1.5.2 Viruses 
HPV (Human Papillomavirus Virus) is also recognised as having a potential 

association with lifestyle, and is known to show a clear link to oropharyngeal 

cancer development. HPV, in the context of OSCC development, plays a role 

that is not well understood, but which could only involve a small portion of all 

cases, estimated at 5% (Braakhuis et al., 2004), (Hennessey et al., 2009). 

Unfortunately, however, some authors recognise cancers arising from the oral 

cavity and oropharynx as being combined to fall under the heading of ‘oral 

cancer’, as can be seen in the differences in reported incidence figures (da 

Silva et al., 2011). OSCC genetic susceptibility (predisposition) is a critical 

consideration, particularly in the case of young individuals, and in line with 

inherited differences in a person’s capacity to metabolise carcinogens, repair 

DNA, and control cell cycles, whether alone or in combination (Cloos et al., 

1996).  

1.1.5.3 Betel 
Moreover, a link can also be seen in the case of OSCC with the chewing of 

betel quid (areca nut being main component), which is known to be a habit of as 

many as 1 in 5 people across the globe (Cogliano et al., 2004). Gene 

expression can be changed, and arecoline—one of the main alkaloids in the 

areca nut (the main component of betel quid)—could, through 

hypermethylation—cause tumour suppressor genes (TSGs), p14, p15 and p16 

to be blocked, thus restricting the p53 TSG, causing the repair of DNA to be 

restricted, and further inducing DNA damage responses in human epithelial 

cells to be triggered (Chen et al., 2008b), (Takeshima et al., 2008), (Tsai et al., 

2008). Other comparable chewing habits, such as khat use, for example, could 

similarly be identified in relation to OSCC in some communities (Fasanmade et 

al., 2007), (Sawair et al., 2007). A carcinogenic product, such as marijuana, is 

more debated in relation to OSCC aetiopathogenesis (Hashibe et al., 2005). 

1.1.5.4 Chewing tobacco and Shamma 
Smokeless tobacco is one of the main risk factors associated with the high 

prevalence of oral potentially malignant diseases and head and neck cancers in 

South Asia (Gupta and Ray, 2003). Chewing tobacco is one of the forms of 
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smokeless tobacco. In a majority of Indian oral cancer patients, the etiology of 

oropharyngeal and oral cancers is chewing tobacco along with alcohol drinking 

and smoking (Kulkarni and Saranath, 2004). Shamma is a preparation mixture 

of powdered smokeless tobacco, ash, carbonate of lime, oil, black pepper and 

other flavouring additives, and is retained in the mouth as a quid (Yousef and 

Hashash, 1983), (Amer et al., 1985). Oral cancer accounts for up to 20% of all 

diagnosed cancers in the south-western region of Saudi Arabia, as the use of 

white shamma is very common in that area (Ibrahim et al., 1986), (Samman et 

al., 1998). Also, a significant association has been found between the daily 

duration of shammah application with a specific dose-dependent manner in 

Yemeni users and the prevalence of oral leukoplakia (Scheifele et al., 2007). 

1.1.5.5 Single nucleotide polymorphisms  
Single nucleotide polymorphisms (SNPs) can be identified as genome areas 

that have induced changes to the sequences of DNA, which might then not 

result in the alteration of amino acids, or otherwise sequences of DNA that do 

not induce negative effects in the case of healthy individuals, but; could be 

indicators in the tendency of diseases to occur, or could be used to genetically 

identify patients since SNPs have a tendency to cluster in relation to ethnic 

background (Scully and Bagan, 2009b). With specific consideration to TSGs, 

SNPs could also play a role in the development and progression of cancer 

(Drummond et al., 2002), (Izzo et al., 2003): for instance, and in cell-cycle, 

SNPs control pathway genes, namely CCND1 splice variant P241P, and could 

play a role in the risk of potentially malignant lesions (Ye et al., 2008b).  

Oral cancer familial aggregation, potentially with the autosomal dominant mode 

of inheritance, has been recognised across a small number of individuals, 

although the genes responsible for this are, as yet, unidentified (Ankathil et al., 

1996). p16 germline mutation was segregated with cancer predisposition in a 

single family with increased H&N cancer risk. Accordingly, there is the 

probability that the mutant p16 may be responsible in the case of HNSCC 

(Head and Neck Squamous Cell Carcinoma) tumourigenesis (Yu et al., 2002). 
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1.2 Oral cancer and precancerous lesions: Potentially 
malignant oral disorders 
 

The World Health Organization (WHO) has recommended using the term 

‘potentially malignant disorders’ instead of ‘potentially malignant conditions’ and 

‘potentially malignant lesions’ (Scully and Bagan, 2009a). Erythroplakia, 

leukoplakia, and lichenoid lesions are considered the most important potentially 

malignant lesions (Scully and Bagan, 2009a).  

1.2.1 Leukoplakia 
Leukoplakia is defined by the WHO as a white plaque or patch that is not 

attributable to a specific disease or cause, and requires taking a biopsy for 

histological examination (Pindborg JJ, 1997). Leukoplakia prevalence in the 

general population is less than 1% to 5%, and it is usually found in middle-aged 

and older men (Petti, 2003). Oral leukoplakia clinical phenotypes can range 

from thin homogeneous well-defined bordered white plaques to thick verrucous 

lesions (Kademani, 2007). It is the most frequently diagnosed oral premalignant 

lesion. Leukoplakia is also the most associated lesion with OSCC development 

(Mithani et al., 2007). 2.9% to 17.9% of oral leukoplakia lesions have the 

potential for malignant transformation (Schepman et al., 1998), (Liu et al., 

2010). Previous studies have shown up to 60% co-incidence of leukoplakia at 

the same time of OSCC diagnosis (Gupta et al., 1980), (Bouquot et al., 1988), 

(Reibel, 2003). Leukoplakia is further categorised based upon lesion 

heterogeneity, the more is the heterogeneity of a Leukoplakia lesion; the more 

is the possibility of malignant transformation (Schepman et al., 1998).  

Early studies on cancers of the upper aerodigestive tract defined loss of 

heterozygosity (LOH) as a process by which tumour suppressor genes in the 

genetic loci are eliminated. Increased LOH in the upper aerodigestive tract was 

correlated with histopathological progression of the disease (Califano et al., 

1996). Increased malignant potential in oral leukoplakia was associated with 

LOH of the 3p and 9p arms (Emilion et al., 1996), (Mao, 1997), (Zhang and 

Rosin, 2001). Allelic loss of either the 3p or 9p arms have been found in 50% of 

leukoplakia lesions (Vanderriet et al., 1994), (Rosin et al., 2000). LOH at these 

loci alone are associated with 3.8-fold increased possibility of malignant 
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transformation, while further LOH at the 4q, 8p, 11q, 13q, and 17p arms are 

linked with 33-fold increased possibility of malignant transformation (Rosin et 

al., 2000). In leukoplakia, LOH patterns are reflected in early carcinoma foci that 

are located within these lesions (Jiang et al., 2001). In situ hybridization (ISH) 

has been used in oral leukoplakia to detect chromosomal replication. These 

studies show that most leukoplakia lesions have abnormal number of 

chromosomes 7 and 17 (Lee et al., 1993), and lesions with trisomy 9 in more 

than 3% of cells had a significantly greater likelihood of cancer progression (Lee 

et al., 2000). Furthermore, p53 expression was absent in normal oral mucosa 

by immunohistochemistry (IHC) while it has been identified in 90% of oral 

leukoplakia (Lippman et al., 1995), though, it is unclear if this expression 

represents stabilized wild type p53 or the mutant protein.  

1.2.1.1 Proliferative verrucous leukoplakia 
Proliferative verrucous leukoplakia (PVL) was first reported in 1985 by Hansen 

et al (Hansen et al., 1985). PVL is another aggressive, distinct form of oral 

leukoplakia with high rates of morbidity and mortality, and around 80% of the 

affected patients are women (Kademani, 2007). 56.2% of PVL lesions can 

transform to squamous cell carcinoma or verrucous carcinoma (Pentenero et 

al., 2014). PVL has a high recurrence rate and may gradually spread to various 

oral sites (Bagan et al., 2011). Histologically, early lesions exhibit only 

hyperkeratosis, then over time they may progress to become verrucous and 

commonly show variable degrees of epithelial dysplasia and a sudden change 

from hyperparakeratosis to hyperorthokeratosis, associated with verruciform or 

ridged surfaces (Radhakrishnan, 2011). PVL aetiology is still unknown, since 

tobacco does not seem to have a major role, nor do Candida species 

(Radhakrishnan, 2011).  Furthermore, four previous studies have investigated 

the presence of HPV infection in case series (Gopalakrishnan et al., 1997), 

(Fettig et al., 2000), (Campisi et al., 2004), (Bagan et al., 2007). Neither 

Bagan et al nor Fettig et al identified any positive cases, while Gopalakrishnan 

et al and Campisi et al reported an incidence of 20% to 24%, producing a 

pooled rate of 18% from a total of 91 PVL patients. PVL lesions are more 

common in older women. They most frequently appear in the gingiva (62·7%), 
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then the buccal mucosa (59·8%), followed by the tongue (49·1%) (Pentenero et 

al., 2014).  

1.2.1.2 Oral verroucous hyperplasia (OVH) 
Oral verrucous hyperplasia (OVH) is a histological entity and precursor of oral 

verrucous carcinoma (OVC) that was first described by Shear and Pindborg 

(Shear and Pindborg, 1980b), although it was employed more than 20 years 

before by Ackerman and McGavran to describe a precursor to VC (Ackerman 

and Mc, 1958). OVH may transform into either an OVC or an OSCC (Wang et 

al., 2009a). Shear and Pindborg, they described that 29% of OVH lesions also 

showed histological features of OVC (described in section 1.3.2). However, they 

separated these lesions according to the absence of invasive growth in OVH 

that is completely superficial and adjacent to normal epithelium. Very few 

studies have been published on OVH and the malignant transformation 

potential of verrucous hyperplasia lesions has not been inspected in detail 

(Shear and Pindborg, 1980b). 

1.2.1.2.1 Incidence and risk factors for OVH 
Until now, there have been only two clinicopathological analysis studies of OVH 

described by Wang et al and Zhu et al. OVH lesions are more common in 4th to 

5th decade male patients; they occur mostly on the buccal mucosa and the 

tongue, and are usually highly associated with cigarette smoking, alcohol 

drinking, and the areca quid chewing habits (Wang et al., 2009a), (Zhu et al., 

2012). However, Further studies are needed for oral verrucous lesions to fully 

evaluate the roles of the potential risk factors. 

1.2.1.2.2 Diagnosis of OVH 
 

OVH is a whitish or pink mass or an oral mucosal plaque with a papillary or 

verrucous surface (Figure 1.2) (Wang et al., 2009a). Both OVH and PVL lesions 

can be histopathologically diagnosed as OVH since these two lesions 

demonstrate common epithelial hyperplasia features with verrucous surfaces 

(Figure 1.3) (Wang et al., 2009a). Furthermore, OVH resemble OVC both 

histologically and clinically. Routine histological examination of hematoxylin and 

eosin (H&E) stained sections is currently the most reliable method to distinguish 
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between these entities; which is based on determining the endophytic and 

invasive growth pattern of OVC, from the exophytic growth pattern associated 

with OVH (Klieb and Raphael, 2007a). In1980, Shear and Pindborg described 

the histopathological key point features of oral verrucous lesions in 68 patients 

and indicated that OVH lesions are characterised by the superficial hyperplastic 

epithelium adjacent to normal epithelium, while OVC lesions are characterised 

by the hyperplastic epithelium with pushing-border invasion toward the 

underneath connective tissue with an intact basement membrane (Shear and 

Pindborg, 1980a). 

 

 

Figure 1.2 A clinical photograph of OVH lesion. 

Note the whitish pink colour of the lesion. This figure was modified from (Wang et al., 2009a) 
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Figure 1.3 A histological photograph of OVH lesion. 

Note the verrucous surface of the hyperplastic epithelium lesion. This figure was adapted from 
(Wang et al., 2009a) 

 

 

1.2.1.2.3 Treatment of OVH 
 

OVH traditional treatment is total surgical removal of the affected lesion, 

however, this always causes a scar formation, especially for large OVH 

removed lesion (Chang and Yu, 2014). Cryotherapy was demonstrated 

previously as a treatment modality that could be used for OVH lesions (Yeh, 

2000). The successful use of topical 5-aminolevulinic acid-mediated 

photodynamic therapy has been also shown before for the treatment of 

OVH (Lin et al., 2010). Beside the relative lack of pain and scarring; being non-

invasiveness and the low secondary infection incidence are all considered 

advantages of the two treatment modalities (Yeh, 2000) and (Dolmans et al., 

2003). Thus, a study in 2014 suggested using a combined treatment protocol of 

topical 5-aminolevulinic acid-mediated photodynamic therapy and cryotherapy 

since they has been shown to be effective in treating OVH lesions (Chang and 

Yu, 2014). 
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1.2.1.2.4 Previous molecular studies on OVH 
 

A properly oriented histological H&E tissue sections is the gold standard way to 

distinguish between OVH and OVC lesions, however, the differentiation of these 

lesions is often difficult with poorly orientated specimens, small biopsies, and 

particularly, with biopsies that fail to show the margin of the lesion (Klieb and 

Raphael, 2007a). However, and even when a tissue section is available, the 

histological diagnosis of many OVH or OVC lesions is still challenging. An 

earlier study by Slootweg and Muller described that 25% of the lesions they 

examined could not easily be microscopically diagnosed as either VC or VH 

(Slootweg and Muller, 1983). 

Therefore, and to distinguish OVH from OVC, a more pressing differential 

diagnosis is needed. An earlier study revealed a higher expression of 

glutathione S-transferase pi (GSTp)—a cytosolic acidic form of glutathione S-

transferase that has a detoxification function and is a potential malignant 

transformation marker for some human cancers—and interleukin-1β in OSCCs 

and OVH lesions than in normal oral mucosa specimens. This study suggested 

a significant role of these two proteins in OVH transformation to OSCC (Chen 

and Lin, 1995), (Tsai et al., 1999). Also, another study examined the expression 

of c-erbB-3 in 31 OVC and 18 OVH samples and suggested that c-erbB-3 

expression was a malignancy index through progression from OVH to OVC and 

OSCC arising from VC (Sakurai et al., 2000). Additionally, in 2001, a 

microsatellite analysis study was conducted to determine whether chromosomal 

regions frequently lost in SCC are lost as well in the VH/VC variant (Poh et al., 

2001). The results of this study showed high frequency of allelic loss in OVH 

lesions on seven chromosome arms (3p, 8p, 9p, 17p, 4q, 11q, 13q). They 

proposed that these findings might partly explain the potential malignant 

transformation of VH lesions (Poh et al., 2001).  

In further studies of OVH lesions, a high expression was found of both mRNA 

(60%), and inducible nitric oxide synthase (iNOS) protein (65–80%) (Chen et 

al., 2002c), (Chen et al., 2002a). Given that no mRNA or iNOS protein was 

found in normal oral mucosa samples, the authors suggested that the malignant 

transformation of OVH lesions may involve an iNOS-dependent mechanism. 
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Some previous studies have also been able to identify differences in Ki67 and 

P53 expression between OVC and both OSCC and OVH; less difference were 

noticed in the expression of retinoblastoma gene product (RBGP), p21, and p16 

(Adegboyega et al., 2005b), (Klieb and Raphael, 2007a). However, later studies 

failed to generate the same results (de Spindula et al., 2011), (Lin et al., 2011). 

A recent study conducted in 2014 investigated expression of p53, Ki67 and HuR 

in 17 OVC and six OVH samples using IHC. They detected an increase in Ki67 

and p53 signals in OVC, while OVH presented rare positive signals. HuR diffuse 

staining pattern and epithelium expression were also observed (Habiba et al., 

2014). 

1.2.2 Erythroplakia 
Erythroplakia is described as an oral cavity red lesion that is not attributable to a 

specific disease, cannot be removed, and requires a biopsy for histological 

examination (Pindborg, 1997). This red plaque or patch could also have white 

areas surrounding or within the lesion and accordingly is termed as 

erythroleukoplakia (Kademani, 2007). Erythroplakia has a relatively rare 

incidence that ranges between 0.2%-0.8%, and occurs mostly in middle-aged 

men (Lumerman et al., 1995). Clinically, erythroplakia is much more worrying 

than leukoplakia as lesions frequently shows a certain degree of dysplasia 

(Kademani, 2007). Alcohol intake and tobacco chewing are high risk factors for 

oral erythroplakia development (Hashibe et al., 2000). Previous reported 

malignant transformation rate to OSCC ranged from 14.3% to 50.0% (Reichart 

and Philipsen, 2005). Another indication of the prognostic importance of oral 

erythroplakia is that earlier studies have found 85% to 90% of asymptomatic 

OSCC to be primarily reported as erythroplakia (Mashberg and Meyers, 1976),  

(Regezi JA, 1993).  

Due to the histological similarities between oral leukoplakia and erythroplakia, it 

is expected to see subcellular changes that arise in oral leukoplakia also occur 

in erythroplakia, including aneuploidy, such as chromosomes 7 and 17 

polysomy (Hittelman et al., 1993). In addition, p53 was frequently mutated in 

erythroplakia. A study in 1999 by Qin et al revealed a total of twelve p53 

mutations in 11 of 24 oral erythroplakia lesions, and these mutations have 
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altered p53 protein sequence (Qin et al., 1999). However, the histological 

examination of the same samples did not show a significant difference between 

the frequency of p53 mutations and the histological grade, which suggests an 

early p53 mutation in OSCC development when the early lesion appeared as 

erythroplakia (Qin et al., 1999). 

1.3 Malignant lesions of the oral cavity 

1.3.1 Squamous cell carcinoma 
OSCC represents more than 90% of oral cancers (Johnson et al., 2011). 

Despite the improvements in cancer diagnostic technologies over the past three 

decades, OSCC survival rates have not changed (Warnakulasuriya, 2009). 

Early detection of OSCCs can have an important impact on the disease therapy 

and management. Early OSCC usually presents as a pre-malignant lesion, 

which could be a red patch (erythroplakia), white patch (leukoplakia), or a 

combination of both white and red lesions (erythroleukoplakia). Over time, 

mucosal surface superficial ulceration may possibly develop (Neville and Day, 

2002). OSCC lesions could range from millimeters to several centimeters in 

advanced cases. Primary lesions are generally asymptomatic since they are 

small (Bagan et al., 2010a). The clinical appearance of these primary malignant 

lesions usually takes the form of an erytholeukoplastic lesion (Mashberg et al., 

1989). It contains red or white and red areas with a well-defined slight 

roughness and a change in the soft tissue elasticity to a harder sensation on 

palpation (Bagan et al., 2010a). The typical features of oral carcinomas include 

nodularity, fixation to underlying tissues and ulceration (Neville and Day, 2002), 

(Scully and Bagan, 2009b). Histological features of all head and neck well-

differentiated SCC following H&E staining are characterised by a pink 

cytoplasm with nests of squamous cells with variable degrees of squamous 

differentiation and marked cyto-nuclear atypia, intercellular bridges and keratin 

pearl formation, set in a background of stromal fibrosis (Pai and Westra, 2009). 

The clinical features of OSCC are easily recognised in the advanced stages. 

However, a biopsy must always be taken to confirm the clinical diagnosis 

(Silverman, 1988). In the first disease stages, early diagnosis can improve 

patient survival rates by up to 80–90%, besides minimising surgery (Bagan et 
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al., 2010a). In general, it has been recommended to remove or destroy 

leukoplakias that reveal moderate epithelial dysplasia (Scully and Bagan, 

2009b). The management of mild dysplasia lesions depends on the location, 

size, and the most probable cause of the lesion. Early dysplastic lesions can be 

occasionally reversed if the irritation source (e.g. heavy smoking) is eliminated 

(Scully and Bagan, 2009b). Treatment choices are variable and depend on the 

location and the size of the primary tumour, presence or absence of distant 

metastases, lymph node status, the patient’s capability to tolerate treatment, 

and the patient’s wishes (Scully and Bagan, 2009b). Surgery and/ or radiation 

therapy still remains the standard treatment modality for lip and oral cavity 

cancers (Neville and Day, 2002).  

The histological progression and development from a simple squamous 

hyperplasia lesion throughout squamous dysplasia to invasive OSCC is driven 

by the progressive accumulation of genetic changes.  Some alterations arise 

earlier than others, such as LOH at chromosomal loci 3p and 9p (Pai and 

Westra, 2009). A very recent systematic review aimed to identify the frequency 

of common genomic CN alterations (CNAs) in OSCC by involving 12 previous 

array comparative genomic hybridization (aCGH) studies. Furthermore, they 

revised the literature dealing with CNAs that are behind the development of oral 

premalignant lesion (OPL) to OSCC (Salahshourifar et al., 2014). With the 

progression of the disease, the sequential accumulation of genomic alterations 

from OPL to OSCC increases in terms of type, size, and frequency of the 

abnormalities. Losses in 3p (37%), 8p (18%), 18q (11%), 9p (10%) and gains in 

8q (47%), 11q (45%), 3q (36.5%), 20q (31%), 5p (23%), and 7p (21%) were the 

most common observations from the conducted systematic review 

(Salahshourifar et al., 2014). 

1.3.2 Verrucous carcinoma (VC) 
In 1948, Ackerman defined VC; it is also known as Ackerman’s tumour or 

verrucous carcinoma of Ackerman (Ackerman, 1948). VC is currently classified 

as a low grade, slow growing, non- metastasizing, rare variant of SCC (Barnes 

L, 2005) and affects both skin & mucosal sites.  
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1.3.2.1 Incidence of Oral Verrucous Carcinoma [OVC] 
OVC accounts for 2-10% of all OSCC cases (Pentenero et al., 2011). In terms 

of epidemiology, OVC is mostly seen in over sixth decade males (Oliveira et al., 

2006), (Walvekar et al., 2009), (Alkan et al., 2010b), (Rekha and Angadi, 2010), 

(Ray et al., 2011b), (Zhu et al., 2012). Furthermore, previous studies reported 

that the most common site for OVC is the buccal mucosa (Yeh, 2003), 

(Walvekar et al., 2009), (Rekha and Angadi, 2010). However, the most affected 

areas in Alkan et al’s study were the mandibular area followed by buccal 

mucosa (Alkan et al., 2010b), and the predominant site of OVC lesions in Zhu et 

al’s study was lower lip (Zhu et al., 2012). These site variations were perhaps 

due to differences in the geographic locations and the ethnic populations 

between studies. For example, and based on the anatomical location, the lower 

lip is a sun-exposed area, which suggest the predominance of this oral affected 

site in Zhu et al OVC study. Also, this implies a possible aetiology of ultraviolet 

radiation for OVC (Zhu et al., 2012). 

1.3.2.2 Risk factors for VC 
The aetiology of VC is not well known (Ray et al., 2011b), though, it has been 

suggested that OVC develop from premalignant lesion (Shear and Pindborg, 

1980a), (Bagan et al., 2010b). Smoking appears to be related with the 

development of H&N mucosal VC (Alkan et al., 2010a). The presence of 

leukoplakic lesions, and poor oral hygiene may also act as predisposing factors 

(Alkan et al., 2010a). In Asia, bidis and cigarettes smoking is known to be 

associated with leukoplakia, areca quid, paan and miang chewing habits have 

also been found (Chung et al., 2005). Chung et al reported that 55.6% (five out 

of 9 patients) of the patients with verrucous lesions were areca quid chewers, 

and they suggested that areca quid chewing could be a major causative factor 

for these lesions in Taiwan (Chung et al., 2005). Alkan et al reported that 50% 

of the patients smoked tobacco (six out of 12 patients), and hence, they 

suggested that cigarette smoking appeared to be the major risk factor in their 

OVC patients (Alkan et al., 2010a). However, in studies by Walvekar et al and 

Zhu et al, alcohol consumption and tobacco smoking and chewing were not 

identified to be statistically significant in OVC patients (Walvekar et al., 2009), 

(Zhu et al., 2012). 
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Since a verrucous appearance is suggestive of viral aetiology, this has 

prompted a number of investigations to study the putative association between 

HPV and those lesions (Stokes et al., 2012). HPV has been cited as a probable 

aetiology in VC pathogenesis by various authors. However, the majority of the 

studies that investigated ‘HPV presence’ in verrucous lesions (as listed in Table 

1.2) relied on polymerase chain reaction (PCR), and in-situ hybridization (ISH), 

for detection and did not identify HPV transcriptional activity markers or 

quantitate HPV viral load (Miller and Johnstone, 2001). The high sensitivity of 

the PCR technique can amplify very small quantities of HPV DNA and this can 

lead to detection of non-pathologic HPV infections or false-positives if sample 

contamination occurs (Ha et al., 2002), (Kreimer et al., 2005). Prior to and until 

1997, 15 published studies investigated the presence of HPV DNA in OVC (Kari 

J. Syrjänen, 2000). Among the 159 samples analysed, HPV DNA was identified 

in 37.7% of the cases, and HPV subtypes 6 and 11 were the most predominant 

identified HPV infections (47%) (Kari J. Syrjänen, 2000). The possible role of 

HPV in VC pathogenesis is suggested by HPV incidence in VC cases, which 

varies from 30% to 100% (refer to Table 1.2 below). This range indicates that 

HPV prevalence in oral verrucous lesions and its actual role in cancer 

pathogenesis is controversial and inconclusive. This variation can be attributed 

to the deficiency of standardized detection procedures and the difficulty in 

defining complete histological criteria for OVH and OVC cases. Furthermore, 

the rarity of these types of lesions makes it difficult to study them in details, 

while most previous studies or case reports were based on small number of 

cases.  

 

 

 

 

 

 

 

 



	
   23	
  

	
  

Table 1.2 Previous studies of HPV detection in OVC. 

Diagnosis Number of 
cases 

Number of 
HPV-positive 

lesions 

HPV 
detection 
method 

Identified HPV 
genotypes 

Reference 

VC 9 3/9 (33.3%) ISH HPV2 (Adlerstorthz et 
al., 1986) 

VC 25 12/25 (48%) PCR HPV6, 11,16,18 (Nobletopham et 
al., 1993) 

VC 17 7/17 (41.2%) PCR, ISH HPV6, 
11,16,18,31, 33, 

35 

(Shroyer et al., 
1993) 

VC 15 10/15 (66.7%) PCR HPV6, 11,16,18 (Balaram et al., 
1995) 

VC 4 4/4 (100%) PCR HPV2, 18, 20, 
27, 57, 62, and 

partial 
sequences of an 
unknown HPV 

type 

(Mitsuishi et al., 
2005) 

VC 23 11/23 (47.8%) PCR, ISH 
(They used 

10 non-
neoplastic 

control 
lesion) 

HPV6, 11, 18, 
33, 74 

(Mitsuishi et al., 
2005) 

VC 
Dysplastic 
verrusous 

lesions 

7 
13 
(N 

verrucous 
lesions: 20) 

 

1/7 
5/13 

(N +ve 
verrucous 

lesions: 6/20) 
(30%) 

ISH, PCR HPV16 (Stokes et al., 
2012) 

VC: verrucous carcinoma; VH: verrucous hyperplasia; PCR: polymerase chain reaction; 
ISH: In situ hybridization; N: number. 

 

1.3.2.3 Diagnosis of OVC 
Generally speaking, OVC clinico-histopathological diagnosis is usually 

exclusionary and extremely difficult, though, it has a better prognosis compared 

to other carcinomas (Ray et al., 2011b). ‘Verrucous’ terminology is applied to 

lesions that show exophytic keratotic surfaces made of blunt or sharp epithelial 

projections, filled with keratin invaginations, but without clear fibrovascular cores 

(Ray et al., 2011b). Histologically, OVC consists of thickened, club-shaped 

papillae and blunt stromal invaginations of well-differentiated squamous 

epithelium with marked keratinization (Figure 1.4), with the squamous 

epithelium lacking cytological criteria of malignancy. OVC invades underlying 

stroma with a pushing, rather than infiltrating front (Barnes L, 2005).  
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Figure 1.4 A histological photograph of OVC lesion. 

Note the ‘elephant feet-‘ like down-growth with abundant parakeratin production. This figure was 
modified from (van Heerden and van Zyl, 2009) 

 
 

Clinically, VC appears as an exophytic mass with—as the name suggests—

verrucous surface (Rekha and Angadi, 2010). In general, OVC histopathological 

diagnosis is ambiguous and difficult, particularly, when dealing with poorly 

orientated specimens and small superficial biopsies. As they show an exophytic 

‘warty’ growth pattern, it is not uncommon to sample only the most superficial 

area of the tumours for the biopsy specimens; and hence, the histopathological 

diagnosis by light microscopy will be difficult at the time of initial biopsy 

examination (Devaney et al., 2011b). Not all H&N, white verrucous lesions will 

prove to be VC; VH, squamous papilloma, and viral verruca all enter into a 

differential diagnosis (Devaney et al., 2011b). Additionally, conventional SCC 

might be also surmounted by a verrucous surface, and hence, will show greater 

degree of mitotic activity and cytologic atypia and will behave more aggressively 

(Rekha and Angadi, 2010). The distinction of OVC from classical OSCC is a 

common problem for both pathologists and clinicians (Ray et al., 2011b). 
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1.3.2.4 Previous molecular studies of verrucous carcinoma  
OVC histological features can lead to misclassification during histopathological 

examination (Devaney et al., 2011b). For this reason, new approaches are 

needed to evaluate biological biomarkers that are required for better 

understanding of the development and progression of OVCs. Furthermore, and 

because of the different features such as metastatic potential, morbidity and 

mortality rates, and treatments response, OVC and OSCC lesions must be 

correctly distinguished by the pathologist (Saito et al., 1999b), (Yoshimura et al., 

2001) (Pereira et al., 2007). 

Genomic changes such as CN alterations and point mutations, gene expression 

changes, as well as epigenetic changes have been discovered previously in 

OSCC, which could help in the development of biomarkers and assist in clinical 

choices and decisions (Tuch et al., 2010), (Gibb et al., 2011a), (Zhang et al., 

2013). However, previous VC molecular studies have yielded mixed results 

(Devaney et al., 2011b). GimenezConti et al (1996) investigated by IHC the 

expression of cyclin D1, p53 and Rb in 29 OVC cases. They reported p53 

accumulation in 15 OVC samples and suggested possible gene mutations. 

They also reported cyclin D1 overexpression (61%) and no Rb staining 

alterations, and suggested that Rb function may be inactivated by HPV infection 

or overexpression of cyclin D1. In the case of p53, immunohistochemical protein 

expression does not always mean the presence of a mutation. Nevertheless, 

Angadi and Krishnapillai (2007) reported no statistical significance in the 

overexpression of cyclin D1 in 29 out of 41 well-differentiated OSCC cases and 

in 19 out of 30 OVC cases. In 1999, Saito et al. examined the expression of the 

cell cycle-associated proteins p53, p16, p27, pRb and Ki-67 using IHC in 15 

OVC and 44 OSCC samples (Saito et al., 1999a). They reported differences in 

expression levels of p53, p27 and Ki-67 that increased in OSCC when compare 

to OVC and suggested that this might reflect differences in cell cycle-associated 

proliferative activities between both tumours. However, they noted high 

expression levels of both pRb and p16 in OVC when compared to OSCC 

samples and proposed a possible relationship between HPV infection and the 

formation of OVC lesions (Saito et al., 1999a). Similarly, in studies by 

Mohatasham et al study, p53 expression was found to have increased gradually 
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from the normal oral mucosa control group toward OVC and then to OSCC 

(Mohtasham et al., 2013). However, and unlike Saito et al’s study, Zargaran et 

al (2012) examined the immunohistochemical protein expression of Ki67 in 15 

cases of OVC versus 15 cases of OSCC and concluded that it was not a 

reliable marker to evaluate invasion level and differentiate OVC from OSCC.  

Ki67 was also not found to be a good marker in 20 cases of OVC compared 

with 42 cases of OSCC confirming the earlier findings of Mohatasham et al 

(Mohtasham et al., 2013).  

Impola et al (2004) investigated the expression of MMP-7 and MMP-9 in 15 

OSCC and 15 OVC ceases and attributed the pattern of MMPs expression, 

which increased from OVC toward OSCC, to the less invasive nature of OVC. 

This finding was consistent with that of Mohatasham et al, as they reported the 

same pattern of differences between OVC and OSCC expressing MMP-2 and 

MMP-9 (Mohtasham et al., 2013). Though, and unlike the observation of 

Mohatasham et al, Tang et al (2005) found that MMP-2 immunohistochemical 

protein expression was more frequent in 10 OVC cases compared to 15 OSCC 

cases. In addition, Oliverira et al studied the protein expression of cytokeratins 

10, 13, 14 and 16 in eight OVC samples using IHC and concluded that OVC 

cytokeratins profile was similar to OSCC cytokeratins profile reported in the 

literature (Oliveira et al., 2005). 

In a study in 2010, immunohistochemical protein expression in some basement 

membrane elements (in particular, laminin, laminin-5, fibronectin, and collagen 

IV) showed quantitative differences between 20 OVC cases, on the one hand, 

and ten OSCC cases, on the other hand (Arduino et al., 2010). The study 

reported less intensive laminin staining pattern in SCC when compared with VC. 

However, these differences are not precise enough to be used in differential 

diagnosis (Arduino et al., 2010). In 2011, a study was conducted to investigate 

the differences in chromosomal instability (CIN) biomarkers between nine OVC 

cases and 25 OSCC lesions (Pentenero et al., 2011) The study suggested that 

OVCs are characterised by a lower CIN and tumour heterogeneity degree than 

OSCCs (Pentenero et al., 2011).  
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Since loss of basement membrane can be linked with stromal invasion and 

metastatic progression, cell migration and destruction of basement membrane 

were evaluated by Zargaran et al using IHC in 15 cases of OVC and 15 cases 

of OSCC (Zargaran et al., 2011b). There was no significant difference in type IV 

collagen staining signals between OVC and OSCC groups. However, the study 

suggested that the expression of Ln-332 ϒ2 chain in over 5% of the cells 

supports OSCC diagnosis and it may provide further predictive and diagnostic 

information for clinicians and pathologists (Zargaran et al., 2011b). In addition, 

Quan et al (2012) investigated the anti-apoptotic function of αB-crystallin in 17 

OVC samples using 15 OSCC samples as a control group (Quan et al., 2012). 

When comparing the OSCC cases with OVC cases, immunohistochemical 

staining of αB-crystallin was lower in OVC compared to OSCC, and hence, they 

suggested that this might partially illustrate the less aggressiveness behaviour 

of OVC when compared with OSCC. 

The possible link between the biological behaviour and the structural and 

functional features with the clinical outcome in OVCs is still not clear and 

requires further investigation. The rarity of OVC lesions also makes them 

difficult to investigate. Using different samples, sample numbers, variations in 

clinical diagnosis, difficulties in defining ‘gold-standard’ histological criteria for 

diagnosing verrucous lesions, and different staining procedures and analysis 

methods may explain the lack of concordance between these studies. 

1.3.2.5 Treatment of OVC 
The traditional treatment of OVC is complete surgical excision of the lesion 

(Ferlito and Recher, 1980), (McCoy and Waldron, 1981), (McDonald et al., 

1982), (Kang et al., 2003), with radiation treatment applied in certain conditions 

of either poor surgical candidates or for extensive disease cases (Kolokythas et 

al., 2010). However, ideal treatment of OVC is still debatable, and there is no 

worldwide agreement (Karagozoglu et al., 2012). Anaplastic transformation after 

radiotherapy has been reported in OVC cases (Karagozoglu et al., 2012). 

However, anaplastic changes have been reported as well in an untreated OVC 

and after resection; which may be a consequence of a misleading 

histopathological diagnosis (Karagozoglu et al., 2012). Patients with a 
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verrucous lesion coexistent with a conventional SCC must be treated as if they 

had invasive SCC (Sheen et al., 2004). The efficiency of chemotherapy 

treatment for OVC lesions is still not well defined, and only a small series and 

few case studies have been reported (Dame et al., 1974) (Sheen et al., 2004), 

(Wu et al., 2008).  Karagozoglu et al described the use of chemotherapy 

treatment with methotrexate, which was given to 12 OVC patients who had not 

been conventionally treated because of their poor general condition and the 

extent of their oral verrucous lesions. Treatment with methotrexate was useful in 

11 out of 12 patients and only one patient failed to respond. They suggested 

that the use methotrexate chemotherapy treatment alone might improve quality 

of life and minimise morbidity, especially among old patients (Karagozoglu et 

al., 2012). 

1.3.3 Hybrid verrucous carcinoma 
VC has two types: classic and hybrid. The classic variant is the more common 

type (Devaney et al., 2011b).  A study by Medina et al (1984) reported the 

coexistence of SCC foci within OVCs in a review of 104 cases (Medina et al., 

1984). This supports the importance of taking an adequate depth for the initial 

biopsy in order to evaluate the verrucous tissue for the presence of SCC 

(Kolokythas et al., 2010). Hybrid verrucous carcinoma is a mixed tumour that 

contains verrucous and classical squamous cell carcinoma and has the 

capability to metastasise (Devaney et al., 2011b). About 20% of all OVC and 

10% of all laryngeal VC are of the hybrid type (Medina et al., 1984), (Orvidas et 

al., 1998), (Kolokythas et al., 2010). Hence, All VCs should be carefully 

assessed to exclude any potential hybrid variant, and clinicians as well as 

pathologists must be aware of it (Devaney et al., 2011b). The hybrid tumours 

behave like conventional SCC, and accordingly, treatment protocols of these 

tumours should be also as such (Thomas and Barrett, 2009).  

1.4 Next generation sequencing in cancer biology  
It is commonly believed that cancers result from the accumulation of genetic 

mutations. During the past half-decade, the development of next-generation 

sequencing (NGS) technologies has enabled high sensitivity and resolution 

studies of cancer genomes through whole-exome and whole-genome 
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sequencing approaches (Haimovich, 2011). Analytical methods are now 

applied to identify numerous somatic genome alterations, including insertions/ 

deletions, nucleotide substitutions, chromosomal rearrangements, and copy 

number variations (Haimovich, 2011). These current sequencing methods have 

succeeded Sanger sequencing (Cabelguenne et al., 2000), while substituting 

microarray analysis as the genotyping and discovery platform (Alkan et al., 

2011). Since NGS technologies are improving, sequencing costs will continue 

to decrease, allowing this technology to be more available for the use in cancer 

biology studies (Kozarewa et al., 2012). Ultimately, this will allow researchers to 

understand and study a wide panel of gene mutations within malignant tumours 

that will lead further towards the personalised medicine era in the near future.  

Capillary-based dideoxy-terminator methods were used in conventional Sanger 

sequencing. NGS refers to approaches developed following to Sanger 

automated method, which rely on the preparation of the DNA template, sample 

sequencing, imaging, and genome alignment and data assembly (Feldman, 

1973). First, DNA library is constructed by fragmenting the genomic DNA into 

shorter segments. These are sequenced afterward by detecting emitted signals 

from each fragment, while they are re-synthesised from the template DNA 

strand. This is performed in parallel reactions millions of times and the 

generated reads are aligned next using the reference known genome 

(Feldman, 1973). The fact that NGS is relatively a new technology is one of its 

limitations. The produced errors are not well known; it is also a costly technique 

from sample preparation to the analysis of the results (Wood et al., 2010). 

1.4.1 Cancer samples-specific considerations 
Cancer samples have some characteristics that are different from other tissue 

samples and from germ line inherited genomic sequences, which require 

specific consideration in NGS analyses (Meyerson et al., 2010). Additionally, 

cancer nucleic acids are usually of lower quality than blood purified nucleic 

acids. One reason for this is biological: tumour samples often include apoptotic 

or necrotic cell fractions that lowers the average quality of the nucleic acid. A 

second reason for this variance in the quality of the nucleic acid is technical: 

most tumour tissue samples are FFPE materials from the histopathological 
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microscopic examination. Nucleic acids extracted from FFPE materials may be 

degraded and have probably went through crosslinking (Gilbert et al., 2007). 

NGS analysis of nucleic acids extracted from FFPE specimens may require 

certain experimental (Wood et al., 2010) and computational procedures to 

overcome the increased mutational background rate (Marchetti et al., 2006), 

(Ruiz et al., 2007). Thus, experimental procedures must be adapted too to 

account for this (Meyerson et al., 2010). Notably, the many-fold coverage by 

NGS can allow the production of high-quality data from lower quality tumour 

materials (Thomas et al., 2006). Furthermore, cancer samples have a mixture 

of non-malignant and malignant cells and, consequently, a mixture of normal 

and cancer genomes (Meyerson et al., 2010). Also, the tumours themselves 

can be very heterogeneous and composed of a diversity of clones resulting 

from their genomic instability leading to different genomes (Navin et al., 2010). 

Hence, NGS analytical models for cancer genomes must take these two 

heterogeneity types into account in their genome alterations prediction analysis 

(the within-cancer heterogeneity and cancer versus normal heterogeneity) 

(Meyerson et al., 2010). 

1.4.2 NGS experimental approaches 
Next-generation sequencing can be used with cancer samples in many ways 

(Meyerson et al., 2010).  These vary according to the type of the input material 

(e.g. DNA or RNA), the proportion of the targeted genome (a subset of genes, 

the whole genome, or transcriptome) and the type of the studied variation 

(gene expression, point mutation, or structural change) (Meyerson et al., 2010). 

The use of these approaches with large sample numbers may lead to the 

discovery of the main recurrent cancer translocations. The rearrangements that 

can be identified by next-generation sequencing include structural 

chromosomal rearrangements (e.g. inversions, deletions, duplications, and 

reciprocal and non-reciprocal chromosomal rearrangements), non-endogenous 

sequences insertions such as viral sequences and complex rearrangements 

involving combinations of several events (Meyerson et al., 2010).  

1.4.2.1 Whole-genome sequencing 
In 2008, the first cancer whole genome nucleotide sequence was described 
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from an acute myeloid leukaemia compared with normal skin DNA extracted 

from the same patient (Ley et al., 2008). Since that time, more complete cancer 

genomes sequences along with the matched normal genomes have been 

described and this number is growing rapidly (Mardis et al., 2009), (Pleasance 

et al., 2010a), (Pleasance et al., 2010b), (Ding et al., 2010a), (Puente et al., 

2011), (Link et al., 2011), (Fujimoto et al., 2012), (Ding et al., 2012), (Dulak et 

al., 2013), (Wang et al., 2014a), (Morrison et al., 2014). Complete genome 

sequencing of DNA from cancer tissue through utilising germline DNA 

sequence taken from the same patient for comparison, will identify the 

complete series of genomic alterations (including copy number alterations, 

structural rearrangements, and nucleotide substitutions) in a single approach 

(Ley et al., 2008), (Mardis et al., 2009), (Pleasance et al., 2010a), (Pleasance 

et al., 2010b), (Ding et al., 2010a), (Agrawal et al., 2011), (Ross et al., 

2014). Thus, whole-genome sequencing provides the most inclusive 

characterisation of the cancer genome (Meyerson et al., 2010). However, since 

it involves the highest sequencing amount, it is also the most costly. The 

detection of structural chromosomal rearrangements is one of the major 

potentials of cancer whole-genome sequencing as compared to exome 

sequencing (Meyerson et al., 2010).  

1.4.2.2 Whole-exome sequencing 

NGS approaches such as whole exome sequencing (WES) have greatly 

clarified the genetic alteration landscape in several tumour types and provided 

biological understandings relevant to clinical contexts (Garraway and Lander, 

2013). The high throughput, decreased cost, and increased practical 

accessibility of tumour genomic profiling in clinical oncology has offered 

opportunities to test the hypothesis: ‘precision medicine’ (Garraway, 2013). 

Furthermore, The affordability of achieving higher coverage for large sample 

numbers makes WES highly suitable for mutation detection in mixed purity 

cancer samples (Meyerson et al., 2010). In general, knowledge of changes in 

the coding exons regions of all genes can suggest treatment selections and 

further therapeutic options (Garraway and Janne, 2012). Several challenges 

remain to widespread clinical application of exome sequencing (Van Allen et 

al., 2014). One challenge includes generating WES high throughput data from 
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FFPE archival tumour tissue material (Goetz et al., 2013). A second one 

involves interpreting clinical exome sequencing data to be used for clinical and 

biological investigation (Van Allen et al., 2014). A third includes developing a 

method to question reasonably actionable variants of undefined significance. 

Overcoming the previously mentioned challenges of WES would inform 

selected experimental follow-up and guide clinical decision-making (Van Allen 

et al., 2014). 

1.4.2.3 Transcriptome sequencing 
NGS of the transcriptome—as cDNA derived from total RNA, mRNA or other 

RNAs as microRNA—is a powerful technique for understanding molecular 

changes in cancer (Meyerson et al., 2010). This has improved the possibility of 

characterising different tumours at the molecular levels across the whole 

genome. Transcriptome sequencing or RNA-Seq is an efficient and sensitive 

methodology to identify intragenic fusions that lead to oncogene activation 

(Maher et al., 2009), (Berger et al., 2010). RNA-Seq can also be used to 

identify somatic mutations, however, finding a normal matched sample for 

assessment and comparison is a challenge, since it is unlikely that normal 

tissue will express the same genes exactly as the tumour sample (Meyerson et 

al., 2010). Also, mutation detection is hampered in genes expressed at low 

levels due to the lack of statistical power. Additionally, the possibilities of RNA 

editing and reverse transcriptase errors require consideration (Shah et al., 

2009). 

Remarkable recent advances in NGS technology provided massive data 

volumes that can identify genetic variations in individuals’ genomes and even 

through using FFPE samples (Sinicropi et al., 2012), (Zhang et al., 2013). It has 

been demonstrated from the application of older methods, such as RT-PCR 

and DNA microarray that gene expression profiles (RNA transcripts levels) can 

categories patients and predicts their outcomes in a range of different diseases, 

providing new insights for many significant clinical tests (Mehra et al., 2007), 

(Mehra et al., 2008), (Chudova et al., 2010). Although significant gene 

expression differences have been previously identified using microarray 

analysis, (Ye et al., 2008a), (Estilo et al., 2009), (Han et al., 2009), this 
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technique has a limited sensitivity in analysing the transcriptome (Tuch et al., 

2010). As an alternative, transcriptome sequencing is a deep sequencing 

technology, which is widely used for transcriptomic profiling now because of its 

reasonable costs (Zhang et al., 2013). When compared with microarray, RNA-

Seq provide much more accurate measurement of gene expression levels and 

more advanced categorisation of transcript isoforms (Mortazavi et al., 2008), 

(Wang et al., 2009c).  

1.4.2.4 Copy number Analysis 

Array-based techniques have been a powerful approach to identify copy 

number alterations pattern in cancer, from focal deletions and amplifications to 

whole chromosome or chromosome arms gain or loss that could range in size 

from ten kilobases to ten megabases (Bignell et al., 2004), (Zhao et al., 2004), 

(Beroukhim et al., 2007), (Beroukhim et al., 2010), (Bignell et al., 2010). One of 

the applications of NGS technology is to identify DNA copy number (CN) 

changes by sequencing at relatively low coverage but with a higher resolution 

compared to array-based comparative genomic hybridisation (aCGH) (Wood et 

al., 2010). Unlike aCGH, NGS CN analysis can be used with nanogram DNA 

quantities extracted from challenging tissue samples such as FFPE materials. 

Also, the obtained signals from the DNA molecules are directly read out rather 

than inferred from hybridisation (Wood et al., 2010). NGS techniques offer 

considerable benefits for copy number analysis (CNA), including precise 

delineation of the CN breakpoints, and higher resolution (can detect single-

base insertions or deletions) of CN changes (Meyerson et al., 2010). NGS 

enables the estimation of tumour-to-normal CN ratio at a genomic locus 

through counting the number of reads at this locus in normal and tumour 

samples (Meyerson et al., 2010). Copy number variation (CNV) data are 

produced by analysing aligned read distributions to a reference genome (Ding 

et al., 2010b). Identifying Copy Number Alterations in cancer cells is an 

essential step toward determining chromosomal regions with breakpoints and 

to access chromosomal rearrangements severity. Additionally, comparison of 

CN genomic profiles between tumours from different patients can define 

common lost or duplicated regions to highlight the positions of oncogenes or 

tumour suppressor genes (Hartwell and Kastan, 1994a).  
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1.4.3 Genomics of HNSCC 
Next-generation sequencing research studies of HNSCC biology have 

improved the understanding and provided clearer insight of the etiological and 

molecular aspects of HNSCC. Four key papers have now been published on 

HNSCC genomics. The first next generation whole exome sequencing was 

performed previously to identify the mutational landscape and events in key cell 

cycle components of HNSCC patient tumours (Agrawal et al., 2011), (Stransky 

et al., 2011). Further discoveries involved cell differentiation pathways 

mutations, mainly, in FXBW7 and NOTCH1 (Agrawal et al., 2011). These 

studies indicated that up to 20% of tumours have NOTCH1 loss-of-

function mutations and >80% contains TP53 mutations. Additionally, WES data 

of HNSCC collected tumours in Lui et al’s study showed that mutational events 

in PI3K pathway are the most frequent among all mutated oncogenic pathways 

in HNSCC (30% of HNSCCs have genomic mutations in this pathway) (Lui et 

al., 2013). Furthermore, Pickering et al performed integrated genomic analysis 

of copy number, gene expression, point mutations, and methylation in OSCC 

(Pickering et al., 2013). Comprehensive genomic analysis identified four main 

driver pathways (Notch, TP53, cell cycle, and mitogenic signalling) and two 

other important genes (CASP8 and FAT1) (Pickering et al., 2013). Loss 

of CDKN2A and amplification of CCND1 are two of the most common genomic 

changes in OSCC that were found in 94% of the tumours in Pickering et al 

study. Alterations in the Notch pathway were detected in 66% of patients, and 

in follow-up mechanism studies, NOTCH1 functional signalling inhibited OSCC 

cell lines proliferation. FAT1 was also frequently mutated in 30% of OSCC 

patients. They discovered as well a new OSCC molecular subtype associated 

with frequent mutation of HRAS and CASP8 and with fewer total CN changes 

(10% of OSCC tumours harboured CASP8 mutation. mutations in CASP8 were 

strongly associated with mutations in HRAS) (Pickering et al., 2013).  

Selection of efficient cancer therapy requires knowledge of tumour biomarkers 

and their roles in the biological processes leading to cancer. It is well known 

that the accumulation of several genetic changes in molecular pathways and in 

different genes is the main cause of OSCC development (Gibb et al., 2011b). A 

recent conducted research has used RNA-Seq data of three paired tumour and 
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matched normal tissues to analyse somatic mutations in OSCC (Zhang et al., 

2013). They identified 156 tumour-specific disruptive genes and 515 

significantly mutated genes, with six genes in both groups, including GTF2H5, 

ANKRA2, TAF1L, NUP37, PPP1R26, and STOML1. Their pathway and gene 

ontology analysis also suggested that significantly mutated genes were 

enriched in cell adhesion, which is an indicative of cancer development (Zhang 

et al., 2013). The application of NGS approaches will allow researchers to 

understand and study gene mutations within malignant tumours that will 

eventually also lead towards personalised medicine and  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



	
   36	
  

	
  

1.5 Aims of the present studies 
It is known that molecular changes drive the cellular phenotype of any tumour. 

Until now, most the previously reported molecular studies of oral verrucous 

lesions (including OVH and OVC) have inspected candidate genes rather than 

taking a complete genome wide approach. The study of HNSCC biology using 

NGS techniques has guided to a clearer understanding of the etiological and 

molecular aspects of HNSCC (Rizzo et al., 2014). However, NGS data 

(including copy number analysis, exome sequencing, or transcriptome 

sequencing) have not previously been reported for oral verrucous tumours. 

Nonetheless, distinguishing OVC from OVH lesions is often difficult. In addition, 

distinguishing OVC from classical OSCC is a common problem for pathologists 

due to the poorly defined diagnostic criteria. Also, the aetiology of OVC is not 

well known, and the suggested role of human papillomavirus HPV as a 

causative factor remains contentious. The rarity of these lesions makes them 

difficult to investigate, so most earlier studies have been made on small 

numbers of cases. 

In view of the above considerations, the specific aims of the present thesis 

studies were designed as follow: 

1. Describe the clinical and histopathological features of OVH and OVCs for 

all the samples collected and used in this PhD project. 

 

2. To use next generation sequencing copy number analysis at low 

coverage to identify copy number variations as a reflection of the 

molecular changes in oral verrucous lesions and to identify OVC and 

OVH genomic characteristic features. 

 

3. To determine if next generation sequencing copy number analysis could 

distinguish between the genomic damage pattern in OVH, OVC, and 

OSCC lesions. 
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4. To analyse a subset of oral verrucous lesions (including VC, and VH 

cases) for the presence of HPV subtypes and all characterized human 

viral genomes. 

 

5. To investigate transcriptional changes in OVC and compare them with 

changes in OSCC using next generation RNA sequencing approach. 

 

6. To use next generation whole-exome sequencing to further investigate 

the contribution of somatic genomic alteration in the pathogenesis of 

OVC and gain a comprehensive view of the genetic mutations underlying 

these lesions and compare them with the genomic mutations underlying 

OSCCs. 
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Chapter 2 Materials and Methods 
 

Methods used throughout this project are detailed here. Room temperature (RT) 

is taken to be 21-24˚C. Invitrogen, Sigma-Aldrich, Gibco or BDH supplied all 

materials, unless elsewhere mentioned. Supplier addresses and E-mail 

addresses are presented in Appendix 2.1. Figure 2.1 below demonstrates the 

study design of this project. All OSCC data used in this project belong to the 

Pre-cancer Genomics Group. 

 

 

Figure 2.1 Overview of the study design. 
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2.1 Sample selection 

All pathological materials used for this PhD project (including copy number 

analysis, RNA sequencing and Exome sequencing) from each case were 

available in the form of Archival Formalin-Fixed Paraffin-Embedded (FFPE) 

tumour blocks. Samples from Turin, Italy, were taken as sections on glass 

slides (10µm sections onto 10 plain glass slides from each block). Fifteen OVC, 

and 13 OVH FFPE blocks were retrieved from the Pathology Department, 

Bexley Wing, St James’s University Hospital. Fifteen OVC samples, and one 

OVH FFPE block were provided from the Pathology Division, Queen Victoria 

Hospital, West Sussex, UK. Forty OVC samples and one OVH FFPE block 

were provided from the Pathology Division, University of Torino, Italy. Seven 

OVC FFPE blocks were provided from the Department of Pathology, National 

Guard Hospital, Saudi Arabia. Written informed consent and approval was 

obtained for all patients for the use of their tissue in this research. (Local ethics 

committee REC reference: 07/Q1206/30) refer to appendix 2.2 for ethical 

approval document.  In total, 92 oral verrucous samples, malignant (OVC) and 

pre-malignant (OVH) regions were identified and the original diagnoses were 

confirmed by Dr. Alec High (reference pathologist). The clinicopathological 

characteristics of OVH and OVC samples are discussed in chapter three.  

2.2 Sectioning FFPE samples 

FFPE blocks were placed onto ice for 1-2 hours prior to sectioning. The water 

bath was set at 45oC. A manual rotary microtome was used to cut one section 

at 5µm thickness and these slides were then placed on the hot plate for 2 hours 

for haematoxylin and eosin (H+E) staining, so OVC and OVH areas to be 

dissected are microscopically identified and marked. Slides were labelled with 

the study ID, section number and thickness. Then, seven 10µm sections were 

cut from each block onto plain glass slides for DNA extraction step used for 

copy number analysis. Ten 10µm sections were cut from each block onto plain 

glass slides for DNA and RNA dual extraction step used for exome and RNA 

sequencing. Sections on slides were air dried in a rack overnight and stored 

later at 4oC until macro-dissection (maximum 7days). Slides were placed on a 

hot plate for 3min before the macro-dissection steps. 
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2.3 Haematoxylin and eosin (H+E) staining 
 

In a fume hood, the slides were dipped for de-waxing into four separate xylene 

(Sigma-Aldrich, USA) jars for 3min in each. Next, the slides were rehydrated in 

graded ethanols (Sigma-Aldrich, USA): four separate 100% ethanol jars for 

3min in each, 70% ethanol jar for 3min, 50% ethanol jar for 3min and 25% 

ethanol jar for 3min. The slides were then rinsed under running tap water for 

2min. Afterward; the slides were immersed in Mayer’s haematoxylin stain 

(Sigma) for 2.5min. The slides were then rinsed under running tap water for 

1min. The slides were immersed in Scott’s tap water substitute (Sigma) for 2min 

and were then washed with running tap water for 1min. Next, the slides were 

immersed in eosin (BDH) for 2min then washed under running tap water for 

1min. Afterward, The slides were dipped for dehydration in four separate 100% 

ethanol jars for 15sec, 1min and 5min in each of the last two jars. The slides 

were then dipped into three separate xylene jars for 3min in each. Finally, slides 

were covered by coverslips using DPX mounting medium (Solmedia, UK).  

2.4 FFPE tissue Macro-dissection 
 

This step was performed using the marked H+E slide as a guide to obtain at 

least 70% tumour cell content for DNA or RNA extraction steps. The sections 

were initially de-paraffinised by xylene and graded ethanol washes: five glass 

solvent Coplin jars were placed in the fume hood and filled serially with xylene, 

jar two with absolute ethanol, jar three with 90% ethanol solution, jar four with 

70% ethanol solution and jar five with Millipore diH2O. All sections from a 

particular block were placed into a wire rack and submerged for de-waxing into 

the first xylene jar for 5min. Next, the slide rack was lifted from xylene and 

allowed to drain well then dipped in 100% ethanol jar for 3min. The rack was 

lifted again and immersed in 90% ethanol jar for 3min, and then dipped into 

70% ethanol jar for 3min as well. For DNA/RNA dual extraction, the slides rack 

was kept into the 70% ethanol jar until I start the macro-dissection, then I 

takeout slide by slide. For DNA extraction, the slides rack was placed into 

Millipore diH2O jar for few minutes and kept in water until macro-dissection, 

slide by slide. With the marked H+E slide as a guide, the desired tissue was 
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dissected off using a size 11 disposable sterile scalpel blade, and the tissue 

was collected and placed into a closed 1.5ml centrifuge tube labelled for that 

sample. Slide number seven or ten from each block was saved after macro-

dissection for H+E post sampling staining. DNA or RNA extraction steps 

proceeded immediately according to the protocol, suitable for the macro-

dissected sample area. 

2.5 DNA extraction 
 

This step was made to isolate and extract DNA from de-waxed and macro-

dissected FFPE tissue using Qiagen DNA extraction kits (Qiagen, Sussex, UK) 

as instructed by the manufacturer’s. According to the size of the area being 

sampled for extraction, one of two Qiagen DNA extraction kits were used: 

2.5.1 Tissue area sampled per slide = <5 mm2 

 

The Qiagen QIAamp DNA micro kit reagents and columns (Qiagen, Sussex, 

UK) were used for these samples. After transferring scraped FFPE tissue 

samples in a 1.5 ml centrifuge tube, 30µl of ATL buffer, and 10µl of Proteinase 

K were immediately added to the tubes and mixed by pulse-vortexting for 15sec 

then incubated at 56°C in a water bath for 72hr until the samples were 

completely lysed with occasional agitation (with new addition of 10µl Proteinase 

K every 24 hours if tissue fragments remained). Following this, the tubes were 

incubated for 1hr at 90°C on a heating block for DNA fragmentation, and to 

ensure efficient lysis, 50µl of AL buffer and 10µl of ATL buffer was added and 

thoroughly mixed by pulse-vortexting for 15sec. 50µl of 100% ethanol was 

added to the tubes and mixed thoroughly by pulse-vortexing for 15sec and 

Incubated for 5min at room temperature (15–25°C). The entire lysate was 

transferred to a labelled QIAamp MinElute Column and centrifuged at 8000rpm 

for 1min. The column was then placed into a clean new 2ml collection tube, and 

the flow-through tube was discarded. 500µl of AW1 buffer was added to the 

tubes and centrifuged at 8000 rpm for 1min. Again, the column was then placed 

into clean new 2ml collection tube, and the flow-through tube was discarded. 

500µl of AW2 buffer was added to the tubes and centrifuged at 14,000 rpm for 

3min. The column was placed next into clean 2ml collection tube for a dry spin 
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at 14,000 rpm for 1min. The columns were then placed into new clean 1.5ml 

labelled microcentrifuge tubes, and the flow through collection tubes were 

discarded. Next, 30 µl of AE elution buffer was added to the centre of the 

column membrane to ensure that the entire bound DNA is eluted. After 5min of 

incubation at room temperature (15–25°C), tubes were centrifuged at 14,000 

rpm for 1min. DNA was stored at 4°C overnight or at -20°C for long-term 

storage. 

2.5.2 Tissue area sampled per slide  = 5-10 mm2 and Tissue 
area sampled per slide = >10 mm2 
 

The Qiagen QIAamp DNA mini kit reagents and columns (Qiagen, Sussex, UK) 

were used for these samples. The protocols for the two tissue areas were very 

similar except that with the 5-10 mm2 samples, QIAamp MinElute Columns are 

used and the DNA is eluted in 50µl AE elution buffer, while the QIAamp Mini 

spin columns were used with the = >10 mm2 samples and the DNA was eluted 

in 100µl AE elution buffer. For these dissected tissue samples 180µl Buffer ATL 

and 20µl Proteinase K were immediately added to the tubes and mixed by 

pulse-vortexting for 15sec then incubated at 56°C water bath for 72 hours until 

the samples were completely lysed with occasional agitation (with new addition 

of 20µl Proteinase K every 24 hours if tissue fragments remained). 200µl of 

100% ethanol was added to the tubes and mixed thoroughly by pulse-vortexing 

for 15sec and Incubated for 5min at room temperature (15–25°C). The entire 

lysate was transferred to labelled QIAamp MinElute Column or QIAamp Mini 

spin columns according to the sampled tissue area size (as discussed above in 

this section) and centrifuged at 8000 rpm for 1min. The column was then placed 

into a clean new 2ml collection tube, and the flow-through tube was discarded. 

500µl of AW1 buffer was added to the tubes and centrifuged at 8000 rpm for 

1min. Again, the column was then placed into clean new 2ml collection tube, 

and the flow-through tube was discarded. 500µl of AW2 buffer was added to the 

tubes and centrifuged at 14,000 rpm for 3min. The column was placed next into 

clean 2ml collection tube for a dry spin at 14,000 rpm for 1min. The columns 

were then placed into new clean 1.5ml labelled microcentrifuge tubes, and the 

flow through collection tubes were discarded. Next, 50-100 µl of AE elution 
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buffer was added to the centre of the column membrane (according to the 

sampled tissue area size as discussed above in this section) to ensure that the 

entire bound DNA is eluted. After 5min of incubation at room temperature (15–

25°C), tubes were centrifuged at 14,000 rpm for 1min. DNA was stored at 4°C 

overnight or at -20°C for long-term storage. 

2.6 Dual DNA/RNA extraction 
 

The Qiagen AllPrep DNA/RNA FFPE kit was used for co-extraction of genomic 

DNA and total RNA from FFPE tissue sections. The sections were initially de-

paraffinised and macro-dissected as described in section 2.4. The tissue was 

collected and placed into a labelled 1.5ml centrifuge tube and incubated for ten 

min to dry the pellet from the residual ethanol at 37°C. Next, The pellet was re-

suspended and subjected to lyses and digestion by adding 150µl of PKD buffer 

and 10µl of proteinase K with tapping the tube to loosen the pellet and the 

suspension was mixed then by vortexing and incubated at 56°C for 40min.  For 

efficient precipitation, the sample was incubated for complete cooling on ice for 

3min. Samples were centrifuged at 14,000 rpm for 15min to separate the RNA-

containing supernatant from DNA-containing pellet. After this, the supernatant 

was carefully transferred to a new 2ml centrifuge tube without disturbing the 

pellet for RNA extraction. At this point, both nucleic acids are separated and the 

RNA purification protocol is followed, while the DNA pellets were stored at -

20°C for extraction at a later date.  

2.6.1 Total RNA extraction 
 

The RNA purification protocol involved incubating the RNA supernatant for 

15min at 80°C to start the removal of formaldehyde crosslinks, and followed by 

addition of 320µl RLT buffer to adjust the binding conditions then mixed by 

vortexing. Next, 1120µl of 100% ethanol was added and the tube was mixed 

afterwards by vortexing. The entire sample was transferred to an RNeasy 

MinElute spin column placed in a 2ml collection tube and centrifuged at ≥10.000 

rpm for 15sec. The flow-through was discarded after the centrifugation and 

350µl of FRN buffer was added to the spin column and centrifuged again at 

≥10.000 rpm for 15sec. The flow-through was discarded after the centrifugation 
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and the sample was treated with 10µl DNase I stock solution that was added to 

70µl of RDD buffer and mixed gently by inverting the tube, and the DNase I 

digestion mixture (80µl) was added directly to the RNeasy MinElute spin column 

membrane and incubated for 15min at room temperature. Total RNA washing 

started then by adding 500µl of FRN buffer to the spin column that was 

centrifuged at ≥10.000 rpm for 15sec. The flow-through was not discarded this 

time but was re-applied instead to the spin column that was placed in a new 2ml 

collection tube and centrifuged at ≥10.000 rpm for 15sec. The flow-through was 

discarded after the centrifugation and 500µl of RPE buffer was added to the 

spin column and centrifuged at ≥10.000 rpm for 15sec. Again, after the 

centrifugation, the flow-through was discarded and 500µl of RPE buffer was 

added to the spin column and centrifuged at ≥10.000 rpm for 15sec. Next, the 

collection tube was discarded along with the flow-through and the spin column 

was placed into a new 2ml collection tube for dry centrifugation at 14,000 rpm 

for 5min to ensure that no residual ethanol is carried out through RNA elution 

step. Finally, the RNeasy MinElute spin column was placed into a new 1.5ml 

collection tube and 25µl of RNase-free water was added directly to the spin 

column membrane to elute the RNA and was incubated for 1min at room 

temperature then centrifuged at 14,000 rpm for 1min. The purified total RNA 

was then stored at -80°C.  

2.6.2 DNA extraction 
 

The DNA purification protocol involved lysing the DNA pellet through re-

suspension in 40µl of proteinase K and 180µl of ATL buffer that was followed by 

vortexing and incubation for one hour at 56°C then incubation for two hours at 

90°C to start the removal of formaldehyde crosslinks. Next, 200µl of AL buffer 

and 200µl of 100% ethanol were added to the sample and mixed thoroughly by 

vortexing. After that, the entire sample was transferred to a QIAamp MinElute 

spin column placed in a 2ml collection tube and centrifuged at ≥10.000 rpm for 

1min. The collection tube was discarded along with the flow-through and the 

spin column was placed into a new 2ml collection tube and 700µl of AW1 

washing buffer was added to the spin column that was centrifuged after that at 

≥10.000 rpm for 15sec. Again, after the centrifugation, the flow-through was 
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discarded and 700µl of AW2 washing buffer was added to the spin column that 

was then centrifuged at ≥10.000 rpm for 15sec. The flow-through was discarded 

after the centrifugation and 700µl of 100% ethanol was added to the spin 

column that was then centrifuged at ≥10.000 rpm for 15sec. Next, the collection 

tube was discarded along with the flow-through and the spin column was placed 

into a new 2ml collection tube for dry centrifugation at 14,000 rpm for 5min to 

ensure that no residual ethanol is carried out through DNA elution step. Finally, 

the QIAamp MinElute spin column was placed into a new 1.5ml collection tube 

and 45µl of ATE elution buffer was added directly to the spin column membrane 

to elute the DNA and was incubated for 5min at room temperature then 

centrifuged at 14,000 rpm for 1min. The purified total DNA was then stored at -

20°C. 

2.7 Nucleic acids quantification 
 

After DNA and RNA extractions, both nucleic acids were then quantified using 

two methods: 

2.7.1 Spectrophotometry 
 

The Nanodrop ultra-violet (UV) spectrophotometer: Nanodrop-8000 (Thermo 

Scientific, UK) was used to determine DNA and RNA concentration and purity 

within the sample. Reading of DNA concentrations were taken against the 

elution buffer in which the DNA was dissolved. Reading of RNA concentrations 

were taken against RNase-free water in which the RNA was dissolved. Beside 

the concentration, A260: 230 and A260: 280 ratios were obtained which are used as a 

useful indicators of the purity of the samples and gives an indication of any 

chemical or protein contaminations using the UV radiation absorption. A copy 

was stored for each absorbance against wavelength plot and the values for 

concentration, A260, A280, and A260:280 and A260:230 ratios were recoded.  
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2.7.2 Fluorometry 

2.7.2.1 Measuring DNA concentration 
 

DNA concentration was specifically quantified using the Quant-iT PicoGreen 

dsDNA BR assay kit (Invitrogen, UK). Quant-iT Working solution was made by 

diluting the Quant-iT reagent 1:200 in Quant-iT buffer. Assay tubes were 

prepared according to table 2.1 below. After incubating the tubes at room 

temperature for 2min, concentration readings were taken in Qubit Fluorometer 

following the on-screen directions, and starting with the standards. DNA 

concentrations were then recorded to be used next for sequencing library 

preparation steps. 

  

  

 

Table 2.1 DNA quantification using Quant-iT dsDNA BR kit 

 Standard (1 and 2) 
Assay Tubes 

User Sample 
Assay Tubes 

Volume of working solution to add 190µl 199µl 
Volume of Standard (from kit) to add 10µl __ 

Volume of User Sample to add __ 1µl 
Total Volume in each Assay Tube 200µl 200µl 

 

2.7.2.2 Measuring RNA concentration 
 

RNA concentration was specifically quantified using the Quant-iT RiboGreen 

RNA Assay Kit (Invitrogen, UK). Quant-iT Working solution was made by 

diluting the Quant-iT RiboGreen reagent 1:200 in Quant-iT buffer. Assay tubes 

were prepared according to table 2.2 below. After incubating the tubes at room 

temperature for 2min, concentration readings were taken in Qubit Fluorometer 

following the on-screen directions, and starting with the standard. RNA 

concentrations were then recorded to be used next for sequencing library 

preparation steps. 
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Table 2.2 RNA quantification using Quant-iT RiboGreen RNA Assay Kit 

 Standard (1 and 2) 
Assay Tubes 

User Sample 
Assay Tubes 

Volume of working solution to add 190µl 199µl 
Volume of Standard (from kit) to add 10µl __ 

Volume of User Sample to add __ 1µl 
Total Volume in each Assay Tube 200µl 200µl 

 

2.8 Copy number analysis library preparation and sequencing 
 

DNA libraries were prepared following two protocols, a protocol for the Illumina 

Genome analyser GAIIx sequencer (before the upgrade to HiSeq 2500), and a 

protocol after the upgrade for Illumina HiSeq 2500.  

2.8.1 Library preparation for Illumina Genome analyser 
sequencing 
 

By following standard Illumina protocols, DNA samples were used to make DNA 

libraries for sequencing.  

2.8.1.1 Shearing 
 

Between 0.5µg to 1µg of DNA was sheared on a Covaris S2 Sample 

Preparation System (Covaris Inc., USA). 

2.8.1.1.1 Sample preparation and shearing 
 

To prepare the added amounts of each DNA sample, the following calculations 
were made:  

Concentration of Starting Material: (Picco Green result, ng/µl) 

Volume of DNA Used (µl): (1000 / Concentration of Starting Material). 

Volume of TE Buffer used (µl): 250 - Volume of DNA Used (µl) 

Total Amount of DNA Used (ug): (Concentration of Starting Material x Volume 

of DNA Used (µl)) / 1000 
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1x TE buffer (made up from 100x TE buffer and nuclease-free water) was 

added to each DNA shearing sample tube according to the above calculations. 

DNA was sheared on a Covaris S2 Sample Preparation System (Covaris Inc., 

USA). The Covaris S2 Focused-ultrasonicator was used for each sample to 

shear the DNA at 19oC in batches of 25 cycles using settings shown in Table 

2.3. After shearing, samples were processed through a MinElute column 

according to the Qiagen protocol (Qiagen, UK) for cleaning-up.  

  

Table 2.3 Covaris S2 batch settings 

 Duty Cycle Intensity 

1000bp 19.9% 9.9 

500cpb 15% 8 
 

2.8.1.1.2 Clean-up with a MinElute column 
 

Five volumes (more than the total samples volumes) of PB binding buffer 

(Qiagen, Sussex, UK) and DNA samples from the previous step were added to 

new MinElute columns (Qiagen, Sussex, UK) and centrifuged at 13000rpm for 

1min. The flow-through was discarded and 750 µl of PE washing buffer 

(Qiagen, Sussex, UK) was added to each column and centrifuged at 13000rpm 

for 1min. The flow-through was discarded again and the columns were 

centrifuged at 13000rpm for 1min (dry spin). Finally, columns were placed in 

clean labelled 1.5 ml centrifuge tubes, and 10 µl of EB elution buffer was added 

to the centre of each column membrane then centrifuged at 13000 rpm for 

1min. 

2.8.1.2 Agilent Bioanalyser checkpoint 
 

DNA sheared samples were checked for appropriate size distribution according 

to the manufacturer’s instructions on an Agilent Bioanalyser DNA 1000 LabChip 

(Agilent technologies, Inc., USA). To prepare the Chip, Gel-dye mix was made 

and added to the corresponding wells in the Chip. 1µl of the DNA ladder was 

added in the well marked with the ladder symbol. 5µl of DNA marker was added 
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into the DNA ladder well, as well as all samples wells. Finally, 1µl of each DNA 

sheared sample was added to the wells and the Chip was inserted into the 

Agilent Bioanalayser to run the programme. 

2.8.1.3 End-repair 
 

The End repair step was performed using End-It DNA End Repair Kit (Epicentre 

Biotechnologies, USA) according to the manufacturer’s instructions. The End-It 

DNA End-Repair Kit was used to convert DNA with damaged ends to blunt-

ended, 5´-phosphorylated DNA. Refer to Table 2.4 below for reaction 

components. In a PCR plate, 41µl of the reaction master mix was added to each 

sample in the plate and incubated at room temperature for 45min in the PCR 

machine. Next, samples were processed through a QiaQuick column according 

to the Qiagen protocol (Qiagen, UK) for cleaning-up.  

Table 2.4 End-repair reaction components. 

Component Volume x1 

DNA 9µl 

End-It Buffer 5µl 

dNTP mix 5µl 

ATP 5µl 

End-It Enzyme mix 1µl 

dH20 (nuclease free water) 25µl 
 

2.8.1.3.1 Clean up with a QiaQuick column 
 

Five volumes (more than the total samples volumes) of PB buffer (Qiagen, 

Sussex, UK) and DNA samples from the previous step were added to new 

QiaQuick columns and centrifuged at 13000 rpm for 1min. The flow-through 

was discarded and 750 µl of PE washing buffer (Qiagen, Sussex, UK) was 

added to each column and centrifuged at 13000 rpm for 1min. The flow-through 

was discarded again and the columns were centrifuged at 13000 rpm for 1min 

(dry spin). Finally, columns were placed in clean labelled 1.5ml centrifuge tubes, 
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and 34.5µl of EB elution buffer (Qiagen, Sussex, UK) was added to the centre 

of each column membrane then centrifuged at 13000 rpm for 1min. 

2.8.1.4 A-Addition 
 

Klenow DNA polymerase was used to add an A base to each blunt-ended DNA 

fragment so that adapters could be ligated. A-addition step was performed by 

adding Klenow DNA polymerase using Kit. Refer to Table 2.5 below for reaction 

components. In a PCR plate, 15.5µl of the reaction master mix was added to 

each sample in the plate and incubated at 37°C for 30min in the PCR machine. 

Next, samples were processed through a MinElute column according to the 

Qiagen protocol (Qiagen, UK) for cleaning-up.  

Table 2.5 A-addition reaction components 

Component Volume x1 

DNA 34.5 from last step µl 

DNA Pol (Klenow) buffer 5µl 

1mM dATP 10µl 

Klenow (3’>5’ exo minus)(9u/UL, Promega) 0.6µl 
 

2.8.1.4.1 Clean-up with a MinElute column 
 

Protocol is described above in section 2.8.1.3.1, final elution in 10µl. 

2.8.1.5 Ligation 
 

Six bp of unique oligonucleotide tag sequence (adapter) was ligated to the ends 

of the DNA fragments. Tags were chosen in this way to avoid over-

representation of any base at all positions that could interfere with cluster 

identification. Refer to Table 2.6 below for reaction components. In a PCR plate, 

19.5 µl of the reaction master mix and 0.5 µl of each individual adaptor were 

added DNA samples in the plate and incubated at room temperature for 15min 

in the PCR machine, then incubated at 65°C for 20min to inactivate the enzyme. 

Next, samples were processed through a QiaQuick column according to the 

Qiagen protocol (Qiagen, UK) for cleaning-up.  
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Table 2.6 Ligation reaction components 

Component Volume x1 

DNA 10µl 

Liga-fast reaction buffer 15µl 

dH2O 2µl 

Adaptor (tag): different tag 
With each sample 0.5µl 

T4 DNA Ligase 3µl 

 

2.8.1.5.1 Clean up with a QiaQuick column 
 

Protocol is described above in section 2.8.1.3.1, final elution in 30µl. 

2.8.1.6 Size selection 
 

DNA fragments were size selected to 200bp using magnetic beads size 

selection method that separates the DNA from the rest of the sample. In this 

step, 27µl of AMPure beads (Agencourt Bioscience, Beverly, MA), were added 

to 30µl ligation reaction (DNA sample from the last step), mixed thoroughly and 

incubated at room temperature for 5min. The reaction tubes were then placed in 

an Agencourt magnetic rack for 2min to separate the beads. Once the 

separation occurred, the cleared supernatant was aspirated and discarded and 

200µl of 70% ethanol was added and incubated for 30sec at room temperature. 

Ethanol was aspirated and discarded afterward, and then this previous step was 

repeated for a total of two washes. Next, all of the ethanol from the bottom of 

the tubes was aspirated as it may contain residual contaminants, then magnetic 

beads were kept to dry at room temperature for 10-20min.  Finally, 40µl of 

elution buffer (EB from the Qiagen kit) was added and mixed with sample to 

elute the DNA from the magnetic beads, and the eluted samples were 

transferred next into new tubes.  

2.8.1.7 Enrichment 
 

DNA samples were enriched using a 12- enrichment PCR cycle. Refer to Table 

2.7 below for reaction components. In a PCR plate, 35µl of the reaction master 
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mix was added to15µl of each DNA sample (from previous step). Refer to Table 

2.8 below for PCR reaction conditions. Next, samples were processed through 

a QiaQuick column according to the Qiagen protocol (Qiagen, UK) for cleaning-

up.  

Table 2.7 Enrichment reaction components. 

Component Volume x1 

DNA 15µl 

Phusion HF Master Mix 25µl 

PE-PTO-F primer (25uM) 1 in 4 dilution 1µl 

PE-PTO-R primer (25uM) 1 in 4 dilution 1µl 

dH20 13µl 
  

Table 2.8 Enrichment PCR program 

Time Temperature 

30sec 98°C 
12 cycles of: 

 
10sec 98°C 

30sec 65°C 

30sec 72°C 

5min 72°C 

Hold @ 4°C 
 

2.8.1.7.1 Clean up with a QiaQuick column 

Protocol is described above in section 2.8.1.3.1, final elution in 30µl. 

2.8.1.8 Library quality control 
 

Libraries were then examined using Invitrogen’s Quant-iT Picogreen dsDNA BR 

assay kit and Agilent Bioanalyser DNA 1000 LabChip (Agilent technologies, 

Inc., USA) to assess DNA concentration and quality, respectively. Protocols are 

described above sections 2.7.2.1 and 2.8.1.2. 
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2.8.1.9 Sample pooling and sequencing  
 

Details of the prepared libraries were uploaded to the group server for storage. 

Equimolar amounts of each DNA library were pooled for cluster amplification 

and multiplexed up to 20 samples per lane for 76bp Illumina single end 

sequencing, where each read includes 6bp of tagged adapter and 70bp of 

genomic DNA sequence. The pooled library samples submitted to the 

sequencing team for running on the sequencer and were run on the Illumina 

Genome analyser GAIIx sequencer. This offers 20-30 million reads per lane. 

The Illumina Genome analyser GAIIx sequencer produces a fast Q file. This 

contains information about each read (including quality of read, location and 

size) besides the raw nucleotide sequence. 

2.8.2 Library preparation for Illumina HiSeq 2500 
 

For Illumina HiSeq 2500 sequencing, DNA libraries were prepared using the 

NEBNext DNA Library Prep Master Mix Set and NEBNext Singleplex Oligos as 

described for Illumina with some modifications (New England BioLabs inc., UK). 

2.8.2.1 Shearing 
 

200ng of DNA was sheared on a Covaris S2 Sample Preparation System 

(Covaris Inc., USA)  

2.8.2.1.1 Sample preparation and shearing 
 

To prepare the added amounts of each DNA sample, the following calculations 

were made:  

 

Concentration of Starting Material: (Picco Green result, ng/µl) 

Volume of DNA Used (µl): (200 / Concentration of Starting Material). 

Volume of TE Buffer used (µl): 250 - Volume of DNA Used (µl) 

Total Amount of DNA Used (ug): (Concentration of Starting Material x Volume 

of DNA Used (µl)) / 1000 
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1x TE buffer (made up from 100x TE buffer and nuclease-free water) was 

added to each DNA shearing sample tube according to the above calculations. 

DNA was sheared on a Covaris S2 Sample Preparation System (Covaris Inc., 

USA). The Covaris S2 Focused-ultrasonicator was used for each sample to 

shear the DNA at 19oC in batches of 25 cycles using the below settings shown 

in Table 2.9. After shearing, samples were processed through a MinElute 

column according to the Qiagen protocol (Qiagen, UK) for cleaning-up.  

  

Table 2.9 Covaris S2 batch settings 

 Duty Cycle Intensity 

1000bp 19.9% 9.9 

500cpb 15% 8 
 

2.8.2.1.2 Clean-up with a MinElute column 
 

Five volumes (more than the total samples volumes) of PB binding buffer 

(Qiagen, Sussex, UK) and DNA samples from the previous step were added to 

new MinElute columns (Qiagen, Sussex, UK) and centrifuged at 13000 rpm for 

1min. The flow-through was discarded and 750 µl of PE washing buffer 

(Qiagen, Sussex, UK) was added to each column and centrifuged at 13000 rpm 

for 1min. The flow-through was discarded again and the columns were 

centrifuged at 13000rpm for 1min (dry spin). Finally, columns were placed in 

clean labelled 1.5ml centrifuge tubes, and 10µl of EB elution buffer (Qiagen, 

Sussex, UK)was added to the centre of each column membrane then 

centrifuged at 13000 rpm for 1min. 

2.8.2.2 Agilent 2200 Tapestation checkpoint 
 

DNA sheared samples were checked for appropriate size distribution according 

to the manufacturer’s instructions on an Agilent 2200 TapeStation D1K High 

Sensitivity Screentape (Agilent technologies, Inc., USA). To prepare the 

TapeStation, Agilent 2200 TapeStation software was switched-on. The tips as 

well as the High Sensitivity D1K ScreenTape were loaded into the 2200 

TapeStation. To prepare the samples, 3µl of High Sensitivity D1K Ladder were 
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added into the first tube, and 2µl of each DNA sample were mixed with 2 µl of 

High Sensitivity D1K Sample Buffer by vortex for 5sec. after a Quick spin down 

of the samples to position them at the bottom of the tubes; sample tubes were 

loaded into the TapeStation. Finally, samples were selected and named on the 

controller software to run the programme.   

2.8.2.3 End-repair 
 

Following purification, DNA fragments were end repaired to convert DNA 

containing damaged ends to blunt-ended, 5´-phosphorylated DNA according to 

the manufacturer instructions. Refer to Table 2.10 below for reaction 

components. In a PCR plate, 41µl of the reaction master mix was added to each 

9µl DNA sample in the plate and incubated at room temperature for 30min in 

the PCR machine. Next, samples were processed through a QiaQuick column 

according to the Qiagen protocol (Qiagen, UK) for cleaning-up. 

 

Table 2.10 End-repair reaction components. 

Components  Volume per DNA sample/µl 

NEBNext End repair reaction buffer (x10) 5µl 

NEBNext End repair enzyme mix 2.5µl 

Nuclease-free water 33.5µl 
 

2.8.2.3.1 Clean up with a QiaQuick column 
 

Five volumes (more than the total samples volumes) of PB binding buffer 

(Qiagen, Sussex, UK) and DNA samples from the previous step were added to 

new QiaQuick columns (Qiagen, Sussex, UK) and centrifuged at 13000 rpm for 

1min. The flow-through was discarded and 750 µl of PE washing buffer 

(Qiagen, Sussex, UK) was added to each column and centrifuged at 13000 rpm 

for 1min. The flow-through was discarded again and the columns were 

centrifuged at 13000 rpm for 1min (dry spin). Finally, columns were placed in 

clean labelled 1.5 ml centrifuge tubes, and 21 µl of EB elution buffer (Qiagen, 
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Sussex, UK) was added to the centre of each column membrane then 

centrifuged at 13000 rpm for 1min. 

2.8.2.4 dA-Tailing of end-repaired DNA 
 

End-repaired DNA fragments were dA-tailed so that adapters could be ligated. 

Refer to Table 2.11 below for reaction components. In a PCR plate, 4 µl of the 

reaction master mix was added to each 21 µl DNA sample in the plate and 

incubated at 37°C for 30min in the PCR machine. Next, samples were 

processed through a MinElute column according to the Qiagen protocol 

(Qiagen, UK) for cleaning-up.  

Table 2.11 dA-Tailing reaction components. 

Components Volume per DNA sample/µl 

NEBNext dA-Tailing Reaction Buffer 2.5µl 

Klenow (3’>5’ exo) 1.5µl 
 

2.8.2.4.1 Clean up with a QiaQuick column 
 

Protocol is described above in section 2.8.2.3.1, final elution in 12.5 µl. 

2.8.2.5 Ligation 
 

dA-tailed DNA fragments were ligated to the ends of the DNA with NEBNext 

adaptor. Refer to Table 2.12 below for reaction components. In a PCR plate, 

12.5 µl of the reaction master mix was added to the dA-tailed DNA in the plate 

and incubated at room temperature for 15min in the PCR machine, then 3µl of 

USER enzyme mix was added to the sample and incubated at 37°C for 15min. 

Next, samples were cleaned and smaller fragments of DNA were removed 

using AMPure Solid-Phase Reversible Immobilisation beads (AMPure SPRI 

beads) (Agencourt Bioscience, Beverly, MA). 
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Table 2.12 Ligation reaction components. 

Components Volume per DNA sample/µl 

Quick Ligation Reaction Buffer (x5) 5µl 

NEBNext Adaptor 2.5µl 

Quick T4 Ligase 2.5µl 

Nuclease-free water 2.5µl 
 

2.8.2.6 Size-selection 
 

Adaptor ligated DNA fragments were size selected to 200 bp using magnetic 

beads (AMPure SPRI beads) (Agencourt Bioscience, Beverly, MA). In this step, 

40µl (0.8 concentration) SPRI beads were added to 12.5µl-ligation reaction 

DNA (sample from the last step), mixed thoroughly and incubated at room 

temperature for five min to bind larger fragments of DNA. The reaction tubes 

were then placed in an Agencourt magnetic rack for 2min to separate the beads 

from solution. Once the separation occurred, the supernatant was transferred to 

a new tube and 10µl (0.2 concentration) SPRI beads were added to the tube 

(supernatant DNA targets, approximately 200bp in length) and placed again into 

Agencourt magnetic rack. The bound DNA was washed twice with 200µl of 80% 

ethanol and incubated for 30sec at room temperature to remove any proteins or 

chemicals. Next, all of the ethanol from the bottom of the tubes was aspirated 

as it may contain residual contaminants, and the magnetic beads were kept to 

dry at room temperature for 10-20min.  Finally, 20µl of elution buffer (EB from 

the Qiagen kit) was added and mixed with sample to elute the DNA from the 

magnetic beads, and the eluted samples were transferred after into new tubes. 

Ten µl of each sample was aliquoted and labelled in a separate tube and stored 

at -20oC (Pre-PCR). 

2.8.2.7 Enrichment 
 

Adaptor ligated DNA fragments were tagged to 96 different indexed primers 

custom-designed by Pre-Cancer Genomics Group (Integrated DNA 

technologies, Inc., UK), each containing a unique identifying 6bp tag, and was 

then subjected to PCR enrichment using 15- enrichment PCR cycles. Refer to 
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Table 2.13 below for reaction components. In a PCR plate, 13.75µl of the 

master mix was added to 10µl of each DNA sample and 1.25µl of a separate 

indexed primer. Refer to Table 2.14 for PCR reaction conditions.  

  

Table 2.13 Enrichment reaction components. 

Components Volume per 
DNA sample/µl 

NEB High Fidelity 2x PCR 
master mix 12.5µl 

Universal PCR Primer (25uM) 1.25µl 
  

Table 2.14 Enrichment PCR program 

Time Temperature 

30sec 98°C 
15 cycles of: 

 
10sec 98°C 

30sec 65°C 

30sec 72°C 

5min 72°C 

Hold 4°C 

 
 

2.8.2.7.1 Clean up with AMPure SPRI beads 
 

Next, The post-PCR samples were processed for cleaning-up using AMPure 

SPRI beads (Agencourt Bioscience, Beverly, MA). In this step, 2.5x 

concentration of SPRI beads was added to the enriched DNA targets (DNA 

sample from the last step), mixed thoroughly and incubated at room 

temperature for 5min. The reaction tubes were then placed in an Agencourt 

magnetic rack for 2min to separate the beads from solution. Once the 

separation occurred, the cleared supernatant was aspirated and discarded, and 

200µl of 70% ethanol was added and incubated for 30sec at room temperature. 

Ethanol was aspirated and discarded afterward, and then this previous step was 
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repeated for a total of two washes. Next, all of the ethanol from the bottom of 

the tubes was aspirated as it may contain residual contaminants, and then 

magnetic beads were kept to dry at room temperature for 10-20min.  Finally, 

40µl of elution buffer (EB from the Qiagen kit) was added and mixed with 

sample to elute the DNA from the magnetic beads, and the eluted samples 

were transferred next into new tubes.  

2.8.2.8 Library quality control 
 

Libraries were examined using Invitrogen’s Quant-iT Picogreen dsDNA BR 

assay kit and Agilent 2200 TapeStation D1K High Sensitivity ScreenTape to 

assess DNA concentration and quality, respectively. Protocols are described in 

sections 2.7.2.1 and 2.8.2.2. 

The TapeStation also reveals any excess adaptor oligonucleotide that has not 

been removed from the sample. If there was an adaptor contaminating of a total 

greater than 10% of the final library concentration then the library DNA sample 

is re-cleaned using 2.5x concentration of AMPure SPRI beads. If there was low 

DNA amounts in the prepared library to allow this then the Pre-PCR sample is 

used for further bead-cleaning step using a 1.8x concentration of AMPure SPRI 

beads before the enrichment step and with 18 cycles of PCR target 

enrichments. Then, the sample is cleaned using a 2.5x concentration of 

AMPure SPRI beads as described in section 2.8.2.7.1. 

2.8.2.9 Sample pooling and sequencing  
 

Details of the prepared libraries were uploaded to the group server for storage. 

Equimolar amounts (typically 20ng) of each DNA library were pooled before 

being sent to the sequencing team for cluster amplification and multiplexed up 

to 40 samples per lane and paired-end sequenced (2X100bp) on an Illumina 

HiSeq 2500. This generates 200 million reads per lane. Illumina HiSeq 2500 

sequencer produces a fast Q file that provides information about each read 

(including quality of read, location and size) besides the raw nucleotide 

sequence. 
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2.8.3 Alignment and data analysis 
 

Alignment and data analysis steps are the same for both Illumina sequencers 

(Illumina Genome analyser GAIIx and Illumina HiSeq 2500). The methodology 

described in this section was performed by Dr Henry Wood, a [Bioinformatics, 

Pre-cancer Genomics Group]. Briefly:  

After passing quality control examination and sample pooling, samples were 

sent for Illumina sequencing. The bioinformatics group, clinical science building, 

St James’s University Hospital, performed the following steps: Briefly, Reads 

were split into separate files according to tag and Cutadapt software was used 

to trim the adaptor sequences. The remaining reads were then aligned to the 

human reference genome using the Burrows Wheeler Aligner program (BWA) 

(University of California Santa Cruz version GRCh37/hg19, 

http://genome.ucsc.edu) and to all known viral genomes, including HPV 

subtypes, downloaded from the National Center for Biotechnology information: 

(http://www.ncbi.nlm.nih.gov/genomes/GenomesHome.cgi?taxid%20=%201023

9). Digital karyograms were constructed from these data using the CNAnorm 

program in order to be analysed for copy number variation.  

2.8.3.1 Human genomic copy number analysis 
 

DNA was sequenced at 0.033X - 0.33X coverage. Sample reads were arranged 

and organized by chromosome and position. The ratio of test to control reads 

was calculated across the genome in equally sized windows, averaging 200 

reads in some cases and 400 reads in others. A control sample was pooled 

from a group of 20 data sets for normal individuals downloaded from the 1000 

Genomes Project (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp). Digital karyograms 

were constructed from these data using the CNAnorm program in which CNV 

can be analysed. 

2.8.3.1.1 visual assessment of CN karyogram components 
 

In each CN karyogram, chromosomal position is on the x-axis and tumor:normal 

ratio is on the y-axis. The black lines are regions of common copy number 
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between breakpoints. Windows of gain and loss are red and blue respectively. 

During the visual examination of the CN abnormalities within the karyograms, 

red windows associated with black lines above the centre line in each genomic 

position along the genome were considered regions of chromosomal gain. In 

addition, blue windows associated with black lines below the centre line in each 

genomic position along the genome were considered regions of chromosomal 

loss. Technical artefacts regions such as in chromosome 19 and in the 

centromere and telomere chromosomal regions were excluded from the visual 

examination of the karyograms. 

2.8.3.1.2 Frequency karyograms 
 

The methodology described in this section was performed by Dr Henry Wood. 

Briefly, frequency karyograms were produced for OVH, OVC, and OSCC 

cohorts using a program that takes all BED files from the copy number analysed 

samples lists. The selected CN threshold was of 0.05, above or below was 

considered a gain or loss. (Primary OSCC data belong to the Pre-cancer 

Genomics Group). Known copy number artefacts chromosomal regions (i.e. 

chromosome 19, telomeres and centromeres) were excluded from the analysis 

(these regions were considered technical artefacts as they appear in all and 

different tumours karyograms.   

2.8.3.1.3 Logistic regression technique 
 

The ability to distinguish OVC and OSCC samples using their copy number 

profiles was also tested using a novel logistic regression computational 

technique (Gusnanto, Wood et al. accepted pending corrections, 

Bioinformatics). Each sample was removed from the total data set in turn. The 

remaining samples were then used to build a predictive model. Each genomic 

window was given a score based on its ability to distinguish the two groups. The 

model was then applied to the test sample and a subtype prediction was made. 
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2.8.3.1.4 Hierarchical clustering  
 

Chromosomal region alterations in OVC, OVH, and OSCC were analysed using 

NGS copy number analysis. A complete linkage unsupervised hierarchical 

clustering was performed using R package HCLUST software for all the three 

groups based on DNA CN changes.  

2.8.3.1.5 Genomic Identification of Significant Targets in Cancer 
(GISTIC2.0) (computational approach) 
 

The GISTIC algorithm identifies likely somatic driver CN alterations through 

evaluating the amplitude and frequency of amplified or deleted observed events 

(Mermel et al., 2011). It identifies copy number regions with a statistically high 

frequency of aberrations over the background aberrations.  This computational 

tool evaluates both significance and frequency to detect regions of interest. 

Within each identified statistically significant CN region, a peak region is 

determined, and accordingly, the region with a minimal q-value and maximal G-

score is most likely to include affected genes. Additionally, regions that pass 

both the Q-bound and G-Score threshold cut-offs will be only shown. Here, 

segmentation files (-seg) for OVH, OVC and OSCC cohorts were uploaded at 

the GISTIC analysis tool. The segmentation file includes samples segmented 

data identified by the segmentation algorithm from the CN analysis pipeline 

designed by the bioinformatics team in Pre-cancer Genomics Group.  

The copy number profiles of OVH, OVC and OSCC were characterised by 

several approaches using the GISTIC2.0 algorithm including: amplification and 

deletion plots of copy number alterations, the identification of amplification and 

deletion genes within copy number altered regions, and segmented copy 

number heat maps. All the parameters used in the GISTIC analysis are in 

appendix 2.3. (Primary OSCC data belong to the Pre-cancer Genomics Group). 

2.8.3.1.6 Assessment of the list of genes with copy number 
alterations in OVH, OVC and OSCC cohorts  
 
Genes contained in the regions of highest significant gain and loss regions 

identified by GISTIC method (section 2.8.3.1.5) were further analysed by 
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running them against 13 KEGG pathways (Kyoto Encyclopaedia of Gene and 

Genomes), which are more related to head and neck cancers (a large database 

project for metabolic pathways), as well as cancer gene census and Stransky 

mutation list (76 previously identified genes in HNSCCs harbouring high 

statistically significant mutations) (Stransky et al., 2011). The 13 KEGG 

pathways include: P13K, WNT signalling pathway, cell cycle, calcium signalling 

pathway, VEGF signalling pathway, MAPK pathway, DNA replication pathway, 

Phosphatidylinositol signalling system, P53 signalling pathway, NOTCH 

signalling pathway, JAK STAT signalling pathway, ERBB signalling and 

hedgehog. 

2.8.3.2 Viral genomes and HPV subtypes Detection and Load 
Measurements by Sequencing 
 

The methodology described in this section was performed by Dr Henry Wood. 

Briefly, viral load was measured as described in (Conway et al., 2012). The number 

of reads aligning to the human genome was used to calculate read depth in terms of 

reads per kilobase. Next, the number of reads uniquely aligning to viral genomes 

was counted. This was equated to a certain number of Kb viral sequence per 

human genome, and hence the number of viral genomes per human genome. 

Given a certain number of human reads, the possible viral load that could be 

detected with 95% confidence is: 

 
(0-log(1-0.95) x 6Mb diploid human genome)/(7.9Kb viral genome x number of 

human reads) 

 
HPV sequencing data from a previous study published by Pre-Cancer 

Genomics group were used to provide positive and negative controls. Oral 

verrucous samples were matched with 16 oral and oropharyngeal (OP) cases 

(Conway et al., 2012).  
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Figure 2.2 An overview of NGS copy number library preparation steps. 

Processed to Digital karyogram 

NNNNACTGATCAGAGACTCGCTCGAGCGAGCTG 

Reads aligned to reference genome 
(hg19) 

Run on Illumina HiSeq 2500 

 

DNA Extraction & Quality Assurance 

DNA Fragmentation & processing 
to Sequencing Library  

 

Macrodissection 

Samples 
sectioning 

Deparaffinizatio
n 

 



	
   65	
  

	
  

2.9 RNAseq library preparation and sequencing 
 

Strand-directional whole transcriptome sequencing libraries were prepared from 

total RNA following ScriptSeq complete kit (Human/Mouse/Rat–Low Input) 

protocol manufacturer’s instructions (Epicenter Biotechnologies, USA) for 

Illumina HiSeq 2500 sequencing.  

2.9.1 Ribosomal RNA (rRNA) Depletion 
 

rRNA depletion step was carried out to remove ~99% of cytoplasmic rRNA, 

which accounts for ~80% of total RNA and can consequently obstruct enough 

coverage of mRNA, the major focus of RNAseq studies (Morlan et al., 2012). 

Ribo-Zero Magnetic Gold kit (Human/Mouse/Rat) (Epicenter Biotechnologies, 

USA) was used to remove rRNA from 80ng to 1.5µg of the total isolated RNA 

according to the manufacturer’s instructions: 

2.9.1.1 Preparation of the magnetic beads 
 

The first step in rRNA removal was beads washing. In this step, 90µl of the 

supplied beads (quantity for each sample) were added to 1.5ml empty tubes 

and placed on the magnetic rack for 1min. Next, the clear supernatants were 

discarded and the tubes were removed from the magnetic stand. 90 µl of 

RNase-free water was added to the tubes contacting the beads and mixed by 

repeated pipetting. The tubes were placed again on the magnetic rack for 1min 

and the clear supernatants were discarded. After that, the tubes were removed 

from the magnetic stand and 32.5µl of the Magbead re-suspension solution was 

added to the tubes contacting the beads and mixed by repeated pipetting. Then, 

35ml was taken from each tube contacting the beads into  new 1.5 ml RNase-

free tubes (for each sample). Finally, 0.5 µl of RiboGuard (protect RNA from 

degrading) was added to each tube, mixed briefly by vortexing, and stored at 

RT for the next part of rRNA depletion.   

2.9.1.2 rRNA removal 
 

The reaction components in Table 2.15 were added into a 0.5ml tube in the 

same order, gently mixed by pipetting and incubated at 68°C for10min then at 
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room temperature for 5min to treat each RNA sample with rRNA removal 

solution. Next, treated RNA samples were added to the tubes contacting 

washed beads and mixed by pipetting at least ten times then vortexed at 

medium speed for 10sec and placed at room temperature for 5min. After that, 

the tubes were incubated at 50°C for 5min then immediately placed on the 

magnetic stand for 1min. Following this, the clear supernatants (50-52µl) were 

transferred to new 1.5ml tubes and placed on ice for the next step (sample 

purification). 

  

Table 2.15 rRNA removal reaction component. 

Components Volume 

RNase-free water To make a final volume of 20 µl 

Ribo-Zero reaction buffer 2 µl 

Total RNA sample According to RNA amount of each sample (80 ng to 
1.5µg) 

Ribo-Zero removal solution 4 µl 

Total volume 20 µl 

 

2.9.1.3 Purification of rRNA-depleted samples 
 

The RNeasy MinElute Cleanup Kit (Qiagen, Sussex, UK) was used to enable 

clean-up and concentration of RNA after rRNA-depletion. In this step, rRNA-

depleted samples were adjusted to 100µl with adding RNase-free water (50-

48µl). Then, 350µl of RLT lysis buffer and 550µl of 100% ethanol were added to 

each sample and mixed by pipetting to create conditions that encourage 

selective binding of rRNA-depleted samples to the membrane of the RNeasy 

MinElute spin column. The samples were then transferred to MinElute columns, 

centrifuged for 15sec at 8000 rpm, and the flow-through with the collection 

tubes were discarded. Next, 500µl of RPE washing buffer were added to each 

MinElute spin column, centrifuged for 15sec at 8000rpm, and the flow-through 

were discarded. Following this, 500µl of 80% ethanol were added to each 

MinElute spin column for efficient washing away of any contaminants, 

centrifuged for 2min at 8000rpm, and the flow-through with the collection tubes 
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were discarded. MinElute spin column were placed then into a new clean 2ml 

collection tube for a dry spin at 14,000 rpm for 5min. After this, the columns 

were placed into new clean 1.5ml labelled microcentrifuge tubes, and the flow 

through collection tubes were discarded. Next, 12µl of RNase-free water were 

added to the center of each column membrane to ensure that the entire bound 

RNA is eluted and the tubes were centrifuged at 14,000 rpm for 1min. Then, 

rRNA-depleted and purified samples were quantified using High Sensitivity R6K 

ScreenTape on Agilent 2200 TapeStation system (Agilent technologies, Inc., 

USA). 

2.9.1.4 Agilent 2200 TapeStation for rRNA-depleted samples 
quantification 
 

rRNA-depleted and purified samples were quantified using High Sensitivity R6K 

ScreenTape (Agilent technologies, Inc., USA) according to the manufacturer’s 

instructions on an Agilent 2200 TapeStation system (Agilent technologies, Inc., 

USA). To prepare the samples, 2µl of each RNA sample wre mixed with 1µl of 

High Sensitivity R6K Sample Buffer and heated at 72°C for 3min then placed on 

ice for 2min, to allow samples denaturation. samples  were then centrifuged 

briefly to position them at the bottom of the tubes and loaded into the 

TapeStation. Finally, samples were selected and named on the controller 

software to run the programme. Note: a software ladder is added in the Agilent 

2200 TapeStation system to be used for the analysis. 

2.9.2 cDNA synthesis and terminal tagging 
 

The remaining RNA after depletion of total RNA was used as input to prepare 

barcoded strand-specific cDNA libraries.  

2.9.2.1 RNA fragmentation  
 

500 pg to 50 ng of rRNA-depleted RNA is needed per reaction for chemical 

fragmentation. The reaction components in Table 2.16 were added into a 0.2 ml 

tube and incubated at 65°C for five min then placed on ice. This step was 

performed to anneal the primer to RNA samples (hot start). A reaction template 

control was also included starting from this step.  
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Table 2.16 RNA fragmentation reaction component. 

Components Volume (samples) Volume (control) 

Nuclease-Free water To make a final volume of 
11µl 9µl 

Ribo-Zero treated RNA 500 pg to 50 ng - 
cDNA Synthesis Primer 2µl 2µl 

Total volume 11µl 11µl 

 

2.9.2.2 cDNA synthesis 
 

RNA fragmentation and single strand cDNA transcription steps were achieved 

by adding the reaction components in Table 2.17 into sample tubes from the 

previous step (primer annealing step). The components were mixed gently and 

thoroughly, then incubated at 25°C for 5min, 42°C for 20min, paused at 37°C to 

add 1µl of the Finishing Solution to each tube, and mixed by pipetting. Following 

this, the tubes were incubated at 37°C for 10min, 95°C for 3min and paused at 

25°C. Note: all reaction components were added mixed on ice. 

 

Table 2.17 cDNA synthesis reaction components 

 Volumes add for each 
sample Volumes add for control 

RNA Fragmentation 
Solution 1.0µl 1.0µl 

cDNA synthesis PreMix 3µl 3µl 

100 mM DTT 0.5µl 0.5µl 
StarScript Reverse 

Transcriptase 0.5µl 0.5µl 

Total volume 5µl 5µl  

 Incubate at 25°C for 5min 

 Incubate at 42°C for 20min 

Finishing Solution Pause at 37°C, add 1.0µl of Finishing Solution to each 
reaction  

 Incubate at 37°C for 10min 

 Incubate at 95°C for 3min 

 Pause at 25°C 
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2.9.2.3 cDNA Terminal-Tagging  
 

During the 95°C incubation (last step), the reaction components in Table 2.18 

were prepared on ice for terminal tagging to produce di-tagged, single-stranded 

cDNA. The components were mixed gently and thoroughly by pipetting, added 

into sample tubes from the previous step (cDNA synthesis) at the 25°C pausing 

step, then incubated at 25°C for 15min, 95°C for 3min and kept hold at 4°C. 

Table 2.18 cDNA Terminal-Tagging reaction components 

 Volumes add for each 
sample 

Volumes add for 
control 

Terminal Tagging 
Premix 7.5µl 7.5µl 

DNA Polymerase 0.5µl 0.5µl 

Total volume 8µl 8µl 

 Incubate at 25°C for 15min 

 Incubate at 95°C for 3min 

 Hold at 4°C 

 

2.9.2.4 cDNA purification 
  

Purification of cDNA samples was carried out using Agencourt Ampure XP 

beads (BeckmanCoulter, Agencourt Bioscience, Beverly, MA). In this step, 1.8x 

concentration (45µl) of SPRI beads was added to each cDNA sample (samples 

from the last step), mixed thoroughly and incubated at room temperature for 

15min. The reaction tubes were then placed in an Agencourt magnetic rack for 

5min to separate the beads from solution. Once the separation occurred, the 

cleared supernatant was aspirated and discarded, and 200µl of 80% ethanol 

was added and incubated for 30sec at room temperature. Ethanol was 

aspirated and discarded afterward, and then this previous step was repeated for 

a total of two washes. Next, all of the ethanol from the bottom of the tubes was 

aspirated as it may contain residual contaminants, and then magnetic beads 

were kept to dry at room temperature for 10-15min.  Finally, 22.5µl of RNase-

free water was added and mixed with each sample to elute the cDNA from the 
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magnetic beads, incubated for 2min, and the eluted samples were transferred 

next into new tubes. 

2.9.3 Library amplification and Indexing  
 

The di-tagged cDNA was amplified by 15-cycle PCR and indexed using 

ScriptSeq index PCR primer (Epicenter Biotechnologies, USA). 

2.9.3.1 PCR 
 

The reaction components in Table 2.19 were prepared on ice, mixed gently and 

thoroughly by pipetting, and added into sample tubes from the previous step (di-

tagged cDNA purification: 22.5µl). In 0.2 ml tubes, 26.5µl of the master mix was 

added to 22.5 µl of each purified cDNA sample and 1µl of a separate indexed 

primer. Refer to Table 2.20 for PCR reaction conditions.  

Table 2.19 Library amplification reaction components. 

 Volumes add for each 
sample 

Volumes add for 
control 

di-tagged cDNA 22.5µl 22.5µl from previous step 
control 

FailSafe PCR Premix E 25µl 25µl 

Forward PCR Primer 1µl 1µl 

Reverse PCR Primer 1µl 1µl 

FailSafe PCR Enzyme 0.5µl 0.5µl 

Total volume  50µl  50µl 
 

Table 2.20 PCR program. 

Time Temperature 
1 minute 95°C 

15 cycles of: 
30sec 95°C 

30sec 55°C 

3min 68°C 

Incubate after the final cycle for: 

7min 68°C 
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2.9.3.2 Library purification  
 

Before starting the purification step, 1µl of Exonuclease I enzyme (New England 

BioLabs inc., UK) was added to each reaction tube then incubated at 37°C for 

15min to ensure degradation of any excess single-stranded primer 

oligonucleotide within the reaction mixture. Next, the di-tagged amplified cDNA 

libraries were purified using Agencourt Ampure XP beads (BeckmanCoulter, 

Agencourt Bioscience, Beverly, MA). In this step, 1 x concentration (51 µl) of 

SPRI beads was added to each di-tagged amplified cDNA sample (samples 

from the last step), mixed thoroughly and incubated at room temperature for 

15min. The reaction tubes were then placed in an Agencourt magnetic rack for 

5min to separate the beads from solution. Once the separation occurred, the 

cleared supernatant was aspirated and discarded, and 200µl of 80% ethanol 

was added and incubated for 30sec at room temperature. Ethanol was 

aspirated and discarded afterward, and then this previous step was repeated for 

a total of two washes. Next, all of the ethanol from the bottom of the tubes was 

aspirated as it may contain residual contaminants, and then magnetic beads 

were kept to dry at room temperature for 10-15min.  Finally, 20µl of RNase-free 

water was added and mixed with each sample to elute cDNA libraries from the 

magnetic beads, incubated for 2min, and the eluted samples were transferred 

next into new tubes.  

2.9.4 Library quality control 
 

Libraries were examined using Invitrogen’s Quant-iT Picogreen dsDNA BR 

assay kit and Agilent 2200 TapeStation D1K High Sensitivity ScreenTape to 

assess DNA concentration and quality, respectively. Protocols are described in 

sections 2.7.2.1 and 2.8.2.2. The TapeStation also can reveal any excess 

adaptor oligonucleotides that has not been removed from the sample. If there 

was an adaptor contaminating of a total greater than 10% of the final library 

concentration then the library sample is subjected to re-cleaning using the 

Ampure XP system. 
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2.9.5 Sample pooling and sequencing  
 

Details of the prepared libraries were uploaded to the group server for storage. 

Equimolar amounts (typically 5ng) of each cDNA library were pooled before 

being sent to the sequencing team for cluster amplification and multiplexed up 

to six samples per lane and paired-end sequenced (2X100bp) on an Illumina 

HiSeq 2500. Illumina HiSeq 2500 sequencer produces a fast Q file that provides 

information about each read (including quality of read, location and size) 

besides the raw nucleotide sequence. 

2.9.6 Alignment and data analysis 
 

The methodology described in this section was constructed and applied by Dr 

Lucy Stead, [bioinformatics, Pre-cancer Genomics Group]. Briefly: 

Libraries were sequenced to an equivalence of 6 samples per lane of a HiSeq2500. 

Fastq files were processed using trim_galore to remove low quality bases, trim 

adaptors and fix paired-end reads. Processed reads were aligned to the human 

genome GRCh37.p11 by Tophat2.0.7, using the gencode.v17 genome annotation 

as a guide. Reads could align a maximum of 5 times, with 2 mismatches. Alignment 

statistics were ascertained using the samtools flagstat command and 

CollectRnaSeqMetrics programme in the Picard software suite, version 1.56. 

Expression quantification and differential expression analysis (FDR of 0.01) were 

performed using cuffdiff, version 2.1.1, with multireads assigned using the –u 

parameter. 

2.9.6.1 Principal Component Analysis 
 

Principal Component Analysis (PCA) was performed for all expressed protein-

coding genes in OVC and OSCC samples, using the prcomp function in R. 

2.9.6.2 Functional Enrichment 
 

Using a significance threshold of 1%, numbers of differentially expressed genes 

were obtained and detailed in chapter five. DAVID Bioinformatics Database 6.7 

(Database for Annotation, Visualisation and Integrated Discovery) web server 
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was used to assess their functional enrichment (Huang et al., 2008).These 

individual gene lists were then uploaded using their official gene symbol and the 

background from which to measure enrichment was the Homo sapiens list of all 

known genes. The inspection of the functional enrichment with the different 

biological interpretation is described in chapter five. 

2.9.6.3 Integration of CN analysis and RNAseq gene expression 
data 
 
To highlight novel genes of possible clinical and biological importance in OVC, 

the list of genes generated from the copy number analysis data (chapter four, 

Table 4.3) was integrated with genes from the significant differential expression 

lists for protein-coding genes in the matched normal versus verrucous samples 

identified by RNAseq. In this step, CN gene data from Table 4.3 were run 

against RNAseq significant differential expression gene lists in an Excel sheet 

and the matched genes in both lists were identified and recoded (chapter 6). 
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Figure 2.3 An overview of next generation RNAseq library preparation steps.
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2.10 Exome sequencing library preparation and sequencing 
 

DNA sequencing libraries were prepared from extracted DNA using the 

NEBNext singleplex library preparation kit (New England BioLabs, UK) and 

then, exome DNA was captured following SureSelectXT target enrichment 

System protocol (Agilent technologies, Inc., USA) for Illumina HiSeq 2500 

paired end sequencing. 

2.10.1 DNA quality control PCR 

2.10.1.1 PCR reaction 
 

As the DNA used here was extracted from FFPE tissue, differences in 

performance might be seen when using the same DNA starting amounts. This is 

due to varied DNA degradation levels triggered by sub optimal tissue 

processing or DNA storage. For exome sequencing library preparation, it helps 

to know if the DNA sample is poor before being used, so that it can be either 

omitted all together, or used in increased amounts. The methodology in this 

section describe a multiplex PCR that allows DNA quality quantification in order 

to use this information to inform how much DNA will be needed for exome 

sequencing library preparation.  

Here, DNA concentrations were measured using Invitrogen’s Quant-iT 

Picogreen dsDNA BR assay kit as described in sections 2.7.2.1. In a 96 Well 

PCR Plates, all DNA samples were diluted to 5ng/ul. A positive control of a high 

quality DNA sample and a negative control of nuclease free water were 

included. Next a PCR master mix was prepared as described in Table 2.21 

below and loaded into each PCR well of the plate, and 2µl of each DNA sample 

was added to each PCR well. The PCR plate was placed into the thermal cycler 

after a brief vortex and centrifugation. Refer to Table 2.22 for PCR reaction 

conditions. 
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Table 2.21 PCR reaction component. 

Component Volume x1 

Phusion High Fidelity Master Mix (New 
England BioLabs inc., UK). 12.5µl 

95bp Forward primer (100uM) 0.5µl 

95bp Reverse primer (100uM) 0.5µl 

235bp Forward primer (10uM) 1.5µl 

235bp Reverse primer (10uM) 1.5µl 

Nuclease Free Water 6.5µl 

Total 23µl 
 

Table 2.22 PCR program. 

Time Temperature 

10min 95°C 
39 cycles of: 

20sec 95°C 

20sec 60°C 

20sec 72°C 

Incubate after the final cycle for: 

5min 72°C 

Hold @ 4°C 

 

2.10.1.2 Purification 
  

All PCR products were transferred into 1.5 ml tubes. Next, the post-PCR 

samples were processed for cleaning-up using AMPure XP SPRI beads 

(Agencourt Bioscience, Beverly, MA). In this step, 2x concentration of SPRI 

beads was added to each DNA sample from the PCR step, mixed thoroughly 

and incubated at room temperature for 5min. The reaction tubes were then 

placed in an Agencourt magnetic rack for 2min to separate the beads from 

solution. Once the separation occurred, the cleared supernatant was aspirated 

and discarded, and 200µl of 70% ethanol was added and incubated for 30sec at 

room temperature. Ethanol was aspirated and discarded afterward, and then 
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this previous step was repeated for a total of two washes. Next, all of the 

ethanol from the bottom of the tubes was aspirated as it may contain residual 

contaminants, and then magnetic beads were kept to dry at room temperature 

for 10-20min.  Finally, 25µl of elution buffer (EB from the Qiagen kit) was added 

and mixed with sample to elute the DNA from the magnetic beads, and the 

eluted samples were transferred next into new tubes.  

2.10.1.3 DNA quality and concentration assessment 
 

DNA samples were checked on an Agilent 2200 TapeStation D1K High 

Sensitivity Screentape (Agilent technologies, Inc., USA) as described in section 

2.8.2.2. For each DNA sample, the concentration ratios of the control DNA to 

the test DNA was calculated using the following formula: 

Concn Ratio 95bp =  

Concn 95bp (test sample)/Concn 95bp (control sample) 

Concn Ratio 235bp =  

Concn 235bp (test sample)/Concn 235bp (control sample) 

Average Concn Ratio = 

(Concn Ratio 95bp + Concn Ratio 235bp)/2 = QC Score 

The QC Score of each sample can be used then to determine the amount of 

DNA that should be used for DNA sequencing libraries the guidelines in Table 

2.23: 

Table 2.23 QC score and DNA input guidelines. 

QC Score Adjusted DNA input 

1+ 200-500ng 
0.5-1 500-1000ng 

0.01-0.5 1000-2000ng 
 

If less DNA amounts than recommended by the QC score were available, PCR 

cycles were increased from 12 to 14 in the ‘adaptor-ligated library amplification’ 

step, section 2.10.3.3. 
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2.10.2 Pre-capture library preparation for SureSelectXT target 
enrichment paired end sequencing 
 

Libraries preparation protocol for the SureSelectXT target enrichment system for 

Illumina HiSeq 2500 paired end sequencing recommends a starting high quality 

DNA amount of 3µg. This is usually not obtainable when working with FFPE 

degraded DNA, or using DNA from a low stock. The modified protocol described 

in this section uses less concentrating and clean-up steps to reduce DNA 

wastage. The resulting prepped DNA library should then contain the required 

750ng recommended for hybridisation in the SureSelectXT protocol. 

2.10.2.1 DNA preparation  
 

DNA quality was assessed as described in section 2.10.1 above and the 

amount of used DNA starting material was decided according to the guidelines 

in Table 2.22 above. The DNA concentration was measured and confirmed on 

the day of library prep, using Invitrogen’s Quant-iT Picogreen dsDNA BR assay 

kit as described in sections 2.7.2.1. 

2.10.2.2 Shearing 
 

750ng of DNA was sheared on a Covaris S2 Sample Preparation System (Covaris 

Inc., USA)  

2.10.2.2.1 Sample preparation and shearing 
 

To prepare the added amounts of each DNA sample, the following calculations 

were made:  

Concentration of Stating Material: (Picco Green result, ng/µl) 

Volume of DNA Used (µl): (750 / Concentration of Stating Material) 

Volume of EB Buffer used (µl): 50 - Volume of DNA Used (µl) 

 

Total Amount of DNA Used (ug): (Concentration of Stating Material x Volume of 
DNA Used (µl)) / 1000 
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DNA was sheared on a Covaris S2 Sample Preparation System (Covaris Inc., 

USA). The Covaris S2 Focused-ultrasonicator was used for each sample to shear 

the DNA at 4oC in run mode using the below settings shown in Table 2.24.   

Table 2.24 Covaris S2 run settings 

Temperature of water bath  4oC 

Water level 12 

Duty Cycle 20% 

Intensity 5 

Cycle Burst 200 

Time 140sec 
 

2.10.2.2.2 Agilent 2200 Tapestation checkpoint 
 

After shearing, 2µl of each DNA sample were checked for appropriate size 

distribution on an Agilent 2200 TapeStation D1K High Sensitivity Screentape 

(Agilent technologies, Inc., USA) as described in section 2.8.2.2.  

2.10.2.3 End-repair 
 

DNA fragments were end repaired to convert DNA containing damaged ends to 

blunt-ended, 5´-phosphorylated DNA using reagents from NEBNext ultra DNA 

prep kit (New England BioLabs inc., UK). Reaction components in Table 2.25 

were mixed by pipetting, quickly centrifuged to collect all the liquid from the side 

of the tube, added to sheared DNA samples in a PCR plate, and incubated for 

30min at 20oC, then for 30min at 65oC.  

Table 2.25 End-repair reaction components. 

Component Volume x1 

Sheared DNA 48µl 

End Repair reaction buffer 6.5µl 

EB buffer 7.5µl 

End-It Enzyme mix 3µl 
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2.10.2.4 Adaptor ligation 
 

End-repaired DNA fragments were dA-tailed so that adapters could be ligated 

to the ends of the DNA with SureSelect Adaptor. Refer to Table 2.26 below for 

reaction components. In a PCR plate, 18.5µl of the reaction master mix was 

added to the end-repaired DNA samples: 65µl, and incubated at room 

temperature for 15min. Next, samples were cleaned and smaller fragments of 

DNA were removed using AMPure XP beads (Agencourt Bioscience, Beverly, 

MA). 

 

Table 2.26 Adaptor ligation reaction components. 

Component Volume per DNA sample/µl 

Blunt/TA Ligase Master Mix 15µl 

SureSelect Adaptor Oligo Mix 2.5µl 

Ligation Enhancer 1.0µl 

Total volume 18.5µl 

 

2.10.2.5 Clean up with AMPure XP beads 
 

All DNA samples were transferred into 1.5ml tubes. Next, samples were 

processed for cleaning-up using AMPure XP beads 

(Agencourt Bioscience, Beverly, MA). In this step, 1x concentration of AMPure 

XP beads (83.5µl) was added to each DNA sample from the previous step, 

mixed thoroughly and incubated at room temperature for 5min. The reaction 

tubes were then placed in an Agencourt magnetic rack for 2min to separate 

the beads from solution. Once the separation occurred, the cleared 

supernatant was aspirated and discarded, and 200µl of 70% ethanol was 

added and incubated for 30sec at room temperature. Ethanol was aspirated 

and discarded afterward, and then this previous step was repeated for a total 

of two washes. Next, all of the ethanol from the bottom of the tubes was 

aspirated as it may contain residual contaminants, and then magnetic beads 

were kept to dry at room temperature for 10-20min.  Finally, 23µl of 0.1x TE 
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buffer was added and mixed with sample to elute the DNA from the magnetic 

beads, and the eluted samples were transferred next into new tubes.  

2.10.2.6 PCR amplification 
 

Adaptor ligated DNA fragments were subjected to PCR amplification using 12- 

enrichment PCR cycles. Refer to Table 2.27 below for reaction components. In 

a PCR plate, 27µl of the master mix was added to 23 µl of each DNA sample 

(DNA from previous step) and placed into the thermal cycler. Refer to Table 

2.28 for PCR reaction conditions.  

 

Table 2.27 PCR amplification reaction components. 

Components Volume per DNA 
sample/µl 

NEB High Fidelity 2x PCR master mix 25µl 

Sure Select Primer 1.0µl 
SureSelect ILM Indexing Pre Capture PCR 

Reverse Primer 1.0µl 

 

Table 2.28 PCR program 

Time Temperature 

30sec 98°C 
15 cycles of: 

10sec 98°C 

30sec 65°C 

30sec 72°C 

5min 72°C 

Hold 4°C 

 

2.10.2.7 Clean up of PCR product with AMPure XP beads 
 

All PCR products were transferred into 1.5 ml tubes. Next, the post-PCR DNA 

samples were processed for cleaning-up using AMPure XP beads 

(Agencourt Bioscience, Beverly, MA). In this step, 1x concentration of AMPure 



	
   82	
  

	
  

XP beads (50µl) was added to each DNA sample from the PCR step. The rest 

of the cleaning steps were exactly as described in section 2.10.2.5 above, 

except for the final elution that was made using 25µl of nuclease free water. 

2.10.2.8 Quality and quantity assessment of pre-capture library 
 

Libraries were examined using Invitrogen’s Quant-iT Picogreen dsDNA BR 

assay kit and Agilent 2200 TapeStation D1K High Sensitivity ScreenTape to 

assess DNA concentration and quality, respectively. Protocols are described in 

sections 2.7.2.1 and 2.8.2.2. Once the concentration is determined, 750ng of 

each library was calculated and transferred to a new, labelled 1.5ml tube and 

proceed to hybridisation (SureSelectxt target enrichment system for illumina 

paired-end sequencing protocol). 

2.10.3 SureSelectxt target enrichment system for illumina HiSeq 
2500 paired-end sequencing 
 

DNA sequencing libraries were previously prepared as described in section 

2.10.2 from extracted DNA using the NEBNext singleplex library preparation kit 

(New England BioLabs, UK). Next, exome DNA was captured following 

SureSelectXT target enrichment System protocol (Agilent technologies, Inc., 

USA) for Illumina HiSeq 2500 paired end sequencing. 

2.10.3.1 Library hybridisation  
 

In this step, DNA libraries were hybridized for target enrichment. Each 

hybridization reaction requires 3.4µl of 750ng of the prepped library DNA. If the 

prepped library concentration was below 750ng, a concentrator was used to 

concentrate the sample at 30°C for 15min in which the entire prepped library is 

added to an eppendorf tube. Then, holes were made into the lid with a narrow 

needle and the samples were transferred to the vacuum concentrator to 

dehydrate. Once the run has completely finished and no liquids can be seen in 

the tubes, the samples were re-suspended by adding 3.4  µl of nuclease-free 

water and mixed on a vortex. 
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2.10.3.1.1 Hybridisation buffer 
 

To prepare the hybridisation buffer, the components in Table 2.29 were mixed 

by pipetting, centrifuged briefly, incubated at 65°C for 5min and stored at room 

temperature. 

 

Table 2.29 Hybridisation buffer mix 

Components Volume for 1 capture (µl) 

SureSelect Hyb buffer #1 (orange cap) 25µl 

SureSelect Hyb buffer #2 (red cap) 1µl 

SureSelect Hyb buffer #3 (yellow cap) 10µl 

SureSelect Hyb buffer #4 (black cap) 13µl 

Total 49µl 
 

2.10.3.1.2 SureSelect Capture Library 
 

The SureSelect capture library (RNase Block) component mix was prepared in 

a PCR plate, mixed by pipetting, centrifuged briefly and stored in ice for target 

enrichment reaction as described in Table 2.30 below. (Library capture size < 

3.0 Mb). 

Table 2.30 RNase Block mix 

Components Volume for 1 capture (µl) 

RNase Block (purple cap) for 1 sample 1µl 

Nuclease-free water for 1 sample  3µl 

2 µl is needed for each sample 

 

2.10.3.1.3 SureSelect Block 
 

The SureSelect Block component mix was prepared as shown in Table 2.31, 

mixed to make the correct amount for the number of samples used and stored 

in ice.  
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Table 2.31 SureSelect Block mix 

Components Volume for 1 capture (µl) 

SureSelect Indexing Block #1 (green 
cap) 2.5µl 

SureSelect Block #2 (blue cap) 2.5µl 
SureSelect Indexing Block #3 (brown 

cap) 
0.6µl 

Total 5.6µl 

 

2.10.3.1.4 Preparing PCR plates 
 

Two PCR palates were used for library hybridisation reaction. In PCR plate 

No.1 (shown below), 2µl per sample of the RNase Block mix that was previously 

prepared in section 2.10.3.1.2 were added along with 5 µl / per sample of 

SureSelect Human all Exone V5 probe into the wells in row B, but leaving the 

first and last wells that are more exposed to heat and evaporation inside the 

thermal cycler and the PCR plate was then stored in ice. 

 

PCR plate (1) 

 

 

In PCR plate No.2 (shown below), 3.4µl of the previously prepared library DNA 

samples were added along with 5.6µl of SureSelect Block mix that was 

prepared before in section 2.10.3.1.3 into the wells in row B, but leaving the first 

and last wells that are more exposed to heat and evaporation inside the thermal 

cycler. Next, PCR plate No.2 was covered by a heated lid and placed into the 

thermal cycler for the indicated program below in Table 2.32. 

	
   
SureSelect	
  Capture	
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  (2	
  µl	
  of	
  

RNase	
  Block	
  mix	
  	
  +	
  5	
  
µl	
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  SureSelect	
  

probe)	
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PCR plate (2) 

 

Table 2.32 PCR program 

Time Temperature 

5min 95°C 

Hold @ 65°C 

 

After 5min, the sealing heated lid was removed from PCR plate No.2 and 40µl 

of the Hybridisation buffer mix that was prepared already in section 2.10.3.1.1 

was added into the wells in row A in PCR plate No.2, but leaving the first and 

last wells that are more exposed to heat and evaporation inside the thermal 

cycler. Then, PCR plate No.2 was covered by a heated lid and placed into the 

thermal cycler and incubated at 65°C for 5min.  

PCR plate (2) 

 

After 5min, the sealing heated lid was removed from PCR plate No.2 and the 7 

µl in row B, in PCR plate No.1, was transferred into row A in PCR plate No.2. 

 
3.4	
  µl	
  of	
  DNA	
  

samples	
  +	
  5.6	
  µl	
  of	
  
SureSelect	
  Block	
  

mix	
   

 

40	
  µl	
  of	
  the	
  
Hybridisation	
  
buffer	
  mix	
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After that, PCR plate No.2 was covered by a heated lid and placed into the 

thermal cycler and incubated at 65°C for 2min.  

 

PCR plate (2)                                                 PCR plate (1) 

 

After 2min, the sealing heated lid was removed from PCR plate No.2 and 13µl 

from row A in the same plate were transferred to row C. Additionally, 9µl from 

row B in the same plate were transferred to row C and mixed well by slow 

pipetting. Next, PCR plate No.2 was covered by a heated lid and placed into the 

thermal cycler and incubated at 65°C for 24 hours. All the transferring steps 

were made using a multi-channel pipette and the PCR plate was maintained at 

65°C.  

           PCR plate (2) 

 

2.10.3.2 magnetic beads preparation  
 

The SureSelect Wash buffer #2 from the SureSelect Target Enrichment Kit 

(Agilent technologies, Inc., USA) was pre-warmed at 65°C. Then, 50µl of the 

Dynabeads MyOne Streptavidin (Invitrogen, UK) was added for each sample to 

a separate 1.5ml tube along with 200µl of SureSelect binding buffer. After a 

	
   	
   
	
   

	
   

	
   
	
   

	
   

Hybridisation	
  buffer	
  mix	
   
DNA	
  samples	
  and	
  SureSelect	
  Block	
  mix	
   
SureSelect	
  Capture	
  Library	
   



	
   87	
  

	
  

brief vortexing, the reaction tubes were then placed in an Agencourt magnetic 

rack for 2min to separate the beads from solution. Once the separation 

occurred, the cleared supernatant was aspirated and discarded. The previous 

washing step was repeated three times followed by a re-suspension in 200µl of 

SureSelect Binding Buffer. 

2.10.3.3 Select hybrid capture with SureSelect 
 

While PCR plate No.2 is still at 65°C in the PCR machine, the hybridization 

mixture was added directly from the thermal cycler to the Dynabeads solution 

prepared earlier in section 2.10.3.2 and the tubes were then inverted 3 to 5 

times to mix the components. Next, the tubes were incubated at room 

temperature for 30min on a 3D gyratory rocker (Stuart, UK). Following this, the 

tubes were briefly centrifuged and the reaction tubes were then placed in an 

Agencourt magnetic rack for 2min to separate the beads from solution. Once 

the separation occurred, the cleared supernatant was aspirated and discarded. 

The tubes were then removed from the magnetic rack and 500µl of SureSelect 

Wash #1 was added to each sample, vortexed and incubated at room 

temperature for 15min. After a brief centrifugation, the reaction tubes were then 

placed in an Agencourt magnetic rack for 2min to separate the beads from 

solution and the cleared supernatant was aspirated and discarded. Next, 500µl 

of the pre-warmed SureSelect Wash buffer #2 was added to the tubes, vortexed 

and incubated at 65°C for 10min. After a brief centrifugation, the reaction tubes 

were then placed in an Agencourt magnetic rack for 2min to separate the beads 

from solution and the cleared supernatant was aspirated and discarded. This 

previous washing step with SureSelect Wash buffer #2 was repeated 3 times 

followed by a re-suspension in 30µl of nuclease-free water. 

2.10.3.4 Addition of index tags by post-hybridization 
amplification 
 

One amplification reaction was prepared for each hybrid capture and a negative 

no-template control was included. In a PCR strip tubes, the reaction mix 

described in Table 2.33 below was prepared on ice and mixed well on a vortex 

mixer. Then, 35µl of the reaction mix was added to each tube, and 1µl of the 



	
   88	
  

	
  

appropriate index PCR Primer (selected from index 1 through index 16) from 

the SureSelect Library Prep Kit, was added to each tube and mixed by 

pipetting. A different index primer was used for each sample in order to be 

sequenced in the same lane. The PCR tubes were then placed into the thermal 

cycler. Refer to Table 2.34 for PCR reaction conditions.  

 

Table 2.33 PCR amplification and index tags addition reaction components. 

Components Volume per DNA sample/µl 

5× Herculase II Rxn Buffer  10µl 

100 mM dNTP Mix  0.5µl 

Herculase II Fusion DNA Polymerase  1.0µl 

Indexing Post Capture Forward PCR Primer 1.0µl 

Nuclease-free water. 22.5µl 

                  Total 35µl 
PCR Primer Index, selected from index 1 

through index 16  1.0µl 

Captured on-bead DNA sample 14µl 
 

Table 2.34 PCR program 

Time Temperature 
2min 98°C 

10 cycles of: 

30sec 98°C 

30sec 57°C 

I minute 72°C 

Incubate after the final cycle for: 

10min 72°C 

Hold 4°C 
 

2.10.3.5 Samples purification 
 

Purification of amplified DNA libraries was carried out using Agencourt Ampure 

XP beads (Agencourt Bioscience, Beverly, MA). In this step, 1.8x concentration 

(90µl) of SPRI beads was added to each DNA sample (samples from the last 
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step), mixed thoroughly and incubated at room temperature for 15min. The 

reaction tubes were then placed in an Agencourt magnetic rack for 5min to 

separate the beads from solution. Once the separation occurred, the cleared 

supernatant was aspirated and discarded, and 500µl of 70% ethanol was added 

and incubated for 1 minute at room temperature. Ethanol was aspirated and 

discarded afterward, and then this previous step was repeated for a total of two 

washes. Next, all of the ethanol from the bottom of the tubes was aspirated as it 

may contain residual contaminants, and then magnetic beads were kept to dry 

at room temperature for 10min.  Finally, 30µl of nuclease-free water was added 

and mixed with each sample to elute the DNA from the magnetic beads, 

incubated for 2min, and the eluted samples were transferred next into new-

labelled tubes. 

2.10.3.6 Library quality control 
 

Libraries were examined using Invitrogen’s Quant-iT Picogreen dsDNA BR 

assay kit and Agilent 2200 TapeStation D1K High Sensitivity ScreenTape to 

assess DNA concentration and quality, respectively. Protocols are described in 

sections 2.7.2.1 and 2.8.2.2. 

2.10.3.7 Sample pooling and sequencing  
 

Details of the prepared libraries were uploaded to the group server for storage. 

Equimolar amounts (typically 10ng) of each exome captured DNA library were 

pooled before being sent to the sequencing team for cluster amplification and 

multiplexed up to 4 samples per lane and paired-end sequenced (2X100bp) on 

an Illumina HiSeq 2500 to an average of 90X coverage. Illumina HiSeq 2500 

sequencer produces a fast Q file that provides information about each read 

(including quality of read, location and size) besides the row nucleotide 

sequence. 

2.10.3.8 Alignment and data analysis 
 

Sequencing was performed to an average of 90X coverage. Reads were 

trimmed using cutadapt (Martin, 2011) to aligned to the human genome (hg19) 
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using BWA (Li and Durbin, 2009). PCR duplicates were removed using Picard 

(http://picard.sourceforge.net), and indel realignment and quality score 

calibration performed using GATK (McKenna et al., 2010). Variant calling was 

performed by Varscan2 in somatic mode (Koboldt et al., 2012), and variant 

consequences were then predicted using Chasm (Wong et al., 2011) and 

Variant Effect Predictor (McLaren et al., 2010). Variants were filtered using a 

number of criteria to enrich the mutation list for functionally important genes: 

Mutations had to pass a Varscan2 Phred somatic score of threshold of 15 (p-

value of less than 0.05); mutations had to be present in over 50% of tumour 

cells, calculated taking into account tumour cell percentages and local copy 

number, as well as absent in the matched normal sample; mutations that have a 

predicted possible consequence on protein function (deleterious, splice variant, 

probably deleterious, possibly deleterious, stop gained).  

2.10.3.9 Functional analysis of mutated genes in OVC. (DAVID 
gene set enrichment analysis)  
 

I used DAVID Bioinformatics Database 6.7 to assess the functional enrichment 

of the significant mutated genes in OVC (Huang et al., 2008).These genes were 

uploaded using their official gene symbol and the background from which to 

measure enrichment was the Homo sapiens list of all known genes. The 

inspection of the functional enrichment with the different biological interpretation 

is described in chapter 7. 

2.10.3.10 Integration of exome sequencing data and RNAseq 
gene expression data 
 

To highlight genes of possible clinical and biological importance in OVC, the list 

of significant mutated genes generated from exome sequencing analysis was 

integrated with genes from the significant differential expression lists for protein 

coding genes in OVC versus its matched normal, and OVC versus OSCCs, that 

was generated from RNAseq data analysis (chapter 6).  
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Figure 2.4 An overview of next generation exome sequencing library preparation steps.
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Chapter 3 Clinicopathological study of OVH and OVC 
samples 

 

3.1 Introduction 
In 1948, Ackermann defined verrucous carcinoma; it is also known as 

Ackermann’s tumour or verrucous carcinoma of Ackermann (Ackerman, 1948). 

VC is currently classified as a low grade, slow growing, non- metastasizing, rare 

variant of SCC (Barnes L, 2005) and affects both skin & mucosal sites. The 

most common site of verrucous carcinoma occurrence is the oral cavity 

(Walvekar et al., 2009). Additionally, it is known to occur in the nasal cavity and 

paranasal sinuses, larynx, esophagus, leg, vulva, vagina, uterine cervix, 

scrotum, perineum, penis, and the skin (Spiro, 1998), (Walvekar et al., 2009). 

Oral verrucous carcinoma (OVC) is a low grade, rare variant of OSCC, and it 

accounts for 2-10% of all OSCC cases (Pentenero et al., 2011). ‘Verrucous’ 

terminology is applied for lesions that show exophytic, keratotic surfaces, made 

of blunt or sharp epithelial projections, filled with keratin invaginations, but 

without clear fibrovascular cores (Ray et al., 2011a). Generally speaking, the 

accurate histological classification of squamous mucosal lesions with an 

exophytic growth pattern is often difficult and requires experience (Santoro et 

al., 2011). Hence, OVC clinico-histopathological diagnosis is usually 

exclusionary and extremely problematic (Rekha and Angadi, 2010). The 

aetiology of OVC is not well known, and in terms of epidemiology, it is mostly 

seen in over sixth decade males (Ray et al., 2011a), and commonly arises in 

buccal mucosa (Walvekar et al., 2009). Nevertheless, VC has a better 

prognosis compared to other carcinomas (Ray et al., 2011a). 

Oral verrucous hyperplasia (OVH) is a histological precursor of oral verrucous 

carcinoma; and may transform into either an OVC or an OSCC and is believed 

to have the same biological features as of OVC (Wang et al., 2009b). Although 

OVH and OVC share similar clinical and histopathological morphology, they are 

two distinctive oral verrucous lesions (Shear and Pindborg, 1980a), (Klieb and 

Raphael, 2007b), (Zhu et al., 2012). Furthermore, both lesions may present 

clinically as a thick, extensive, white mass or plaque with an exophytic, 
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verrucous appearance; and therefore, there are no precise distinguishing 

characteristic features to differentiate between OVH and OVC (Zhu et al., 

2012). In 1980, sixty-eight patients with oral verrucous lesions were described 

by Shear and Pindborg and they indicated histopathological key points for both 

lesions; VH was categorised by the presence of hyperplastic epithelium 

adjacent to superficial normal epithelium, while VC was categorised by the 

presence of a hyperplastic pushing-border invasion of the epithelium into the 

underlying connective tissue, whereas the basement membrane is still intact 

(Shear and Pindborg, 1980a). To date, there have been few studies focusing on 

the clinicopathological features of VH and VC (Oliveira et al., 2006), (Walvekar 

et al., 2009), (Rekha and Angadi, 2010), and hardly any reports have been 

found on comparative clinicopathological analysis of both lesions (Zhu et al., 

2012). 

3.2 Aim 
Distinguishing OVC from OVH lesions is often difficult. Furthermore, 

distinguishing OVC from classical OSCC is a common problem for pathologists 

due to poorly-defined diagnostic criteria. The rarity of these lesions also makes 

them difficult to investigate, so most previous studies have been made on small 

numbers of cases. The objective of this study is to investigate and describe the 

clinical and histopathological features of OVH and OVC lesions for all the 

samples used in this PhD project. 
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3.3 Results 

3.3.1 Sample selection 

The rarity of OVC and OVH lesions was one of the obstacles in this project; and 

therefore, I looked for different sources to get the tissue materials needed for 

this study. An agreed collaboration have was reached after a visit to the 

Pathology Division, University of Torino, in Italy with Dr. Monica Pentenero and 

her group whom had an interest in studying OVC and had published a recent 

article in the field (Pentenero et al., 2011). An agreed collaboration has been 

reached as well with Dr. Abdulaziz Al-Ajlan, the Chairman of the Department of 

Pathology & Laboratory Medicine, at National Guard Hospital, Saudi Arabia, 

and Dr. William Barratt, at the Department of Histopathology, Queen Victoria 

Hospital, East Grinstead, UK to use their archival OVC blocks. All pathological 

materials used for this PhD project from each case were available in the form of 

Archival Formalin-Fixed Paraffin-Embedded (FFPE) tumour blocks. Samples 

from Turin, Italy, were taken as sections on glass slides (10µm sections onto 10 

plain glass slides from each block).  

Fifteen OVC, and 13 OVH FFPE blocks were retrieved from the Pathology 

Department, Bexley Wing, St James’s University Hospital. Fifteen OVC 

samples, and one OVH FFPE block were provided from the Pathology Division, 

Queen Victoria Hospital, West Sussex, UK. Forty OVC samples and one OVH 

FFPE block were provided from the Pathology Division, University of Turin, 

Italy. Seven OVC FFPE blocks were provided from the Department of 

Pathology, National Guard Hospital, Saudi Arabia. Written informed consent 

and approval was obtained for all patients for the use of their tissue in this 

research. (Local ethics committee REC reference: 07/Q1206/30) refer to 

appendix 2.2 for ethical approval document.  

Five cases had an initial diagnosis of OVC, and following the examination of the 

copy number karyograms for those samples (discussed in details in chapter 4 

section 4.4); they had shown OSCC chromosomal signature features. Dr Alec 

High and Prof. Kenneth MacLennan have performed careful histological 

revision, and the final diagnosis was OSCC with verrucous appearance, and 
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these cases were excluded from the study (explained in details in chapter 4, 

section 4.4.  

In total, 92 oral verrucous samples, malignant (OVC) and pre-malignant (OVH) 

regions were identified and the original diagnoses were confirmed by Dr. Alec High 

(reference pathologist). World Health Organisation (WHO) definitions and criteria 

were used for the histological diagnosis of OVH and OVC lesions (Barnes L, 2005). 

Verrucous appearing, but clearly ‘invasive’ squamous lesions were classified as 

verrucous squamous cell carcinoma and excluded (Barnes L, 2005). Because of 

different reasons such as low yields of the extracted DNA or RNA and failed library 

preparations, 73 cases out of 92 were suitable for NGS analysis, including copy 

number analysis, RNA sequencing and Exome sequencing.  

3.3.2 Clinical data and characteristics of OVH and OVC samples 
Seventy-three cases out of 92 were suitable for NGS analysis in this project and 

clinical data were obtained for those patients only. A total of 16 OVH patients 

were identified, ranging from 52–80 years with an average age of 66.4 years at 

the time of diagnosis. There were ten females and six males. The buccal 

mucosa was affected in 39% of patients with OVH, followed by the tongue 

(22%), followed by the palate (17%) (Figure 3.1). Smoking and alcohol intake 

data were not available for 11 OVH patients out of 16 (refer to table 3.1). 

A total of 57 OVC patients were identified, ranging from 46–96 years with an 

average age of 68.7 years at the time of diagnosis. There were 26 females and 

31 males. The palate was affected in 26% of patients with OVC, followed by the 

buccal mucosa (20%), followed by the tongue (18%)  (Figure 3.2). Smoking and 

alcohol intake data were not available for 39 OVC patients out of 57  (refer to 

table 3.1).  

For all the 73 verrucous patients (OVH and OVC), the gender ratio was 37 

males to 36 females, mean age: 68.2 years (range 46-96). The buccal mucosa 

was affected in 33%, followed by the tongue (19%), followed by the palate 

(18%). The verrucous surface is the most characteristic feature of verrucous 

lesions (OVH and OVC lesions). Clinically, distinguishing OVH from OVC 

lesions is often difficult (Zhu et al., 2012).  
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Figure 3.1 The percentage distribution of affected sites in OVH. 

 

 

Figure 3.2 The percentage distribution of affected sites in OVC. 

Tongue 
22% 

Palate 
17% Buccal 

mucosa 
39% 

Maxilla 
5% 

Alveolus 
mucosa 

11% 

Oral cavity 
(specific site 
not avalible)  

6% 

OVH affected sites   

Buccal 
mucosa 

20% 

Tongue 
18% 

Palate 
26% Floor of 

mouth 
6% 

Lip 
3% 

Alveolus 
mucosa 

6% 

Oral cavity 
(specific site 
not availble) 

15% 

Gingiva 
6% 

OVC affected sites 



	
   97	
  

	
  

Table 3.1 Clinical data of 73 patients (OVH:16 cases and OVC:57 cases). 

Study ID 

 
Diagnosis Age at 

diagnosis Sex 
Primary Site 

 

Smoking 
(current, 

no, 
previous) 

Form (eg. 
Pipe, 
snuff, 

cigarettes) 

Drinking 
(units/wk) 

Comments/additi
onal data/ any 

history of illness 
CNA RNA 

seq 
Exome 

seq 

V-04-01-E9 OVC 77 M Mandible and adjacent 
buccal and lingual mucosa No  Little 

Had skin cancer 
(scalp), father had 

a lung cancer 
Yes Yes Yes 

V-07-01-A OVC 86 F Lower lip - - -  Yes   

V-10-01-1 e1 OVC 62 M Left cheek Yes Chew 
tobacco -  Yes   

V-014-01-5 OVC 62 M Left buccal mucosa Yes Chew 
tobacco -  Yes Yes Yes 

V-019-01-I4 OVC 63 F Buccal mucosa - - -  Yes   

V-20-3 OVC 55 M Right soft palate - - - 

Had multiples oral 
and 

oropharyngeal 
region of SCCs 
since 2001, lung 

metastases 

Yes   

V-026-01-A4 OVC 72 M Left buccal mucosa 
 

Gave up 
20 years 

ago 
- Yes Hypertension Yes   

V-060-01 OVC 65 M Tongue - - -  Yes   
V-61-1-4 OVC 96 F Dorsum of the tongue - - -  Yes   
V-62-1-B OVC 73 F Ventral tongue - - -  Yes   
V-63-1-2 OVC 66 F Buccsal mucosa - - -  Yes   

V-65-1-D1 OVC 78 M Upper and lower lip - - -  Yes   
V-66-1-B OVC 73 M Buccal Ex. Cigarette -  Yes   

V-67-1-B1 OVC 61 F Floor of mouth, left. - - -  Yes   
V-68-1 OVC 61 M Buccal - - -  Yes   

V-69-1-D OVC 66 M Buccal/lip - - -  Yes   
V-70-1-B OVC 49 M Buccal mucosa - - -  Yes   
V-71-1-5 OVC 82 F Gingiva - - -  Yes   
V-72-1-4 OVC 82 F Inside the left cheek - - -  Yes   

V-73-1 OVC 88 F Right retromolar trigone 
mucosa - - -  Yes   
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V-74-1-A OVC 88 F Hard palate No  -  Yes   
V-75-1 OVC 49 F Oral cavity - - -  Yes   
V-77-1 OVC 81 M Oral cavity - - -  Yes   

V-78-1-A OVC 74 M Buccal - - -  Yes   
V-79-1-B OVC 77 F Palate - - -  Yes   
V-80-1 OVC 63 F Alveolar ridge - - -  Yes   

V-83-1-C OVC 72 F Gingiva/mucobuccal 
fold/buccal - - -  Yes   

V-84-1 OVC 61 F Upper lip - - -  Yes   
V-85-1 OVC 73 M Oral cavity - - -  Yes   
V-86-1 OVC 70 M Oral cavity - - -  Yes   
V-88-1 OVC 74 M Buccal mucosa - - -  Yes   

V-89-1-A OVC 53 M Inside the right cheek - - -  Yes   
V-90-1 OVC 61 M Oral cavity - - -  Yes   
V-91-1 OVC 60 F Palate - - -  Yes   
V-92-1 OVC 57 M Oral cavity - - -  Yes   
V-93-1 OVC 77 M Oral cavity - - -  Yes   

V-94-1 OVC 46 M Buccal Yes Cigarette 
(10/day) 

At least 20 
units/week  Yes   

V-98-1-D OVC 85 F Tongue - - - 

Previous 
diagnosis of oral 

lichen planus 
follow-up ends on 

12-01-2007 

Yes  Yes 

V-99-1-4 OVC 81 F Tongue - - - 

Previous 
dysplasia same 

site on 1996; 
follow-up ends on 

03/12/2007 

Yes   

V-100-1-B OVC 69 M Buccal Yes Cigarette 
(7-8/day) -  Yes   

V-101-1-F OVC 80 F Palate - - -  Yes   
V-102-1 OVC 55 F Gingiva/mucobuccal fold - - -  Yes   

V-105-01 OVC 47 M Tongue, right, lateral border 
 Yes 

20 
cigarettes/d

ay for 30 
years 

- candidal infection Yes   

V-108-01 OVC 78 F Tongue, left, dorsum - - - Long term lichen Yes Yes Yes 
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 planus 

V-109-01 OVC 82 F Hard palate, left - - - 
Type II diabetes, 

heart failure, 
rheumatic fever 

Yes Yes Yes 

V-110-01 OVC 82 F Cheek mucosa, left - - -  Yes   
V-112-01 OVC 79 F Hard palate, left - - -  Yes Yes Yes 

V-113-01 OVC 64 M Alveolus, left, maxilla No  20 
units/week 

Laryngeal SCC 
1997 Yes   

V-114-01 OVC 53 M Tongue, left, anterior No  3-4 
units/week 

Non-dysplastic 
keratosis, at the 
same site, 2000 

Yes Yes  

V-116-01 OVC 60 M Hard palate, right, upper 
molar area - - -  Yes Yes Yes 

V-117-01 OVC 58 M Floor of mouth, left. 
Invading mandible Yes 25 roll-

ups/day 
None for 2 

years (in jail)  Yes Yes  

V-118-01 OVC 58 M Cheek mucosa, left, 
extending to commissure Yes 

10 
cigarettes/ 
day for 50 

years 

4 pints 
beer/day (14 
units alcohol 

per day, 
100/week) 

 

Chronic 
candidosis Yes   

V-119-01 OVC 67 F Hard palate, left Gave up 
in 2002 

15-20 
cigarettes/ 

day 
No  Yes Yes Yes 

V-122-01 OVC 76 M Floor of mouth, right 
Gave up 
14 years 

ago 

20 
cigarettes/ 

day 

6 units/day 
  Yes   

V-123-01 OVC 60 M Hard palate, right, upper 
molar area No  -  Yes Yes Yes 

V-124-01 OVC 66 M Soft palate, left Gave up 
1991 Unknown 4 units/day 

  Yes  Yes 

V-125-01 OVC 79 M Tongue, left Yes 
20 

cigarettes/ 
day 

-  Yes Yes Yes 

V-95-1-B OVH 53 M Oral cavity - - -  Yes   

V-02-02-C1 OVH 60 F Left lower alveolus and 
inferior buccal mucosa - - -  Yes   

V-03-01-A1 OVH 62 F Left buccal sulcus and 
alveolus - - -  Yes   
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V-015-01-A3 OVH 75 F Left hard palate, buccal Gave up 
in 2007  No  Yes   

V-022-01-4 OVH 67 F Right buccal mucosa - - - 
Type II diabetes, 
iron deficiency 

anaemia 
Yes   

V-025-01-D2 OVH 80 F Tongue, left No  No Lichen planus Yes   
V-029-02-A3 OVH 67 F Hard palate - - -  Yes Yes Yes 

V-30-1 OVH 80 F Right buccal mucosa Snuff only Snuff - Hypertension and 
osteoarthritis Yes   

V-031-01-B1 OVH 72 M Right buccal mucosa 
Gave up 
20 years 

previously 
- Yes Hypertension Yes   

V-033-01-4 OVH 72 M Left buccal mucosa - - -  Yes   
V-40-1 OVH 63 F Upper alveolus - - -  Yes   

V-041-01-G OVH 67 M Right maxilla - - -  Yes   
V-42-1-G OVH 70 F Tongue No  No  Yes   
V-44-1-3J OVH 54 M Tongue - - -  Yes   
V-46-1-2 OVH 60 M Palate - - - Bladder cancer Yes   
V-106-01 OVH 76 F Tongue, left, lateral border - - -  Yes   
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3.3.3 Histological characteristics of OVC and OVH samples 
Pathological diagnoses of OVH and OVC were made based on criteria 

recommended by WHO (Barnes L, 2005). The features of the diagnoses of 

OVH and OVC are listed in Table 3.2. Histologically, OVC consists of thickened, 

club-shaped papillae and blunt stromal invaginations of well-differentiated 

squamous epithelium with marked keratinisation (Figure 3.3 a and b), with the 

squamous epithelium lacking cytological criteria of malignancy. OVC invades 

underlying stroma with a pushing, rather than infiltrating front (Barnes L, 2005). 

On the other hand, the histological diagnosis features for OVH included (Figure 

3.4 a and b): verrucous surface, epithelial hyperplasia with hyperkeratosis or 

parakeratosis, and as compared with normal adjacent mucosal epithelium, the 

hyperplastic epithelium does not invade the lamina propria (Barnes L, 2005), 

(Wang et al., 2009b). 

 

Table 3.2 histopathological diagnosis features for OVH and OVC 

Histological 
feature OVH OVC 

Surface Verrucous surface Verrucous surface 

Epithelia 
Epithelial hyperplasia with 

hyperkeratosis or 
parakeratosis 

Thickened, club-shaped papillae and 
blunt stromal invaginations of well-

differentiated squamous epithelium with 
marked keratinization and minimal 

cellular atypia 

Invasion No invasion into the lamina 
propria 

Epithelial overgrowth with elongated 
and wide rete ridges showing a 
pushing-border invasion into the 

beneath connective tissue with intact 
basement membrane 

 



	
   102	
  

	
  

 

Figure 3.3 Photomicrographs of OVC. 

Figure 3.3 a: showing ‘extension’ into underlying mucous salivary glands. It ‘retains’ the bulbous 

rete seen in verrucous hyperplasia, but clearly has a ‘pushing’ advancing front that now extends 

considerably deeper than adjacent normal epithelium. (Haematoxylin and Eosin stain. 

Magnification: x100 approximately). Figure 3.3 b. A higher power view of the deep margin from 

Figure 3a. Note the lack of nuclear pleomorphism (black arrow). (H&E stain. Magnification: x400 

approximately). Figures adapted from (Samman et al., 2014). 

 

 

Figure 3.4 Photomicrographs of OVH. 

Figure 3.4 (a & b) showing markedly acanthotic epithelium, with bulbous, ‘club-shaped’ papillae 

lacking significant cellular atypia (3.4 a), lying adjacent to more normal epithelium (black arrow) 

(3.4 b). (both H&E stain. Magnification: x250 approximately). In comparison to Figure 3.3, the 

affected epithelium does not show any significant ‘deep extension’. Figures adapted from 

(Samman et al., 2014). 

 

 

a b 

a b 
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3.4 Discussion 
OVC is an exophytic, slow-growing, hyperkeratotic, rare variant of OSCC, that 

typically presents as a white, extensive, warty lesion (Jordan, 1995). OVH and 

OVC are clinically indistinguishable (Alkan et al., 2010a) (Devaney et al., 

2011b). The aetiology of verrucous lesions (OVH and OVC) is still not well 

known (Alkan et al., 2010a). Smoking, betel quid and tobacco chewing, 

presence of oral lichen planus, and poor oral hygiene may act as predisposing 

factors associated with the development of head and neck VC (Alkan et al., 

2010a), (Devaney et al., 2011b). It is often difficult to distinguish between OVC 

and OVH, and differential diagnosis is usually made histopathologically. 

However, a good biopsy specimen is needed for correct diagnosis (Alkan et al., 

2010a). This chapter attempts to elucidate the clinical features and 

histopathological characteristics of all oral verrucous cases included in this 

project. Sixteen OVH and 57 OVC cases that fulfilled the histopathological 

criteria described above in section 3.3.3 were identified for NGS analysis (CNA, 

RNA-Seq and exome sequencing).  

Given that the samples used in this project were obtained from different places 

across UK or even around the world (i.e. Leeds, west Sussex, Saudi Arabia and 

Italy); no noticeable differences were detected through processing them in the 

lab or after sequencing, accept for two cases (V-112-01 and V-119-01) that 

were from the same region, and their exome sequencing data showed high 

levels of FFPE damage. Hence, I decided to exclude those samples from my 

analysis (explained in detail in chapter 7, section 7.3.2).  

Until now, there have been few clinicopathological studies in the literature on 

OVH and OVC (Wang et al., 2009b), (Walvekar et al., 2009), (Rekha and 

Angadi, 2010), (Zhu et al., 2012). In general, OVH is superficial, adjacent to 

normal epithelium and does not extend into deeper tissues, whereas OVC 

spreads more deeply (Barnes L, 2005). All OVH lesions included in this project 

were similar in clinical behaviour and characteristic. Likewise, the 

histopathological appearance of all the included OVC cases in this study was 

concurrent with the description mentioned above in in section 3.3.3. 

The current study showed that 39% of OVH lesions occurred on the buccal 
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mucosa. It was suggested that this site might explain the association of OVH 

lesions with cigarette smoking habits and tobacco or betel chewing (Wang et 

al., 2009b). Though, (Zhu et al., 2012) study showed that the most common 

affected site for OVH was the tongue followed by the buccal mucosa. The mean 

age observed at diagnosis in OVH cases here is 66.4 years, which was higher 

than the mean age (52 years) in (Wang et al., 2009b) study and the mean age 

(58.5) in (Zhu et al., 2012) study. In addition, OVH cohort in this project included 

six males and ten females; and this was different as well from (Wang et al., 

2009b) study, in which they had more male to female ratio. These differences 

are probably due to variations in the geographical areas and in study 

populations. 

OVC is a slow-growing tumour, mainly seen in men over 60 years (Devaney et 

al., 2011b); while here, the observed mean age at diagnosis in OVC cases is 

68.7 years, which was slightly higher than the mean age (64.3 years) observed 

by (Zhu et al., 2012) study. Furthermore, OVC cohort in this project included 31 

males and 26 females; and this was very close to the gender ratio for OVC 

cohort (56 patients) in (Zhu et al., 2012) study, in which they included 26 

females and 30 males. However, their study showed that the lower lip was the 

predominant site of OVC lesions followed by buccal mucosa, while in this study, 

the palate was affected in 26% of patients with OVC, followed by the buccal 

mucosa (20%), followed by the tongue (18%). In contrast, previous studies 

reported the main site of OVC lesions was the buccal mucosa (Walvekar et al., 

2009), (Rekha and Angadi, 2010), and as discussed earlier, this site might 

explain the association of verrucous lesions with cigarette smoking and betel 

chewing, which were probably more in the cohorts of the previous studies due 

to geographic difference and ethnic population variations. It was suggested 

previously that oral verrucous lesions incidence are associated with alcohol 

drinking, smoking and tobacco or betel chawing habits (Zhu et al., 2012). 

Whereas the proportions of alcohol users and smoking were not high in this 

study, and this was mainly due to lack of clinical data information for 50 oral 

verrucous patients (11 OVH and 39 OVC) out of 73 patients.  

There are two histological variants of OVCs: the most common type is the 
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classical type or pure OVC tumour, and the hybrid type (Devaney et al., 2011b). 

The classical type (as previously described in section 3.3.3) is a histologically 

uniform verrucous tumour that does not metastasise, and can be locally 

aggressive, and in contrast, the hybrid form is a mixed tumour that contains 

both conventional SCC and verrucous carcinoma; which hence, can 

metastasise (Devaney et al., 2011b). Nevertheless, and as reported by 

(Kolokythas et al., 2010), the hybrid type is not infrequent, it accounts for 20% 

of VC cases. Accordingly, all OVC cases should be evaluated carefully to role 

out a possible hybrid variant. Here, five cases had an initial diagnosis of OVC, 

and following the examination of the CN karyograms for those samples; they 

had shown OSCC chromosomal signature features described in chapter 4, 

section 4.4. Careful histological revision indicated the final diagnosis of OSCC 

with verrucous appearance (hybrid verrucous carcinoma), and these cases 

were excluded from the study.  

In summary, this chapter elucidated the clinicopathological features of all 

patients with oral verrucous lesions. OVH lesions appear to occur more in 

patients between the 5th and 7th decade and most often on the buccal mucosa. 

OVC risk was found to be found higher male gender and in the elderly patients 

(over 60 years). Smoking and alcohol intake data were not available for 50 out 

of 73 oral verrucous patients; and therefore, further studies are needed to 

evaluate the potential risk factors roles for oral verrucous lesions. 
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Chapter 4 Next generation sequencing copy number 
analysis to identify OVC genomic characteristic 

features, and determine if the CNA could distinguish 
between the genomic damage pattern in OVH, OVC, and 

OSCC lesions 
 

4.1 Introduction 
 

OVC clinico-histo-pathological diagnosis is usually difficult and exclusionary 

(Ray et al., 2011b).The accurate histological classification of mucosal lesions 

with an exophytic growth pattern encountered experience and is often 

challenging (Santoro et al., 2011). OVC is a near-diploid aneuploid lesion by 

flow cytometry; on the other hand, conventional OSCC lesions show higher 

degree of genomic instability and aneuploidy (Pentenero et al., 2011). Previous 

studies suggested putative tumor suppressor genes and oncogenes associated 

with OSCC where losses mapped on 3p, 4q, 9p, and 18q, and gains mapped on 

chromosomal arms 3q, 6q, 8q, 9p, 9q, 11p, 11q, 14q, 17q and 20q (Snijders et 

al., 2005), (Baldwin et al., 2005), (Liu et al., 2006), (Nakamura et al., 2008), 

(Freier et al., 2010), (Jarvinen et al., 2008).  

OVH is a precursor of OVC that was first described by Shear and Pindborg 

(Shear and Pindborg, 1980b),  and may transform into either an OVC or an 

OSCC. OVH resemble OVC both histologically and clinically, and the distinction 

of OVC from OVH cannot rely on the cytological features (Woolgar and 

Triantafyllou, 2009), (Eversole and Papanicolaou, 1983). The possible link 

between the biological behavior and the structural and functional features with 

the clinical outcome in OVCs is still not clear and requires further investigation. 

Furthermore, previous immunohistochemical studies to distinguish between oral 

verrucous lesions and OSCCs have yielded mixed results (Devaney et al., 

2011a). For this reason, new experimental approaches are needed to improve 

the pathological diagnostic criteria for OVH and OVC, and for better 

understanding of the development and progression of those lesions.  
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Cancer cells usually show several karyotypic changes: structural 

rearrangements such as deletions, amplifications and translocations, and whole 

chromosome gain or loss that result in extensive aneuploidy (Hartwell and 

Kastan, 1994b). Identifying Copy Number Alterations (CNA) in cancer cells is an 

essential step toward determining chromosomal regions with breakpoints and to 

access chromosomal rearrangements severity. Additionally, comparison of copy 

number (CN) genomic profiles between tumours from different patients could 

define common lost or duplicated regions to highlight the positions of 

oncogenes or tumor suppressor genes (Hartwell and Kastan, 1994a).  

Copy Number Alterations can be detected using several methodologies, single 

nucleotide polymorphism array (SNP arrays) (Bignell et al., 2004), Comparative 

Genomic Hybridisation (CGH) (Kallioniemi et al., 1992), array Comparative 

Genomic Hybridisation CGH (aCGH) (Pinkel et al., 1998), and lately, Next 

Generation Sequencing (NGS) platforms (Illumina MiSeq, GAII, HiSeq, Roche 

454, Ion Torrent PGM, ABI SOLiD). In addition, and whilst sequencing 

technologies are currently becoming more widespread, accurate and affordable 

low coverage sequencing CN analysis will become more informative and 

expedient (Wood et al., 2010) (Gusnanto et al., 2012). Next-generation 

sequencing techniques offer considerable benefits for CN analysis, including 

precise delineation of the CN breakpoints, and higher resolution (can detect 

single-base insertions or deletions) of CN changes (Meyerson et al., 2010). It 

enables the estimation of tumour-to-normal CN ratio at a genomic locus through 

counting the number of reads at this locus in normal and tumour samples 

(Meyerson et al., 2010). Nevertheless, sequencing data can be produced even 

with nanogram amounts of DNA extracted from formalin-fixed paraffin-

embedded (FFPE) materials (Wood et al., 2010).  

4.2 Aims 
 

The cancer genome of any tumour involves a number of genetic abnormalities, 

some are tumour type-specific, and many are idiopathic. The aims of the work 

described in this chapter are: 

1. To use next generation sequencing copy number analysis to identify 
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OVC and OVH genomic characteristic features. 

2. To use next generation sequencing copy number analysis data to 

distinguish between the genomic damage pattern in OVH, OVC, and 

OSCC lesions. 

4.2.1 Aim 1: To use next generation sequencing copy number 
analysis to identify OVC and OVH genomic characteristic 
features 
 

4.2.1.1 Results  

4.2.1.1.1 Characteristics of the study cohort 
 

From the verrucous cohort study described in Chapter 3, pathological materials 

from each case were available in the form of FFPE tumour blocks. Written 

informed consent and approval was obtained for all patients for the use of their 

tissue in this research. (Local ethics committee REC reference: 07/Q1206/30). 

In total, 92 oral verrucous samples, malignant (OVC) and pre-malignant (OVH) 

regions were identified and Dr Alec High assessed the original diagnoses. 

Samples from 73 patients out of 92 were selected for CN analysis and 19 

samples failed (eight yielded low DNA amounts after extraction, and 11 failed 

library preparations) refer to appendix 4.1 for failed samples. Neither the age of 

the FFPE block, nor the amount of tissue sampled, correlated with low yields of 

DNA. A database was created to record the patho-clinical characteristics for the 

73 patients (37 males and 36 females, mean age 68.2 years, range 46-96), 

refer to Table 4.1 below and Table 3.1 in chapter 3. The site distributions of 

primary verrucous lesions (OVC and OVH) are illustrated in figure 4.1.  

 

Table 4.1 Overview of analysed verrucous lesions clinicopathological data. 

Type of lesion N Age Male Female 

OVC 57 46-96 (Mean=68.7) 31 26 

OVH 16 52-80 (Mean=66.4) 6 10 
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Figure 4.1 Site distributions of primary verrucous lesions (OVC and OVH). 

Buccal mucosa 25 cases, tongue 14 cases, hard palate 12 cases, lip 4 cases, alveolar mucosa 
4 cases, floor of mouth 3 cases, gingiva 3 cases, soft palate 2 cases, maxilla 1 case, oral cavity 
(specific site not available) 8 cases. 

 

4.2.1.1.2 Genomic CN analysis of OVC and OVH samples 
 

High-resolution mapping of CNV involves sequenced reads aligned to a 

reference genome (Xie and Tammi, 2009). Then, the aligned reads distribution 

is analysed on a genomic segmental window-by-window basis to define 

alterations in read-depth between the reference genomes and tests (Hayes et 

al., 2013). When compared to the control sample, a reduction in sample read-

depth across a window suggests a loss in genomic component; an increase in 

read-depth represents a gain (Chiang et al., 2009).  

Here, Between one and ten million reads per sample were generated for copy 

number analysis, equating to one read to every 300bp-3Kb, or 0.033X - 0.33X 

coverage, and the CN was calculated and analysed as described in Chapter 2 

section 2.3.  

Buccal mucosa 
33% 

Tongue 
19% 

Palate 
18% 

Lip 
5% 

Alveolar 
mucosa 

5% 

Floor of 
mouth 

4% 
Gingiva 

4% 

Maxilla 
1% 

Oral cavity 
(specific site 

not available) 8 
cases 
11% 

All verrucous lesions (OVH and OVC) affected sites 
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In general, sequence variations are usually not distributed uniformly within 

genomes (Nguyen et al., 2006). Nonetheless, CNVs that are enriched in simple 

tandem repeats occur more often towards centromeres and telomeres, and are 

not elevated in G + C content or SNPs (Nguyen et al., 2006). Since these 

regions are not overrepresented in CNVs (Sharp et al., 2005), I excluded CNAs 

in all centromere and telomere chromosomal regions throughout the different CN 

data analysis approaches.  

Visual inspection of the 73 patient (OVHs and OVCs) genomic CN karyograms 

demonstrated regions of gain and loss along the whole genome in OVC cases 

(refer to chapter 2, section 2.8.3.1.1, for the visual examination criteria of the CN 

karyograms). In general, OVC karyograms showed various copy number 

patterns, ranged from whole chromosome gain to amplified or lost chromosome 

arms and regions. Figure 4.2 below (from case V-109-N) shows a CN karyogram 

for a histologically normal oral epithelium tissue, with no chromosomal gain or 

loss. 

 

Figure 4.2 An example of the genomic profile of a histologically normal oral epithelium by 
NGS CN analysis. 

Each data point represents one window of approximately 200 reads. Genomic position is on the 
x-axis and tumor:normal ratio is on the y-axis. The black lines are regions of common copy 

number between breakpoints. Windows of gain and loss are red and blue respectively. 
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4.2.1.1.2.1 Genomic profiling of OVH by NGS CN analysis 
 

In general, gain and loss features were minimally found in OVH cases. Visual 

examination of the 16 OVH copy number traces revealed a very lower level of 

the genomic damage compared to oral verrucous tumours (N: 57), indicating 

that the genomic profile of these cases has minimal chromosomal abnormalities 

and is more similar to normal. (Refer to appendix 4.2 for all OVH and appendix 

4.3 for all OVC karyograms). Whole genomic profile of a representative OVH 

sample (figure 4.3) from case V-029-02-A3 is shown below. The blue arrow 

points to gain in Chr7. Horizontal lines above the centre demonstrate regions of 

gain, and those below the centre demonstrate regions of loss. 

These findings are surprising since it has been well-known that OVH shares 

similar clinical and histological morphology to OVC, and the clinical 

differentiation of the verrucous hyperplastic lesions from OVC is often difficult 

(Shear and Pindborg, 1980b), (Poh et al., 2001), (Zhu et al., 2012). From what 

has been found here, and despite the similar clinical and histological features 

that OVH and OVC share, the analysis of OVH individual CN karyograms 

showed that these lesions has different genomic profile from OVC with very low, 

narrow levels of DNA aneuploidy. 

 

Figure 4.3 An example of the genomic profile of an OVH sample by NGS CN analysis. 

Each data point represents one window of approximately 200 reads. Genomic position is on the 
x-axis and tumor:normal ratio is on the y-axis. The black lines are regions of common copy 
number between breakpoints. Windows of gain and loss are red and blue respectively. Blue 

arrow points to gain in chromosome 7. 

 

Genomic position 

V-29-02- A3 (OVH) 

R
at

io
 c

en
te

re
d 

on
 m

os
t c

om
m

on
 

Es
tim

at
ed

 p
lo

id
y 

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

3.
0

V-029-02-A3

Chromosome

H
ap

lo
id

 e
qu

iv
al

en
t

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y



	
   112	
  

	
  

4.2.1.1.2.2 Genomic profiling of OVC by NGS CN analysis  
 

Visual examination of OVC (N: 57) genomic CN karyograms revealed a higher level of 

CN alterations compared to OVH. OVC karyograms appear to be in an early stage of 

DNA near-diploid aneuploidy (Refer to appendix 4.3 for all OVC karyograms). In 

addition, and as shown in figure 4.4, gains at 7q, 16q and 17q (represented by red with 

black lines) were detected frequently in the OVC cohort, suggesting that these CN 

alterations may be involved in the development of OVC. Notably, deletion trends were 

minimally found in OVC’s, suggesting that overexpression of oncogenes is most likely 

to be involved in the development of OVC. Whole genomic profiling of a representative 

OVC sample (figure 4.4) from case V-78-01-A is shown below. Blue arrows point at 

gains in Chr2, Chr7, Chr10, Chr16 and Chr17. Horizontal lines above the center 

demonstrate regions of gain, and those below the center demonstrate regions of loss. 

 

 

   

Figure 4.4 Representative genomic profiling of OVC by NGS CN analysis. 

Each data point represents one window of approximately 200 reads. Genomic position is on the 
x-axis and tumor:normal ratio is on the y-axis. The black lines are regions of common copy 
number between breakpoints. Windows of gain and loss are red and blue respectively. Blue 

arrows point to regions of chromosomal gain. 
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4.2.1.1.2.3 Comparison of the genome-wide frequency 
karyograms of CNAs in OVH and OVC 
 
In order to compare OVH and OVC as groups; frequency accumulative 

karyograms were produced using a program that takes all BED files from the 

CN analysed samples lists. The selected CN threshold of 0.05 above or below 

was considered a gain or loss. In general, visual examination of OVH (N: 16) 

genomic CN frequency karyogram (figure 4.5 a) noticeably illustrates the very 

low level of CN alterations in OVHs in compare to OVCs, indicating that the 

genomic profile of these cases has minimal chromosomal abnormalities and is 

most similar to normal. The genomic CN profile of each chromosome from OVH 

frequency karyogram is shown below in figure 4.6. Visual examination was 

carried out on chromosome plots in order to investigate the genomic locations 

of chromosomal segments with altered CN in OVHs. Gains mapped at 

chromosome 7q11.2 and 7q22 (represented by red colour) were noticed in 

OVHs at a frequency of ~50%, suggesting that this CN alteration may be 

related to the development of OVH. These results are different from a study in 

2001, which reported a high frequency of allelic loss in 20/25 OVH cases at loci 

on 3p, 9p, 4q, 8p, 11q, 13q and 17p chromosome arms, and suggested that 

LOH on these arms may explain the malignant potential of OVH lesions (Poh et 

al., 2001). Allelic loss without CN loss is possible, however, it is unlikely not to 

identify any in OVH cohort here at all these loci. Nonetheless, it is important to 

keep in mind the inability of the LOH techniques to identify chromosomal gains, 

which differ from aCGH or NGS CN analysis capabilities in detecting both, 

chromosomal losses and gains (Mohapatra et al., 2006).  Interestingly, the CN 

gain in OVH group at chromosome 7q arm, with a frequency of ~50%, was 

present as well in OVCs, suggesting that this region might harbour the first CN 

alteration involved in the development of oral verrucous lesions. 

Visual examination of OVC (N: 57) genomic CN frequency karyogram (figure 

4.5 b) revealed a higher level of CNA compared to OVH. Locus-specific 

differences in CN can also be seen by comparing chromosome plots frequency 

diagrams of the two groups (figure 4.6, figure 4.7). In OVCs, there is no loss at 

chromosome 3p or gain at 3q arms; which are the main chromosomal 



	
   114	
  

	
  

abnormality features in OSCCs. Furthermore, gains mapped at chromosome 

7p22, 7q11.2 and 7q22 (represented by red colour) were observed in OVCs at a 

frequency of ~50%, in addition to gains mapped at chromosomes 3p21 (at a 

frequency of ~30%), 15q15 (at a frequency of ~30%), 16q22 (at a frequency of 

~25%) and 17q23 (at a frequency of ~25%), as well as losses on chromosomes 

6p21 (at a frequency of ~25%) and 17q12 (at a frequency of ~50%) represented 

by green colour, suggesting that these CN alterations may be involved in the 

development of OVC.  

Gains at 7q, 16q and 17q were detected in OVCs at a frequency of 50% and 

has not been previously identified as a common CN altered chromosome 

lesions in oral cancer. Deletion trends were also minimally found in OVC’s 

frequency karyogram. In 2001, a study was conducted to investigate the 

frequency of allelic loss in oral verrucous lesions, including 17 OVC samples 

(Poh et al., 2001). They reported high frequency of allelic loss at loci on 3p, 9p, 

4q, 8p, 11q, 13q and 17p chromosome arms and suggested that LOH on these 

arms may explain the malignant potential of OVCs (Poh et al., 2001). From their 

findings, two chromosomal regions were comparable here to the CN aberrations 

outcome in OVC cohort (losses in chromosomes 8p23.3 and 9p21). Though, 

loss of chromosome 8p23.3 (which is a telomere region as well) was at a 

frequency of ~10%, and loss of chromosome 9p21 was at a frequency of ~5% 

in the OVC study here. In addition, the previous report included 17 OVC 

samples, while in this project, 57 OVC samples were included. Again, it is 

important to keep in mind the inability of LOH techniques to identify 

chromosomal gains, which differ from aCGH or NGS CN analysis capabilities in 

detecting chromosomal losses and gains (Mohapatra et al., 2006).   
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Figure 4.5 Frequency of genomic gain and loss for OVH (a) and OVC (b). 

Genomic position is on the x-axis, frequency (%) of gains (red) and losses (green) are shown on 
the y-axis. 
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Figure 4.6 Genomic locations of chromosomal segments with altered CN in OVH. 

Genomic position is on the x-axis, frequency (%) of gains (red) and losses (green) are shown on 

the y-axis. 
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Figure 4.7 Genomic locations of chromosomal segments with altered CN in OVC. 

Genomic position is on the x-axis, frequency (%) of gains (red) and losses (green) are shown on 
the y-axis. 
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4.2.1.1.3 Genomic Identification of Significant Targets in Cancer 
(GISTIC2.0) (computational approach) 
 

The GISTIC algorithm identifies likely somatic driver CN alterations through 

evaluating the amplitude and frequency of amplified or deleted observed events 

(Mermel et al., 2011). GISTIC has been used and applied to many cancer 

types, including lung and esophageal squamous carcinoma (Bass et al., 2009), 

colorectal carcinoma (Firestein et al., 2008), melanoma (Lin et al., 2008), and 

ovarian carcinoma (Etemadmoghadam et al., 2009), and has facilitated the 

identification of several new amplification targets, including: SOX2 (Bass et al., 

2009), CDK8 (Firestein et al., 2008), NKX2-1 (Weir et al., 2007), and VEGFA 

(Chiang et al., 2008), besides deletions in: EHMT1 (Northcott et al., 2009).  

Here, and in order to compare the CN profiles of OVH and OVC; they were 

additionally characterised by several approaches using the GISTIC2.0 algorithm 

including: amplification and deletion plots of CNAs, the identification of 

amplification and deletion genes within CN altered regions, and segmented CN 

heat maps. All the parameters used in the GISTIC analysis are in appendix 2.3. 

A number of regions of recurrent CN gains and losses were evident in the 

GISTIC analysis in OVH and OVC cohorts, and matched the generated 

frequency karyograms CN aberrations in section 4.3.1.2.3. Genomic positions 

of the most significant amplification and deletion peaks (from the GISTIC 

analysis) including the list of genes contained in them for OVH and OVC 

samples were identified tables 4.2 and 4.3. The results were then further 

analysed by running the gene lists against cancer gene census and Stransky 

mutation list (76 previously identified genes in HNSCCs harbouring high 

statistically significant mutations) (Stransky et al., 2011), as well as 13 KEGG 

pathways, which are more related to head and neck cancers (explained in 

details in sections 4.2.1.1.3.5 and 4.2.1.1.3.6 below).                                                                                                                                                                                                          

4.2.1.1.3.1 Genome-wide amplification and deletion plots of 
CNAs in OVH 
 

Regions of significant gains or losses were identified using the GISTIC 

algorithm. Two chromosomal regions (deletions) from the CNAs identified by 



	
   121	
  

	
  

GISTIC analysis were significantly altered in OVH patients’ genomes according 

to this analysis (orange highlighted chromosomal positions in Figure 4.8 b). 

These two deletion regions that surpass the significance threshold are in chr 

5q31.1, and 17q12 with a frequency less than 20%. Surprisingly, no significant 

amplification regions were detected by GISTIC analysis, and the chromosomal 

regions shown in the amplification plot below are centromeres (e.g. Chr 

7q11.1). In general, visual examination of OVH genomic CN plots noticeably 

illustrates the very low level of CN alterations in OVHs in compare to OVC 

genomic CN plots. 

 

Figure 4.8 Genome-wide amplification and deletion plots of CNAs in OVH. 

Genomic positions are indicated along the y axis with centromere locations showed by dotted 
lines. Amplification (red) and deletion (blue) GISTIC plots show q- values (bottom on the x axis), 
the G-scores that considers the frequency the aberration occurrence as well as its amplitude 
across samples (top) and the significance threshold is indicated by the green line at 0.25, with 
respect to amplifications and deletions for all markers over the entire analysed region. Orang 
arrows and circles point to regions with significant loss 
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4.2.1.1.3.2 Genome-wide amplification and deletion plots of 
CNAs in OVC 
 

Regions of significant gains or losses were identified in OVC samples using 

GISTIC algorithm. Ten chromosomal regions (seven amplifications and three 

deletions) from the CNAs identified by GISTIC analysis were significantly 

altered in OVC genomes (Figure 4.9 a, and b). The seven most significant 

amplifications from GISTIC peaks (Figure 4.5 a, blue circles) that also surpass 

the significance threshold include chromosomes 3p21.31, 7p22.2, 7q11.23, 

7q22.1, 15q15.2, 16q22.1 and 17q23.2. Gains mapped at chromosome 3p21 (at 

a frequency of ~50%), 7p22 (at a frequency of ~75%), 7q11.2 (at a frequency of 

~70%), 7q22 (at a frequency of ~35%), 15q15 (at a frequency of ~40%), 16q22 

(at a frequency of ~40%) and 17q23 (at a frequency of ~45%) were observed as 

well in OVC frequency karyograms although with different frequencies (refer to 

section 4.3.1.2.3). The variation in the frequencies between GISTIC analyses 

CN plots and the frequency karyograms generated from OVC individual CN 

karyograms can be attributed to the non specific visual examination method and 

human eye errors, as there was no algorithm to give the exact frequency 

percentage at the time of my analysis.    

The three most significant deletions from GISTIC peaks (Figure 4.9 b, orange 

circles) that also surpass the significance threshold include chromosomes 

5q31.1 (at a frequency of ~15%), 6p21.2 (at a frequency of ~25%) and 17q12 

(at a frequency of ~15%). losses on chromosomes 6p21 and 17q12 were also 

observed in OVC frequency karyograms but with different frequencies (refer to 

section 4.3.1.2.3). Again, The variation in the frequencies between GISTIC 

analyses CN plots and the frequency karyograms generated from OVC 

individual CN karyograms can be attributed to the inaccurate visual estimation 

and human eye errors, as there was no algorithm to give the exact frequency 

percentage at the time of my analysis. Notably, losses on chromosomes 5q31.1 

and 17q12 (at a frequency of ~15%) were also observed in OVH (Figure 4.8) 

and with similar frequencies, which suggests a possible role for those regions in 

the development of oral verrucous lesions. 
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Figure 4.9 Genome-wide amplification and deletion plots of CNAs in OVC. 

Genomic positions are indicated along the y axis with centromere locations showed by dotted 
lines. Amplification (red) and deletion (blue) GISTIC plots show q- values (bottom on the x axis), 
the G-scores that considers the frequency the aberration occurrence as well as its amplitude 
across samples (top) and the significance threshold is indicated by the green line at 0.25, with 
respect to amplifications and deletions for all markers over the entire analysed region. Blue 
arrows and circles point to regions with significant gain, and orang arrows and circles point to 
regions with significant loss. 
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4.2.1.1.3.3 Regions of focal copy number change and genes 
within copy number–altered regions in OVH 
 

A number of regions of recurrent copy number gain and loss were evident in the 

GISTIC analysis (figure 4.8). Genomic positions of amplification and deletion 

peaks (identified in the GISTIC analysis) are listed below (table 4.2) in order to 

explain the next step, including the list of genes contained in them. Focal event 

regions selected from the highlighted deletion circles in figure 4.8. The threshold 

for q-values—the calculated false discovery rate for the abnormal regions—is 

0.25; regions with q-values lower than this number were considered significant 

and genes within those regions will be further investigated in section 4.2.1.1.3.5. 

4.2.1.1.3.4 Regions of focal copy number change and genes 
within copy number–altered regions in OVC 
 

A number of regions of recurrent copy number gain and loss were evident in the 

GISTIC analysis (figure 4.9). Genomic positions of amplification and deletion 

peaks (identified in the GISTIC analysis) are listed below (table 4.3) in order to 

explain the next step, including the list of genes contained in them. Focal 

event’s regions where selected from the highlighted amplification and deletion 

circles in figure 4.9. The threshold for q-values is 0.25; regions with q-values 

lower than this number were considered significant and genes within those 

regions will be further investigated in section 4.2.1.1.3.6. 
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Table 4.2 Lists of genes located in the most common regions of recurrent DNA copy number change in OVH. 

 Focal events Genomic position  Genes mapping within region  

Focal deletion (q 
value: 0.032774) 

5q31.1, wide peak 
boundaries:  

chr5:133200002-
137600000 

CAMLG, IL9, LECT2, SMAD5, NEUROG1, NPY6R, PITX1, PPP2CA, SKP1, SPOCK1, TCF7, TGFBI, UBE2B, 
VDAC1, WNT8A, NME5, CDC23, MYOT, CXCL14, H2AFY, SMAD5-AS1, DDX46, KIF20A, SEC24A, BRD8, 
HNRNPA0, PHF15, FBXL21, KLHL3, PKD2L2, SAR1B, CDKL3, FAM13B, C5orf15, TRPC7, TXNDC15, PCBD2, 
CDKN2AIPNL, C5orf24, C5orf20, SLC25A48, LOC340073, LOC340074, CATSPER3, LOC389332, TIFAB, VTRNA2-
1, MIR874, MIR3661, MIR4461 

Focal deletion (q 
value: 0.015741) 

 

17q11.2, wide peak 
boundaries: 
chr17:30000002-
33600000 

hsa-mir-632, ACCN1, LIG3, MYO1D, PSMD11, RAD51D, CCL1, CCL2, CCL7, CCL8, CCL11, CCL13, SH3GL1P1, 
ZNF207, CDK5R1, CCT6B, SUZ12, TMEM98, NLE1, FNDC8, RHOT1, C17orf79, UTP6, C17orf75, ZNF830, 
LRRC37B, RFFL, TMEM132E, SPACA3, SLC35G3, UNC45B, SLFN5, RHBDL3, C17orf102, ARGFXP2, MIR632, 
AA06, RAD51L3-RFFL 

 

 

Table 4.3 Lists of genes located in the most common regions of recurrent DNA copy number change in OVC. 

Focal events Genomic position  Genes mapping within region  

Focal amplification (q 
value: 4.68E-05) 

3p21.31, wide peak 
boundaries: chr3:46400002-
50000000 

AMT, APEH, RHOA, SLC25A20, CAMP, CDC25A, CCR5, COL7A1, DAG1, CELSR3, GPX1, IMPDH2, LAMB2, 
LTF, MAP4, MST1, MST1R, MYL3, PFKFB4, PLXNB1, PRKAR2A, PTH1R, QARS, SMARCC1, TCTA, TDGF1, 
UBA7, USP4, UQCRC1, BSN, CCRL2, IP6K1, RBM6, NME6, TRAIP, ARIH2, CSPG5, USP19, WDR6, TREX1, 
DHX30, SCAP, LAMB2P1, NBEAL2, KLHL18, NDUFAF3, PTPN23, SETD2, PRSS50, GMPPB, SHISA5, 
CCDC72, ZNF589, IP6K2, NCKIPSD, P4HTM, C3orf75, QRICH1, DALRD3, RNF123, KIF9, CCDC71, SLC26A6, 
CAMKV, LRRC2, CCDC51, RTP3, ATRIP, NICN1, MON1A, UCN2, CCDC12, KLHDC8B, ALS2CL, TMIE, 
FBXW12, FLJ39534, CCDC36, PRSS42, C3orf62, PRSS45, AMIGO3, CDHR4, FAM212A, MIR191, TMEM89, 
MIR425, SPINK8, C3orf71, LOC646498, CCR2, NRADDP, LOC100132146, BSN-AS2, PRSS46, MIR1226, 
MIR711, MIR4271, MIR4793, MIR4443 

Focal amplification (q 
value: 1.47E-08) 

7q11.23, wide peak 
boundaries: chr7:72800002-
76400000 

CLDN4, CLDN3, ELN, GTF2I, GTF2IP1, HIP1, HSPB1, LIMK1, MDH2, PMS2L2, PMS2P5, PMS2P3, POR, 
RFC2, CCL24, STX1A, EIF4H, CLIP2, LAT2, YWHAG, ZP3, FZD9, BAZ1B, BCL7B, GTF2IRD1, CCL26, 
POMZP3, TBL2, MLXIPL, STYXL1, STAG3L1, RHBDD2, UPK3B, WBSCR16, ABHD11, TMEM120A, 
GTF2IRD2, DNAJC30, DTX2, WBSCR22, WBSCR28, SRCRB4D, WBSCR27, VPS37D, NSUN5P1, ABHD11-
AS1, SRRM3, TRIM73, TRIM74, SPDYE8P, GATSL1, GTF2IRD2B, STAG3L2, SPDYE5, FDPSL2A, NCF1, 
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NCF1C, SNORA14A, MIR590, GATSL2, LOC100093631, POM121C, LOC100133091, MIR4284, MIR4651 

Focal amplification (q 
value: 4.93E-11) 

7p22.2, wide peak 
boundaries: chr7:3600002-
7200000 

ACTB, PMS2, RAC1, FSCN1, ZNF12, AIMP2, CYTH3, KIAA0415, KDELR2, WIPI2, EIF2AK1, CCZ1, RNF216, 
ZNF853, ZDHHC4, RADIL, PAPOLB, RBAK, C7orf26, FBXL18, USP42, TNRC18, C7orf70, SDK1, FOXK1, 
MMD2, DAGLB, CCZ1B, SLC29A4, RSPH10B, LOC389458, GRID2IP, ZNF815, RNF216P1, PMS2CL, ZNF890P, 
OCM, MIR58, RSPH10B2, LOC100131257, RBAK-LOC389458, MIR4656 

Focal amplification (q 
value: 0.0015106) 

7q21.3, wide peak 
boundaries: chr7:96800002-
102800000 

ACHE, ASNS, AZGP1, AP1S1, CUX1, CYP3A7, CYP3A4, CYP3A5, EPHB4, EPO, GNB2, AGFG2, LRCH4, 
MCM7, NPTX2, OCM2, SERPINE1, PCOLCE, PMS2P1, POLR2J, TAC1, TAF6, TFR2, TRIP6, VGF, ZAN, ZNF3, 
ZKSCAN1, ZSCAN21, TRRAP, BUD31, PLOD3, AP4M1, ATP5J2, MUC12, ARPC1B, RASA4, LRRC17, POP7, 
ZNHIT1, ARPC1A, SH2B2, STAG3, CPSF4, COPS6, PDAP1, LMTK2, ZKSCAN5, CLDN15, BRI3, TECPR1, 
PTCD1, FBXO24, PILRB, PILRA, FIS1, ACTL6B, SRRT, ALKBH4, ZCWPW1, C7orf43, BAIAP2L1, MEPCE, 
SLC12A9, ACN9, SMURF1, MOSPD3, GIGYF1, RABL5, CYP3A43, ZNF655, PVRIG, GAL3ST4, PRKRIP1, 
ORAI2, OR2AE1, TSC22D4, TRIM56, ARMC10, ZNF394, MYH16, TRIM4, MYL10, EMID2, MUC17, BHLHA15, 
ZNF498, FAM200A, PPP1R35, GPC2, LRWD1, FAM185A, FBXL13, NAPEPLD, TMEM130, NYAP1, CNPY4, 
POLR2J2, MBLAC1, ZNF789, MOGAT3, GJC3, GATS, NAT16, MGC72080, C7orf59, KPNA7, C7orf61, UFSP1, 
MIR106B, MIR25, MIR93, SPDYE3, SPDYE2, POLR2J3, AZGP1P1, SPDYE6, RPL19P12, LOC100129845, 
UPK3BL, LOC100289187, LOC100289561, SPDYE2L, SAP25, MIR4285, MIR3609, ATP5J2-PTCD1, MIR4653, 
MIR4467, MIR4658, LOC100630923, CYP3A7-CYP3AP1 

Focal amplification (q 
value: 0.0012753) 

15q15.1, wide peak 
boundaries: chr15:40000002-
45600000 

B2M, BUB1B, CAPN3, CKMT1B, EPB42, GANC, GCHFR, PDIA3, ITPKA, IVD, LTK, MAP1A, MFAP1, PLCB2, 
RAD51, SORD, SPINT1, SRP14, TP53BP1, TYRO3, EIF3J, JMJD7-PLA2G4B, SNAP23, SLC28A2, TGM5, 
PPIP5K1, LCMT2, SERF2, GPR176, CHP, OIP5, BAHD1, MAPKBP1, RTF1, MGA, VPS39, CCNDBP1, 
C15orf63, TMEM87A, RPAP1, RPUSD2, TUBGCP4, EHD4, DUOX2, NDUFAF1, NUSAP1, SPTBN5, CTDSPL2, 
DUOX1, DLL4, INO80, PPP1R14D, HAUS2, FAM82A2, DNAJC17, PAK6, CASC5, STARD9, VPS18, ZFP106, 
CHAC1, WDR76, TMEM62, SPG11, ELL3, ZFYVE19, FRMD5, DISP2, C15orf57, C15orf23, BMF, SHF, 
DUOXA1, CHST14, CASC4, TGM7, CATSPER2, PLA2G4E, TRIM69, C15orf43, ZSCAN29, TTBK2, CDAN1, 
STRC, ADAL, EXD1, FSIP1, RHOV, UBR1, PATL2, PLA2G4F, LRRC57, PLA2G4D, MRPL42P5, C15orf52, 
DUOXA2, EIF2AK4, CATSPER2P1, CKMT1A, SERINC4, C15orf62, C15orf56, PHGR1, LOC645212, MIR626, 
MIR627, LOC728758, OIP5-AS1, LOC100131089, ANKRD63, JMJD7, PLA2G4B, MIR1282, MIR4310, 
LOC100505648, SERF2-C15ORF63 

Focal amplification (q 
value: 0.0010611) 

16q22.1, wide peak 
boundaries: chr16:66000002-
70400000 

AARS, AGRP, CA7, CBFB, CDH1, CDH3, CDH5, CDH16, CTRL, NQO1, DYNC1LI2, E2F4, HAS3, HSD11B2, 
HSF4, LCAT, NFATC3, PSKH1, PSMB10, RRAD, SLC9A5, SLC12A4, SNTB2, TERF2, TK2, TRADD, CES2, 
NAE1, NOL3, SLC7A6, ATP6V0D1, NUTF2, CTCF, NFAT5, WWP2, DDX19B, CES3, EDC4, PLA2G15, 
PLEKHG4, LRRC29, VPS4A, NOB1, TMEM208, FHOD1, ZDHHC1, PARD6A, CKLF, NIP7, FAM96B, TPPP3, 
PRMT7, DUS2L, CHTF8, PDPR, LRRC36, DDX19A, FBXL8, SMPD3, DDX28, TSNAXIP1, THAP11, PDP2, 
RANBP10, PDF, DPEP2, DPEP3, ACD, FAM65A, TMCO7, ELMO3, ESRP2, CENPT, C16orf70, CYB5B, 
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GFOD2, C16orf48, SLC7A6OS, COG8, B3GNT9, CIRH1A, CMTM1, EXOSC6, NRN1L, CMTM3, ZFP90, 
RLTPR, KCTD19, CMTM4, CMTM2, BEAN1, TMED6, CCDC79, CES4A, EXOC3L1, PDXDC2P, CLEC18C, 
CLEC18A, C16orf86, MIR140, MIR328, KIAA0895L, LOC729513, MIR1538, MIR1972-1, MIR1972-2, 
LOC100505865, LOC100506083, CKLF-CMTM1 

Focal amplification (q 
value: 0.00024633) 

17q22, wide peak 
boundaries: chr17:56000002-
61200000 

CA4, CLTC, LPO, MPO, TRIM37, SEP4, RAD51C, RPS6KB1, SRSF1, SUPT4H1, TBX2, VEZF1, EPX, PPM1D, 
MTMR4, BZRAP1, TBX4, MRC2, MED13, APPBP2, TLK2, PPM1E, TANC2, OR4D1, RNFT1, TUBD1, PTRH2, 
BCAS3, RNF43, MKS1, SMG8, MSX2P1, PRR11, TEX14, INTS2, HEATR6, DHX40, VMP1, BRIP1, USP32, 
HSF5, OR4D2, C17orf64, DYNLL2, EFCAB3, MARCH10, C17orf47, GDPD1, METTL2A, NACA2, SKA2, YPEL2, 
C17orf82, MIR142, MIR21, MIR301A, TBC1D3P2, LOC645638, TBC1D3P1-DHX40P1, LOC653653, 
SCARNA20, MIR454, MIR548W, LOC100506779, MIR4729, MIR4737, MIR4736 

Focal deletion (q value: 
3.44E-05) 

5q31.1, wide peak 
boundaries:  

chr5:133200002-137600000 

CAMLG, IL9, LECT2, SMAD5, NEUROG1, NPY6R, PITX1, PPP2CA, SKP1, SPOCK1, TCF7, TGFBI, UBE2B, 
VDAC1, WNT8A, NME5, CDC23, MYOT, CXCL14, H2AFY, SMAD5-AS1, DDX46, KIF20A, SEC24A, BRD8, 
HNRNPA0, PHF15, FBXL21, KLHL3, PKD2L2, SAR1B, CDKL3, FAM13B, C5orf15, TRPC7, TXNDC15, PCBD2, 
CDKN2AIPNL, C5orf24, C5orf20, SLC25A48, LOC340073, LOC340074, CATSPER3, LOC389332, TIFAB, 
VTRNA2-1, MIR874, MIR3661, MIR4461 

Focal deletion (q value: 
5.70E-14) 

6p21.2, wide peak 
boundaries:  

chr6:38400002-41200000 

DNAH8, GLO1, GLP1R, MOCS1, NFYA, KCNK5, APOBEC2, DAAM2, TREM2, SAYSD1, LRFN2, TREML2, 
KCNK16, KCNK17, LOC221442, C6orf130, KIF6, TSPO2, UNC5CL, TREML1, TREML3, FLJ41649, TDRG1, 
LOC100131047 

Focal deletion (q 
value: 0.015741) 

 

17q11.2, wide peak 
boundaries: chr17:30000002-
33600000 

hsa-mir-632, ACCN1, LIG3, MYO1D, PSMD11, RAD51D, CCL1, CCL2, CCL7, CCL8, CCL11, CCL13, 
SH3GL1P1, ZNF207, CDK5R1, CCT6B, SUZ12, TMEM98, NLE1, FNDC8, RHOT1, C17orf79, UTP6, C17orf75, 
ZNF830, LRRC37B, RFFL, TMEM132E, SPACA3, SLC35G3, UNC45B, SLFN5, RHBDL3, C17orf102, 
ARGFXP2, MIR632, AA06, RAD51L3-RFFL 

Focal deletion (q value: 
6.26E-06) 

17q21.33, wide peak 
boundaries: chr17:48400002-

55200000 

CHAD, COX11, HLF, NME1, NME2, TRIM25, COIL, AKAP1, DGKE, ABCC3, CACNA1G, SPAG9, NOG, 
TOM1L1, TOB1, MMD, UTP18, MRPL27, LUC7L3, MBTD1, LINC00483, EPN3, TMEM100, RSAD1, LRRC59, 

CA10, PCTP, SCPEP1, XYLT2, SPATA20, ACSF2, MYCBPAP, KIF2B, ANKRD40, WFIKKN2, EME1, ANKFN1, 
MTVR2, STXBP4, LOC253962, C17orf67, RNF126P1, LOC400604, NME1-NME2, MIR3614 
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4.2.1.1.3.5 Assessment of the list of genes with CNAs in OVH 
 

The GISTIC method was used to identify the most significant amplifications and 

deletions as described previously. Two peaks were identified, and these regions 

had a large list of genes (Table 4.2). The results were then further analysed by 

running the gene lists against 13 KEGG pathways, which are more related to 

head and neck cancers, as well as cancer gene census and Stransky mutation 

list (76 previously identified genes in HNSCCs harbouring high statistically 

significant mutations) (Stransky et al., 2011) (refer to chapter 2, section 

2.8.3.1.6).  

Out of eight key genes hits (refer to figure 4.10), four genes were involved in 

KEGG WNT signalling pathway (36% of the CN altered genes in OVH cohort 

were involved in this pathway). In addition, two genes were involved in KEGG 

cell cycle pathway (18% of the CN altered genes in OVH cohort were involved 

in this pathway), and one cancer gene was located as well among the eleven 

genes list (SUZ12). Table 4.4 lists all key genes founded to be in CN altered 

regions with the highest significance losses in OVH cohort. OVH illustrates very 

low level of CNAs, and as a result, low number of genes were identified.  

Many WNTs are frequently overexpressed in HNCs (Barker and Clevers, 2007). 

However, in the OVH cohort, genes involved in WNT signalling pathway were in 

CN loss regions. The SUZ12 gene is located at chromosome 17q11.2, which 

has been deleted at a frequency of ~15% in OVH deletion plot. The role of 

SUZ12 has been investigated previously in epithelial ovarian cancer and 

revealed high significant expression levels when compared with either, fallopian 

tube epithelium or normal ovarian surface epithelium, as it inhibits apoptosis by 

stimulating the proliferation of epithelial ovarian cancer cells (Li et al., 2012). 

However, no reports were found to illustrate the role of SUZ12 when down 

regulated. Additionally, candidate cancer genes at regions of low CN loss levels 

might function differently than when at high CN loss levels, and this gene was 

located in a loss region at a frequency of ~15% only. Nonetheless, it must be 

remembered that the suggested cancer gene here, at best, can only report on 

the “likelihood” of progression of OVH and requires further investigations. 
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Figure 4.10 Number of genes with CNAs in OVH cases 

A graphical representation of: 13 KEGG pathways, cancer gene census and Stransky mutation 
list (Stransky et al., 2011) on the x-axis ranked by the number of genes with CNAs from OVH 

samples in each pathway and list on the y-axis. 
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4.2.1.1.3.6 Assessment of the list of genes with CNAs in OVC 
 

The GISTIC method was used to identify the most significant amplifications and 

deletions as described previously. Twelve peaks were identified, and these 

regions had a large gene lists (Table 4.2). The results were then further 

analysed by running the gene lists against 13 KEGG pathways, which are more 

related to head and neck cancers, as well as cancer gene census and Stransky 

mutation list (Stransky et al., 2011) (refer to chapter 2, section 2.8.3.1.6).  

Out of 49 key genes hits (refer to figure 4.11), thirteen genes were cancer 

genes (17% of the CN altered genes in OVC cohort were found to be related 

with cancer). Furthermore, eleven genes were involved in KEGG WNT 

signalling pathway (15% of the CN altered genes were involved in this 

pathway), and eight genes in P13K pathway (10% of the CN altered genes were 

involved in this pathway). Seven genes were in KEGG cell cycle pathway, and 

seven genes as well in KEGG VEGF signalling pathway (9% of the CN altered 

genes are in these pathways). Similarly, six genes were in the KEGG MAPK 

pathway, and six genes involved KEGG calcium-signalling pathway (8% of the 

CN altered genes are in these pathways). Table 4.4 lists all key genes founded 

to be in CN altered regions with the highest significance gains and losses in 

OVC cohort.  

As can be seen from table 4.4, all significant gene hits in OVH group were 

present in the OVC significant gene hit lists, which suggests that OVH is a 

(histological) precursor for OVCs.  In the analysis of OVC gene hit lists, I 

focused on genes that had a known role in head and neck cancers. CDH1 or 

epithelial -cadherin gene, located on chromosome 16q22.1, was in a gain 

chromosomal region and therefore, is likely to be overexpressed in the OVC 

cohort. The function of E-cadherins has been well-established in maintaining 

junctions, E-cadherin loss enables the disaggregation of malignant cells from 

one another and promotes metastasis (Berx et al., 1998), (Onder et al., 2008). 

In human cancers, reduction or loss of E-cadherin expression can be triggered 

by silencing of the CDH1 promoter, chromosomal deletions and somatic 

mutations (Berx et al., 1998), (Onder et al., 2008). However, and in light of the 
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possibility of overexpression of CDH1 in the OVC group, I therefore suggest 

that this might be a reason behind the fact that OVCs do not metastasise, unlike 

OSCCs, where the CN data of this cohort showed deletion in chromosome 

18q21.3 that harbour CDH20 gene, which has been reported previously to be 

involved in tumour invasion regulation (Vermeulen et al., 1996).  

In addition, the MCM7 gene located in chromosome 7q22.1, was in a 

chromosomal region showing gain at a frequency of ~50% according to the 

OVC frequency karyogram (section 4.2.1.1.2.3) and therefore, is likely to be 

overexpressed in the OVC cohort. It has been demonstrated in a previous study 

that MCM7 gene is expressed in normal oral mucosa and variably 

overexpressed in dysplasias and OSCCs (Tamura et al., 2010). Likewise, the 

SERPINE1 gene also located on the chromosome 7q22.1 arm that presented a 

gain is likely to be overexpressed in OVC cohort. In 2005, a study revealed that 

the expression of the SERPINE1 gene in primary head and neck tumours was 

up-regulated in comparison to normal mucosa by an expression ratio of: 6.22, 

using microarray (Chin et al., 2005). SERPINE1 overexpression was suggested 

to play a key role in chromosome 7q21.3 – 22 karyotypic changes and in oral 

oncogenesis (Chen et al., 2004b). 
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Figure 4.11 Number of genes with CNAs in OVC cases 

Figure 0.11 A graphical representation of: 13 KEGG pathways, cancer gene census and 
Stransky mutation list (Stransky et al., 2011) on the x-axis ranked by the number of genes with 

CNAs from OVC samples in each pathway and list on the y-axis. 
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4.2.1.1.3.7 Comparison of DNA copy-number profiles (GISTIC G-
scores heat maps) between OVH and OVC samples. 
 

Chromosomal alteration regions based on DNA CN changes in OVH and OVC 

groups are illustrated in the heat maps below generated from GISTIC G-scores 

analysis (figure 4.12). Visual examination of the OVH heat map (figure 4.12 a) 

and OVC’s (figure 4.12 b) illustrates the very low level of CNAs in OVHs in 

compare to OVCs, indicating that the genomic profile of these cases has 

minimal chromosomal abnormalities and is most similar to normal. 

Nevertheless, gain at chromosome 7q (represented by a lineage red colour) 

was noticed in OVHs at a frequency of more than 50%. In addition, as shown in 

figure 4.12 b, gains at chromosome arms 7q, 16q and 17q (represented by a 

lineage red colour), and loss at chromosome 5p (represented by a lineage blue 

colour) were detected in OVCs at a frequency of 50%. Again, and as seen in 

the heat map below; deletions were minimally found in OVC, which could be a 

reason behind the minimal histological cytological atypia features found in this 

tumour. 
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Figure 4.12 Genome-wide amplification and deletion plots of CNAs in OVH. 

Genomic positions are indicated along the y axis with centromere locations showed by dotted 
lines. Amplification (red) and deletion (blue) GISTIC plots show q- values (bottom on the x axis), 
the G-scores that considers the frequency the aberration occurrence as well as its amplitude 
across samples (top) and the significance threshold is indicated by the green line at 0.25, with 
respect to amplifications and deletions for all markers over the entire analysed region. Blue 
arrows and circles point to regions with significant gain, and orang arrows and circles point to 
regions with significant loss 
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4.2.2 Aim 2: To use next generation sequencing copy number 
analysis data to distinguish between the genomic damage 
pattern in OVC and OSCC lesions. 
 

Copy number sequencing data were generated for 45 OSCC samples (34 

males and 11 females, mean age 61.4) as a part of another study conducted by 

Pre-cancer Genomic Group in this institute to investigate the copy number 

changes and clonal relationships that occur between the stages of normal 

epithelium, dysplasia and OSCC. Catherine Daly, Rebecca Chalkley, Rajni 

Bhardwaj and Henry Wood did the entire work on OSCCs, starting from 

sectioning, macro-dissection, DNA extraction, DNA quantification and DNA CN 

sequencing library preparation steps. I used OSCC CN analysis data and 

karyograms from the Pre-cancer Genomic Group to compare the genomic 

damage pattern that occur in them with the genomic damage pattern that occur 

in OVH and OVC. The designed study groups (including samples IDs) are 

shown in appendix 4.4. 
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4.2.2.1 Genomic profiling of OSCC by NGS CN analysis  
 

In general, OSCC karyograms shows more whole chromosome and localised 

gain and loss and a higher degree of aneuploidy across the whole genome 

when compared to OVCs. (Refer to appendix 4.5 for eight examples of OSCC 

karyograms). Loss of chromosome 3p and gain at 3q were the copy number 

variations most frequently detected to be different between oral verrucous 

tumours and oral squamous tumours. No losses at chromosome 3p or gains at 

3q were identified in OVCs. Losses mapped on 3p, 4q, 9p, and 18q, and gains 

mapped on chromosomal arms 3q, 4q, 5q, 8q, 9q and 20p are chromosomal 

signatures commonly linked with OSCC and frequently identified in OSCC 

cohort here. A representative classical OSCC CN karyogram from case PG123-

T-3_2KB is shown below in figure 4.9 a to illustrate the differences between the 

three cohorts individual karyograms (data belong to the Pre-cancer Genomic 

Group). Blue arrows point at gains in Chr3q, Chr4p, Chr5p, Chr8q. Chr9q and 

Chr18p. Orange arrows point at losses in Chr3p, Chr4q, Chr8p, Chr9p and 

Chr18q. Horizontal lines above the center demonstrate regions of gain, and 

those below the center demonstrate regions of loss.  

 

Figure 4.13 Representative genomic profiling of OSCC by NGS CN analysis. 

Each data point represents one window of approximately 200 reads. Genomic position is on the 
x-axis and tumor:normal ratio is on the y-axis. The black lines are regions of common CN 

between breakpoints. Windows of gain and loss are red and blue respectively. 

PG123−T−3_2KB
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4.2.2.2 Results 

4.2.2.2.1 Comparison of the genome-wide frequency 
karyograms of CNAs in OVC and OSCC 
 

In order to compare OVC and OSCC as groups; frequency accumulative 

karyograms were produced for the two cohorts. Visual examination of OVC (N: 

57) genomic CN frequency karyogram (figure 4.14 a) revealed a lower level of 

CNA compared to OSCCs (N: 45) (figure 4.14 b). This result suggests that OVC 

is characterised by a lower degree of chromosomal instability than OSCC. 

Similar results were obtained in 2011 by another study in which they have 

investigated differences in chromosomal instability between OVC and OSCC 

lesions using high-resolution DNA flow cytometry (Pentenero et al., 2011). In 

this study, they reported a lower degree of tumour heterogeneity and 

chromosomal instability in OVCs when compared to OSCCs. Locus-specific 

differences in CN can also be seen by comparing chromosome plots frequency 

diagrams of the two groups (figure 4.7, figure 4.15). In addition, Loss of 

chromosome 3p and gain at 3q were the CN variations most frequently detected 

to be different between oral verrucous tumours and OSCCs. No losses at 

chromosome 3p or gains at 3q were identified in OVCs. Furthermore, gains 

mapped at chromosome 7p22, 7q11.2 and 7q22 (represented by red colour) 

were observed in OVCs at a frequency of ~50%, in addition to gains mapped at 

chromosomes 3p21 (at a frequency of ~30%), 15q15 (at a frequency of ~30%), 

16q22 (at a frequency of ~25%) and 17q23 (at a frequency of ~25%), as well as 

losses on chromosomes 6p21 (at a frequency of ~25%) and 17q12 (at a 

frequency of ~50%) represented by green colour. Nevertheless, deletion trends 

were minimally found in OVC’s frequency karyogram.  

On the other hand, as can be seen in figure 4.14 b, and figure 4.15, Loss of 

chromosome 3p and gain at 3q (at a frequency of 50%) were the CN variation 

most frequently distinguishing OVC and OSCC (primary OSCC data belong to 

Pre-cancer Genomics Group). Gains mapped at chromosomes 3q (at a 

frequency of 50%), 5p (at a frequency of ~50%), 7p (at a frequency of ~25%), 

8q (at a frequency of ~40%) and 20p (at a frequency of ~20%) represented by 

red colour, and losses mapped at chromosomes 3p (at a frequency of 50%), 4p 
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(at a frequency of ~25%), 8p23 (at a frequency of ~25%), 18q21 (at a frequency 

of ~30%) and 18q23 (at a frequency of ~30%) represented by green colour 

were detected in OSCCs. These chromosomal abnormalities and CN alterations 

may be involved in the development of OSCC. As has been observed, losses 

were detected more frequently in OSCCs than OVCs, suggesting that these CN 

alterations may be related to the aggressiveness behaviour of OSCC cells. 

Losses on chromosomal arms 3p, 4q and 18q, and gains on chromosomal arms 

3q, 5q, 8q, and 20p are chromosomal signatures commonly linked with OSCCs. 

 

 

 

Figure 4.14 Frequency of genomic gain and loss for OVC (a) and OSCC (b). 

Genomic position is on the x-axis, frequency (%) of gains (red) and losses (green) are shown on 
the y-axis. 
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Figure 4.15 Genomic locations of chromosomal segments with altered CN in OSCC. 

Genomic position is on the x-axis, frequency (%) of gains (red) and losses (green) are shown on 
the y-axis
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4.2.2.2.2 Genomic Identification of Significant Targets in Cancer 
(GISTIC2.0) (computational approach) 
 

Copy number profiles of OSCC were characterised by several approaches 

using the GISTIC2.0 algorithm in order to compare this cohort with the OVC 

cohort. These analysis forms include: amplification and deletion plots of CNAs, 

the identification of amplification and deletion genes within CN altered regions, 

and segmented copy number heat maps. All the parameters used in the GISTIC 

analysis are presented in appendix 2.3. (Primary data belong to the Pre-cancer 

Genomic Group). 

4.2.2.2.2.1 Genome-wide amplification and deletion plots of 
CNAs in OSCC 
 

Regions of significant gains or losses were identified using the GISTIC 

algorithm. Sixteen chromosomal regions (thirteen amplifications and three 

deletions) from the CNAs identified by GISTIC analysis were significantly 

altered in OSCC genomes with CNAs ranging from single copy gains and 

losses of broad chromosomal regions (Figure 4.16 a, and b). The three most 

significant amplifications from GISTIC peaks (Figure 4.16 a, blue circles) that 

also surpass the significance threshold include chromosomes 3q26.1, 3q28, 

7q11.23, and 11q22.1.The thirteen most significant deletions from GISTIC 

peaks (Figure 4.16 b, orange circles) that also surpass the significance 

threshold include chromosomes 2q37.3, 3p26.2, 3p14.2, 4p16.3, 5q35.1, 

7q36.2, 8p23.1, 9p24.3, 11q25, 13q12.13, 18q12.3, 18q21.2 and 18q23. 

Previous CN studies of chromosomal signatures commonly linked with OSCC 

revealed losses mapped on 3p, 4q, 9p, and 18q, and gains mapped on 

chromosomal arms 3q, 4q, 5q, 8q, 9q and 20p (Baldwin et al., 2005), (Snijders 

et al., 2005), (Liu et al., 2006), (Jarvinen et al., 2008), (Nakamura et al., 2008), 

(Freier et al., 2010). These findings were frequently identified as well in OSCC 

cohort here, suggesting that putative tumour suppressor genes and oncogenes 

on those arms are associated with OSCC and may be involved in the 

development of this tumour.  
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Figure 4.16 Genome-wide amplification and deletion plots of CNAs in OSCC. 

Genomic positions are indicated along the y axis with centromere locations showed by dotted 
lines. Amplification (red) and deletion (blue) GISTIC plots show q- values (bottom on the x axis), 
the G-scores that considers the frequency the aberration occurrence as well as its amplitude 
across samples (top) and the significance threshold is indicated by the green line at 0.25, with 
respect to amplifications and deletions for all markers over the entire analysed region. Blue 
arrows and circles point to regions with significant gain, and orang arrows and circles point to 
regions with significant loss. 
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4.2.2.2.2.2 Comparison of DNA copy-number profiles (GISTIC G-
scores heat maps) between OVC and OSCC samples. 
 
Chromosomal alteration regions based on DNA CN changes in OVC and OSCC 

groups are illustrated in the heat maps below generated from GISTIC G-scores 

analysis (figure 4.17) (primary data belong to the Pre-cancer Genomic Group). 

Visual examination of OVC heat map and OSCC’s (figure 4.17 a and b) as it is 

clearly show the lower degree of CN alterations in OVC cases as compared to 

OSCCs. In addition, as shown in figure 4.17 a, gains at chromosome arms 7q, 

16q and 17q (represented by a lineage red colour), and loss at chromosome 5p 

(represented by a lineage blue colour) were detected in OVCs at a frequency of 

50%. Moreover, deletion trends were minimally found in OVC’s heat map. On 

the other hand, as can be seen in figure 4.17 b, gains at chromosome arms 3q, 

5p and 8q (represented by a lineage red colour), and losses at chromosome 

arms 3p, 4p, 5q, 8p, 13q and 18q (represented by a lineage blue colour) were 

detected in OSCCs at a frequency of more than 50%. Remarkably, losses were 

detected more frequently in OSCC cohort than OVCs, suggesting that these CN 

alterations may be related to the aggressiveness behaviour of OSCC cells. In 

addition, the minimal or absent histological cytological atypia feature of OVC 

(Zargaran et al., 2012) could be another reason behind the lower level of 

chromosomal instability in OVCs in compare to OSCCs.  
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Figure 4.17 Heat map images of OVC and OSCC based on total segmented DNA copy 
number variation profiles. 

Images were analysed using (GISTIC2.0). In each heat map, the samples are arranged from left 
to right, and chromosomes are arranged vertically from top to bottom. Red represents CN gain 

and blue represents CN loss. 
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4.2.2.2.3 OVC, OVH and OSCC hierarchical classification based 
on the genomic CNAs 
 

Chromosomal region alterations in OVC, OVH, and OSCC were analysed using 

NGS CN analysis. A complete linkage unsupervised hierarchical clustering was 

performed for all the three groups based on DNA CN changes (figure 4.18) 

(primary OSCC data belong to the Pre-cancer Genomics Group). Samples from 

oral verrucous lesions group (OVC and OVH) tended to be located relatively 

close together in the dendrogram below (figure 4.18, clusters b, d and e). 

However, a few OSCC samples were included within these group clusters. This 

can be attributed to the similarities in some CN features, as in centromere and 

in telomere chromosomal regions that arise exactly in the same place in all 

groups’ samples (centromere and telomere chromosomal regions were 

excluded from visual examination of the karyograms but not from the BED files 

(chromosomal break points files) of every case). In contrast, samples from the 

OSCC group tended to be located fairly close together in the dendrogram below 

(figure 4.18, clusters a and c). Nevertheless, few verrucous samples were 

included within these clusters. This can be attributed to the similarities in some 

CN features, as in centromere in telomere chromosomal regions that arise 

exactly in the same place in all groups’ samples. In general, this methodology 

was able to segregate oral verrucous samples from OSCCs using the entire 

pattern of CN changes, including the shared ones. This finding confirms the 

previous result based on individual karyograms for the three cohorts, frequency 

karyograms and heat maps data, and prove that oral verrucous lesions are 

distinct entity according to its clinical appearance, histological features, and its 

genomic profiles and behaviour mode.  
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Figure 4.18 Hierarchical cluster dendrogram of the CNAs data from OVH (N: 16), OVC (N: 
57) and OSCC (N: 45) tissues by unsupervised clustering. 

The scale on the top bar indicates Manhattan distance. 
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4.2.2.2.4 Logistic regression (LR) analysis 
 

A novel LR method that blindly predicts the subtype of an ‘unknown’ sample 

based on the copy number of a two groups of ‘known’ samples was applied on 

OVC and OSCC cohorts. Of the 45 OSCC samples, four were misclassified, 

whereas only one out of 57 OVC samples was incorrectly predicted. The logistic 

regression analysis successfully distinguished between the two patient groups. 

(Gusnanto, Wood et al. accepted pending corrections, Bioinformatics). Figure 

4.19 below show the percentage of the error for OVC and OSCC using two 

analysis sets. In the "50" analysis (a), The samples were divided into 50% 

training set and 50% test, while for the "65" analysis (b), 65% of the samples 

went into the training set. The plots below illustrated that the more samples 

included in the training set (b), the less was the percentage error. 

 

 

Figure 4.19 Percentage error for OVC and OSCC plots. 

Figure 4.19 (a) is for the "50" analysis and (b) is for the "65" analysis. 
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4.2.2.2.5 Assessment of the list of genes with CNAs in OSCC 
 

The GISTIC method was used to identify the most significant amplifications and 

deletions as described previously. Sixteen peaks were identified within the 

regions of highest significance gains and losses, and these peaks had a large 

gene lists that will be further investigated in this section (OSCC gene lists are 

not shown, too large data). The results were then further analysed by running 

the gene lists against 13 KEGG pathways, which are more related to H&N 

cancers, as well as cancer gene census and Stransky mutation list (76 

previously identified genes in HNSCCs harbouring high statistically significant 

mutations) (Stransky et al., 2011) (refer to chapter 2, section 2.8.3.1.6).  

Out of 138 key genes hits (refer to figure 4.20), fifty genes were cancer genes 

(25% of the CN altered genes in OSCC cohort were found to be related with 

cancer). Additionally, 38 genes were involved in P13K pathway (19% of the CN 

altered genes are in this pathway), which considered crucial as aberrations in 

genes in this pathway were frequently found in OSCCs (Chang et al., 2013). 

Twenty-two genes were in the KEGG JAK STAT signalling pathway (11% of the 

CN altered genes are in this pathway), and 17 genes were involved in the 

KEGG WNT signalling pathway (8% of the CN altered genes were in this 

pathway). Similarly, 15 genes were involved in KEGG calcium signalling 

pathway (7% of the CN altered genes were in this pathway). Table 4.4 lists all 

key genes founded to be in CN altered regions with the highest significance 

gains and losses in OVH, OVC and OSCC cohorts. In general, OSCCs illustrate 

more whole chromosome and localised gain and loss and a higher degree of 

CN alterations compared to OVCs, and accordingly, more genes were 

identified, noticeably, among cancer genes and in the P13K pathway. This 

agrees with the recent analysis report of whole-exome sequencing data for 151 

HNSCC tumours, which revealed that the most frequently mutated oncogenic 

pathway, with significantly higher mutation rates in known cancer genes, was 

the PI3K pathway (30.5%) (Lui et al., 2013). In contrast, OVC showed a lower 

degree of CN alterations compared to OSCCs, and consequently, fewer genes 

were identified table 4.4. 
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I then focused on genes that had a significant role in oral and head and neck 

cancers, which were in CN altered regions in the OSCC group but not in OVCs 

(primary OSCC data belong to Pre-cancer Genomics Group). The SMAD4 gene 

located on chromosome 18q21.1 was in a deleted chromosomal region in the 

OSCC cohort. Loss of the SMAD4 gene appears to play a key role in HNSCC 

tumours progression (Snijders et al., 2005), and LOH at this locus has been 

described at ~50% of HNSCCs (Kim et al., 1996), (Takebayashi et al., 2000). 

Furthermore, expression loss of SMAD4 protein had an impact on lymph node 

metastasis and tumour depth in patients with esophageal squamous cell 

carcinoma (Natsugoe et al., 2002). Similarly here, TP53AIP1 located on 

chromosome 11q24.3 was in a deleted chromosomal region in OSCC cohort. 

TP53AIP1 plays an important role in the apoptotic signalling of tumour 

suppressor p53, and was found to be mutated in prostate cancer tissue (Wang 

et al., 2006). In this study, CDKN2A gene in 9p21 was also in a deleted 

chromosomal region in OSCC cohort. CDKN2A gene is described as one of the 

early aberrations and could be considered as a significance prognostic for 

patients with oral cancer, or pre-malignant lesions (Rosin et al., 2000), (Jiang et 

al., 2001), (Leemans et al., 2011b). One of the most vulnerable regions of the 

genome in OSCCs and HNSCCs is chromosome 3p and 3q arms (Leemans et 

al., 2011b). FHIT gene located at 3p14.2 was in a deleted chromosomal region, 

and TP63 gene (from TP53 gene family), located at 3q28, was in a gain 

chromosomal region in OSCC cohort. FHIT and TP63 genes are another 

HNSCC candidate cancer genes that have been identified some time ago (de 

Oliveira et al., 2007), (Tsantoulis et al., 2007), (Leemans et al., 2011b). The 

above genes in CN altered regions in OSCC group have not been identified to 

be in CN altered regions in OVC cohort, which could again be another 

explanation for the aggressiveness behaviour of OSCC and the benign 

behaviour for OVC. 
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Figure 4.20 Number of genes with CNAs in OSCC cases 

A graphical representation of: 13 KEGG pathways, cancer gene census and Stransky mutation 
list (Stransky et al., 2011) on the x-axis ranked by the number of genes with CNAs from OSCC 

samples in each pathway and list on the y-axis
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Table 4.4 Lists of All key genes founded to be CN altered within regions with the highest significance gains and losses in OVH, OVC and OSCC 
cohorts. 

 Genes 

 OVH OVC OSCC 

KEGG WNT SIGNALING 
PATHWAY 

PPP2CA, SKP1, 
TCF7, WNT8A 

 

RAC1, RHOA, NFATC3, 
NFAT5, PLCB2, CHP, 
DAAM2, PPP2CA, SKP1, 
TCF7, WNT8A 

 

PRICKLE2, CER1, CTBP1, WNT6, FZD5, WNT10A, SMAD4, 
MMP7, PPP2R1B, WNT7A, SMAD2, PPP2CB, PPP3CC, 
FZD3, NFATC1, CSNK1A1L, MMP7 

 

KEGG JAK STAT 
SIGNALING PATHWAY 

IL9 

 

EPO, IL9 
 

IFNA1, IFNA2, IFNA4, IFNA5, IFNA6, IFNA7, IFNA8, IFNA10, 
IFNA13, IFNA14, IFNA16, IFNA17, IFNA21, IFNB1, IFNW1, 
JAK2, IFNK, IFNE, CBL, IL10RA, IL5RA, PIAS2 

 

KEGG MAPK 
 RAC1, JMJD7-PLA2G4B, 

CHP, PLA2G4E, 
PLA2G4B, CACNA1G 

 

FGFR3, HSPA8, RAF1, DUSP4, PPP3CC, FGF17, FGF20, 
FGF9 

 

KEGG DNA REPLICATION  RFC2, MCM7 
 

RFC3, RNASEH2B 
 

KEGG NOTCH SIGNALING 
PATHWAY 

 DTX2, DLL4 
 

CTBP1, MAML2, KAT2B 
 

KEGG 
PHOSPHATIDYLINOSITOL 

SIGNALING SYSTEM 

 ITPKA, PLCB2, DGKE 
 

DGKQ, INPP5D, DGKD, PLCD4, PIKFYVE, ITPR1, PIK3C3, 
DGKH 

 

KEGG P13K 

PPP2CA 

 

RAC1, YWHAG, LAMB2, 
RPS6KB1, EPO, GNB2, 
CHAD, PPP2CA 

 

IFNA1, IFNA2, IFNA4, IFNA5, IFNA6, IFNA7, IFNA8, IFNA10, 
IFNA13, IFNA14, IFNA16, IFNA17, IFNA21, IFNB1, JAK2, 
RPS6, TEK, RHEB, FGFR3, PPP2R2C, COL4A3, COL4A4, 
COL6A3, CREB1, FN1, IRS1, EIF4E2, PPP2R1B, PDGFD, 
RAF1, ANGPT2, PPP2CB, PPP2R2A, FGF17, FGF2, FLT1, 
FGF9, LPAR6 

 

KEGG hedgehog WNT8A WNT8A IHH, WNT6, STK36, WNT10A, WNT7A, CSNK1A1L 
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KEGG CALCIUM SIGNALING 
PATHWAY 

VDAC1 

 

FZD9, ITPKA, PLCB2, 
CHP, CACNA1G, VDAC1 

 

HTR5A, DRD5, ERBB4, HTR2B, PLCD4, GRM5, ATP2B2, 
HRH1, ITPR1, OXTR, ADRA1A, PTK2B, PPP3CC, HTR2A, 
CYSLTR2 

 

KEGG ERBB SIGNALLING  RPS6KB1, PAK6 
 

ERBB4, CBL, RAF1, NRG1 
 

KEGG CELL CYCLE 
SKP1, CDC23 

 

YWHAG, CDC25A, E2F4, 
BUB1B, MCM7, SKP1, 
CDC23 

 

CDKN2A, CDKN2B, SMAD4, ATM, CHEK1, SMAD2, RB1, 
CCNA1 

 

KEGG P53 SIGNALING 
PATHWAY 

 SHISA5, PPM1D, 
SERPINE1 

 

CDKN2A, PMAIP1, ATM, CHEK1, EI24, TP53AIP1, SESN3, 
TNFRSF10B 

 

KEGG VEGF SIGNALING 
PATHWAY 

 RAC1, NFATC3, NFAT5, 
JMJD7-PLA2G4B, CHP, 
PLA2G4E, PLA2G4B 

 

RAF1, PPP3CC, NFATC1 
 

Stransky mutation list   CDKN2A, SI, SLITRK3, TP63 
 

Cancer gene census 

SUZ12 

 

PMS2, RAC1, ELN, HIP1, 
SETD2, CLTC, RNF43, 
BRIP1, CBFB, CDH1, 
BUB1B, HLF, SUZ12 

 

FHIT, MITF, FOXP1, CDKN2A, JAK2, MLLT3, NFIB, CD274, 
MLL3, FGFR3, WHSC1, ATIC, CREB1, ACSL3, IDH1, PAX3, 
FEV, MALT1, BIRC3, ATM, DDX6, DDX10, CBL, FLI1, KCNJ5, 
MLL, PAFAH1B2, POU2AF1, SDHD, PCSK7, ARHGEF12, 
MAML2, FANCD2, PPARG, RAF1, VHL, XPC, SRGAP3, 
SETBP1, PCM1, WRN, BRCA2, CDX2, FLT3, LCP1, RB1, 
LHFP, TTL, LPP, BIRC3 

 

Genes in black are genes within amplification regions. Genes in red are genes within deletion regions. 

 

 

 

 



	
  
 

	
  
 

153	
  

4.3 Discussion 
 

In this study, the NGS copy number analysis method was used on nanogram 

quantities of DNA isolated from FFPE tissue, in the largest oral verrucous 

sample cohort described to date, with the aim of identifying OVH and OVC 

genomic characteristic features, and determine if next generation sequencing 

CNA could distinguish between the genomic damage pattern in OVH, OVC, and 

OSCC lesions. Until now, the literature focusing on oral verrucous lesions (OVH 

and OVC) clinicopathological characteristics is not robust. The rarity of these 

lesions also makes them difficult to investigate, and most previous studies have 

been made on small numbers of cases. The possible link between the biological 

behavior and the structural and functional features with the clinical outcome in 

OVH and OVC is still not clear and requires further investigation. Furthermore, 

previous studies that intended to distinguish between OVC and OSCC have 

yielded mixed results (Devaney et al., 2011a). The distinction of OVH from OVC 

is a frequent problem also for pathologists and cannot be based only on the 

histological features as it appears benign cytologically, besides the nuclear 

hyperchromatism of the focal basal cell layer (Eversole and Papanicolaou, 

1983), (Woolgar and Triantafyllou, 2009). Hence, molecular approaches could 

offer an important help. 

Because sequencing technologies are currently becoming more widespread, 

accurate and affordable, low coverage sequencing CN analysis will become 

more informative and expedient (Gusnanto et al., 2012). Furthermore, 

sequencing data can be produced even with low DNA amounts extracted from 

formalin-fixed paraffin-embedded (FFPE) materials (Wood et al., 2010). Next-

generation sequencing techniques offer considerable benefits for CN analysis, 

including precise delineation of the CN breakpoints, and higher resolution (can 

detect single-base insertions or deletions) of CN changes, in a short time 

(Meyerson et al., 2010). It enables the estimation of tumour-to-normal CN ratio 

at a genomic locus through counting the number of reads at this locus in normal 

and tumour samples (Meyerson et al., 2010).  
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Classical OSCC have the same distinctive pattern of amplification and deletion 

commonly seen in other tumours with squamous histology (Hoadley et al., 

2014) but this was completely absent from OVC. Furthermore, oral verrucous 

tumours had their own set of chromosomal abnormalities, although fewer in 

number as would be expected from their reduced aneuploidy (Pentenero et al., 

2011). This lower level of chromosomal instability could be linked to the minimal 

or absent histological cytological atypia found in OVC (Zargaran et al., 2012). 

Interestingly, losses were detected frequently in OSCC genomes but rarely in 

OVCs. Losses on chromosomal arms 3p, 4q, 9p and 18q, and gains on 3q, 5q, 

8q, and 20p are chromosomal signatures commonly linked with OSCCs 

(Baldwin et al., 2005), (Snijders et al., 2005), (Liu et al., 2006), (Jarvinen et al., 

2008), (Freier et al., 2010) and were frequently identified in this OSCC cohort 

but were absent in OVC, suggesting that these CN alterations may be related to 

the more aggressiveness behaviour of OSCC tumours. Gains of chromosomes 

7q, 16q and 17q were detected in OVCs at a frequency of ~50%, suggesting 

that these CN alterations may be involved in the development of OVC. 

Significant CN gain in OVH group at 7q, with a frequency of ~50%, was present 

in OVCs, suggesting that this region might harbour the first CN alteration 

involved in oral verrucous lesions.  

In many human cancers, loss of chromosome 3p is a common genetic variant, 

as this region include several putative tumour suppressor genes (Zabarovsky et 

al., 2002), (Garnis et al., 2004). Loss of 3p carries prognostic consequence in 

oral cancer, mainly for second primary tumours development, disease 

progression risk and presence of local recurrences (Rosin et al., 2002), (Mao et 

al., 2004). In addition, variations on chromosome 3p are thought to be crucial 

events in the development of oral premalignant lesions to aggressive disease 

(Tsui et al., 2008). Previous reports have demonstrated alterations and LOH in 

specific segments on this chromosome arm in oral premalignant lesions and 

that these alteration were observed more with lesions progression to cancer 

(Califano et al., 1996) (Mao et al., 1996) (Rosin et al., 2000). A study was 

conducted in 2008 to examine chromosome 3p arm throughout the multistep 

oral tumorigenesis for genetic pattern, frequency of variation and size of 
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alteration (Tsui et al., 2008). Their data showed an increase in the genomic 

instability pattern at chromosome 3p as specific genetic events were associated 

with increased histopathological progression and disease stage (Tsui et al., 

2008). They reported whole 3p arm loss in OSCCs, high-grade dysplasias had 

segmental losses and most low-grade dysplasias had no losses (Tsui et al., 

2008). From the earlier reports described here, it is clear now that loss in 3p is a 

chromosomal signature usually associated with OSCCs, which was shown as 

well in the CN karograms of OSCC cohort (pre-cancer genomic data) and might 

explain the aggressiveness behaviour of this tumour. In contrast, OVC CN 

karyograms did not show any loss in 3p within the entire cohort, which might 

explain the indolent behaviour of this tumour. Additionally, and based on the 

genomic CN profiles of OVC and OSCC cohorts, the logistic regression analysis 

successfully distinguished between the two patient groups, correctly identifying 

56 out of 57 OVC samples and 41 out of 45 OSCCs. 

The defined break points in gain and loss regions in the current work has 

allowed naming specific gene candidates (refer to table 4.4). Some insight into 

the genes that might have a role in the development of OVC (as discussed in 

section 4.2.1.1.3.6) may be obtained by considering candidate tumour 

suppressors and oncogenes that have been previously suggested for other 

cancers based on finding that they are deleted or amplified in those tumours. 

Besides, it is well understood now that the more were the numbers of genomic 

variations can be an indication of cancer progression. However, It is important 

to keep in mind that candidate oncogenes at regions of low CN gain levels 

might function differently than when at high CN gain levels (Bhattacharya et al., 

2011). Nonetheless, it must be remembered as well that the suggested genes in 

this study, at best, can only report on the “likelihood” of progression of OVC and 

requires further investigations.  

Studies on a number of tumour types (breast cancer, oral and oropharyngeal 

cancers, soft tissue sarcoma and prostate cancer) have identified that subtypes 

usually associated with better prognosis often lack CN instability (Fridlyand et 

al., 2006), (Smeets et al., 2009), (Barretina et al., 2010), (Taylor et al., 2010). In 

oral cancer, a study in 2011 distinguished two oral lesions subtypes that are 
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suggestive for the development of at least two oral cancer pathways, which 

differ, in chromosomal instability and metastasis risk (Bhattacharya et al., 2011). 

They applied aCGH technique to determine CN alterations in OSCC and 

dysplasia groups. They revealed two subtypes that were distinguished by 

acquisition of one or more specific CN alterations at four genomic regions: gain 

in 3q, loss in 8p, gain in 8q, and gain in chromosome 20 (Bhattacharya et al., 

2011). Furthermore, these subtypes were significantly differing in their 

metastasis risk, and accordingly, they suggested that these variations in CN 

aberrations constitute a biomarker with clinical value in identifying patients’ 

treatment on the basis of cervical lymph node metastasis risk as their results 

showed that neck metastasis was present in 22 of 48 (46%) of +3q-8p+8q+20 

tumours and in only one of 15 (7%) of non +3q-8p+8q+20 tumours 

(Bhattacharya et al., 2011). The non +3q-8p+8q+20 tumour subtype was clearly 

a member of the low genomic instability and the low metastasis risk group, and 

here, OVC copy number analysis study showed that this cohort is similar to non 

+3q-8p+8q+20 tumours, in which it lack these chromosomal abnormalities, 

characterised by low levels of genomic instability and known to be a non- 

metastasising carcinoma.  

Considered together the distribution of CN aberrations in OVC and OSCC 

suggest that there are two different distinct routes to two different oral cancers, 

one associated with greater genomic rearrangements and acquisition of 

previously known OSCC chromosomal signatures, and the other lacking these 

CN aberrations and with lower level of chromosomal instability detectable by 

CN analysis. However, the driving potency for both tumours remains unclear. It 

was noted previously as well that differential methylation was linked with the 

cases with high levels of CN changes (Poage et al., 2010) and (Bhattacharya et 

al., 2011). The low level of chromosomal instability in OVC tumours may also 

suggests that the development of these tumours could be linked with other 

neutral CN mechanisms such as epigenetic alterations or microsatellite 

instability. Genomic changes in methylation patterns were observed in head and 

neck SCC (Poage et al., 2010); however, microsatellite instability is not known 

to be common in oral cancer (Shaw et al., 2008). Therefore, to investigate 
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whether OSCC and OVC differ in methylation patterns, I suggest a further 

analysis for both, CN and methylation measurements for the two cohorts. In 

addition, there is still an open possibility that there might be underlying balanced 

chromosomal rearrangements in OVC, or, an extrinsic factor, such as 

inflammation of neighbouring cells, which may affect the growth of oral epithelial 

cells (Arwert et al., 2010).  HPV infection is another candidate that has been 

previously reported with OVC (Shroyer et al., 1993), (Mitsuishi et al., 2005), 

(Fujita et al., 2008) and will be discussed in the next chapter (chapter 5).  

Tumor genomic profiles can be produced using NGS copy number analysis for 

DNA samples extracted from patients’ FFPE materials. However, the tumour 

cells content in the extracted DNA can be affected by the presence of stroma 

cells in the macrodissected carcinoma tissues. To avoid this complication, laser 

microdissection can be used to isolate tumour epithelium tissue from the 

surrounding healthy and stroma materials. On the other hand, a previous report 

suggested that the concealing stroma effect on tumour epithelium appears to be 

minimal in macrodissected extracted tissue, and that therefore; macrodissection 

is the convenient preferable technique for nucleic acids extraction (de Bruin et 

al., 2005). Given these previous points, the performed macrodissection method 

on OVC tissue here does not show an effect on the low-coverage CN produced 

genomic profiles. The tumour cells content were enough to reveal CN 

alterations in all macrodissected tissue samples.  

It has been previously demonstrated that NGS can provide genomic CN gain 

and loss details in a cost-effective manner from DNA isolated from different 

sources, including FFPE tissue blocks stored after histopathological diagnosis, 

frozen tumour samples and cell lines (Wood et al., 2010), (Hayes et al., 2013). It 

has been also shown that the resolution of NGS copy number analysis method 

has a high degree of correlation and comparable with aCGH, but gave more 

information for less money when applied at low multiplexing levels, and it is 

extremely adjustable (Wood et al., 2010). It is also important to keep in mind 

that aCGH technique has shown difficulty to use with DNA extracted from FFPE 

materials (Hostetter et al., 2010). Additionally, aCGH requires microgram DNA 

quantities while NGS can produce CN genomic keryograms from nanogram 



	
  
 

	
  
 

158	
  

quantities of DNA (less than 100ng) (Wood et al., 2010). When compared to 

PCR-based methods such as LOH analysis, NGS produces much more data 

when performed at high multiplexing levels (Wood et al., 2010).  

The CN analysis method applied in this study provided a digital readout of viral 

subtypes, loads, as well as tumour karyograms in a single test (discussed in 

further details in chapter 5). It has been also revealed here that good quality CN 

data can be attained when multiplexing 40 samples on one single lane of an 

Illumina HiSeq 2500. Multiplexing is an essential aspect in designing research 

studies according to the required selected resolution, available resources and 

accessible sample numbers. Another key point, copy number libraries can be 

used for several times after being aliquoted. Accordingly, further examination of 

previously prepared and low-resolution screened libraries can be obtained 

without the need of additional preparation steps, and hence, data from both 

screenings on the same sample can be compound to provide a double 

coverage (Wood et al., 2010). Despite the proven utility of next generation 

sequencing copy number aberrations detection (Wood et al., 2010), (Hayes et 

al., 2013), it cannot detect neutral CN variations (genomic variations that do not 

cause changes in the amount of the genetic material), such as inversions and 

balanced translocations (Coughlin et al., 2012). Balanced translocations and 

Inversions that occur in coding region breakpoints can result in a disease 

phenotype (Coughlin et al., 2012). One of the limitations here was the lack of 

technical replicates. Though, pre-cancer genomics group previously validated 

the reproducibility of the same methodology I used here for CN analysis as they 

did technical replicates back when they first developed the technique (Wood et 

al., 2010). They sequenced the same DNA libraries twice and made libraries 

from the same DNA twice, and all times, the produced CN karyograms were 

virtually identical (Wood et al., 2010).  

Another limitation in this study was that I did not check the effect of the fixation 

procedure on the produced CN genomic profiles by comparing the generated 

karygrams for DNA extracted from FFPE materials with CN karyograms for 

DNA extracted from fresh frozen tissue from the same OVC samples. 

Nevertheless, the rarity of oral verrucous lesions made it really hard to get any 



	
  
 

	
  
 

159	
  

fresh frozen OVC samples. DNA is susceptible to degradation in fixative 

solutions used for tissue preservation in histopathology labs (Ferrer et al., 

2007), and again, pre-cancer genomics group have previously investigated the 

effect of fixation on CN karyograms produced from DNA extracted from FFPE 

materials when they first developed the method. They compared the CN 

genomic profiles for DNA extracted from fresh frozen against FFPE materials 

from the same lung carcinomas (Wood et al., 2010). They have shown that the 

corresponding fixed and fresh CN karyogarms for DNA extracted from the same 

samples were nearly identical (Wood et al., 2010). The slight differences were 

in the magnitude of same CN variants and was attributed to macrodissection of 

non-cancerous cells in fixed samples, such as inflammatory and stroma cells 

(Wood et al., 2010). Additionally, the lack of paired tumour and normal samples 

was again another limitation in the current study which if were available would 

reduce the noise usually associated with CN profiles produced from DNA 

extracted from FFPE materials (Bhattacharya et al., 2011).  

The conducted copy number variation analysis in this project was carried out 

following a previously published procedure by pre cancer genomics group. 

Generally speaking, sequence variations are usually not distributed uniformly 

within genomes (Nguyen et al., 2006). Nonetheless, CNVs that are enriched in 

simple tandem repeats occur more often towards centromeres and telomeres, 

and are not elevated in G + C content or SNPs (Nguyen et al., 2006). Since 

these regions are not overrepresented in CNVs (Sharp et al., 2005), I excluded 

CNAs in all centromere and telomere chromosomal regions throughout the 

different CN data analysis approaches. For the CN obtained data here, I 

obtained between one million and ten million reads. One million reads is one 

read every 3 kb, which is 0.033 X coverage, and ten million reads is 0.33 X 

coverage; which in turn considered a relatively low coverage. Though, even with 

this low, genomic CN profiles generated clear karygrams with apparent 

chromosomal gain and loss features and enabled the differentiation between 

OVH, OVC, and OSCC cohorts.  On the other hand, and to clarify the choice of 

the read window size used in OVC CN analysis, the selected 400 read window 

size is a compromise between the resolution and the noise. 200 read windows 
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gives better resolution but are noisier and 800 read windows are very clean, but 

small genomic events will be missed. 400 read window size provides the nicest 

looking karyogram pictures for human readability.  Also, and to explain more on 

the obtained coverage, in next generation sequencing, the number of reads 

produced by the sequencer dictates what coverage of the genome is obtained. 

At high coverage, there are many hundreds of millions of reads which cover the 

whole or target area of the genome many times and can allow for observations 

to be inferred about point mutations. At low coverage, few reads per genome are 

obtained and these may be more spread out so that essentially the genome is 

sampled. This produces a relatively low-resolution genomic data compared to 

whole genome sequencing equivalent, but nonetheless, it is much cheaper and 

many more samples can be processed at once. 

4.4 Copy number karyograms changed a misrepresented 
histological diagnosis 
 

Five cases in this project had an initial suspected diagnosis of OVC. Following 

the visual examination of the CN karyograms for those samples; they revealed 

OSCC chromosomal signatures, mainly, loss in chromosome 3p arm and gain 

in 3q (refer to appendix 4.6). Careful, blind histological revision by two different 

pathologists indicated that the final diagnosis is OSCC with verrucous 

appearance and these cases were excluded from the study. CN karyograms 

changed the misrepresented pathological diagnosis in all five cases and hence; 

can be used for differential diagnosis of OVCs and OSCCs.  

In summary, this is the first study of OVH and OVC profiling from FFPE tissue 

blocks up to date. The visual inspection of patient’s CN karyograms revealed 

that genomic signatures usually associated with OSCCs were completely 

absent in oral verrucous lesions and losses were detected more frequently in 

OSCCs than OVCs. The current study has demonstrated that NGS CN analysis 

can be used for more specific assessment and evaluation of OVH and OVC 

heterogeneity based on the analysis of the whole genome CN karyograms. I 

demonstrate here that CN analysis could contribute to differential diagnosis of 

oral verrucous lesions and classical OSCCs using routine biopsy specimens. 
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Chapter 5 Next-Generation Sequencing Analysis for 
Detecting Human Papillomavirus in oral verrucous 

lesions. 
 

5.1 Introduction 
 
The association between human papillomavirus (HPV) and HNSCC is strongest 

among oropharyngeal squamous cell carcinomas, especially for cancers of the 

lingual and palatine tonsils (Schwartz et al., 1998), (Gillison et al., 2000), (Mork 

et al., 2001), (Ernster et al., 2007) Furthermore, the risk of developing 

oropharyngeal cancer when adjusted for tobacco and alcohol use is 

substantially increased with high-risk HPV oral infections (Hansson et al., 2005). 

HPV has been identified in 45% to 95% of OPSCC (Fakhry and Gillison, 2006), 

(Hammarstedt et al., 2006), (Nasman et al., 2009) and is believed to be an 

aetiological agent (Marklund and Hammarstedt, 2011). 

OVC is a low-grade, rare variant of OSCC. Verrucous in this context describe a 

lesion that morphologically mimics verruca vulgaris (a lesion caused by HPV). 

Since a verrucous appearance is suggestive of viral aetiology, this has 

prompted a number of investigations to study the putative association between 

HPV and those lesions (Stokes et al., 2012). HPV has been cited as a probable 

aetiology in VC pathogenesis by various authors (Spiro, 1998). However, the 

majority of the studies that investigated ‘HPV presence’ in verrucous lesions 

relied on PCR, and in-situ hybridization (ISH), for detection and did not identify 

HPV transcriptional activity markers or quantitate HPV viral load (Miller and 

Johnstone, 2001). The high sensitivity of the PCR technique can amplify very 

small quantities of HPV DNA and this can lead to detection of non-pathologic 

HPV infections or false-positives if sample contamination occurs (Ha et al., 

2002), (Kreimer et al., 2005). Prior to and until 1997, 15 published studies 

investigated the presence of HPV DNA in OVC. Among the 159 analysed 

samples, HPV DNA was identified in 37.7% of the cases, and HPV subtypes 6 

and 11 were the most predominant identified HPV infections (47%) (Kari J. 

Syrjänen, 2000). At present, the possible role of HPV in VC pathogenesis is 
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proposed by HPV incidence in VC cases, which varies from 0% to 100% 

(Stokes et al., 2012), (Altshuler et al., 2010), (Kondi-Paphitis et al., 1998). This 

range indicates that HPV prevalence in oral verrucous lesions and its actual role 

in cancer pathogenesis is controversial and inconclusive. This variation can be 

attributed to the deficiency of standardized detection procedures and the 

difficulty in defining complete histological criteria for OVH and OVC cases. 

Furthermore, the rarity of these types of lesions makes it difficult to study and 

investigate, and most previous studies or case reports have been made on 

small number of cases. 

5.2 Aim 
 

The aetiology of OVC is unknown, and the suggested role of human papillomavirus 

HPV as a causative factor remains contentious. The aim of this study was to analyse a 

subset of oral verrucous lesions (including VC, and VH cases) for the presence of HPV 

subtypes and all characterized human viral genomes. 
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5.3 Results 

5.3.1 Characteristics of the study cohort 
From the verrucous cohort study described in Chapter three and table 3.1, 

pathological materials from each case were available in the form of FFPE 

tumour blocks. In total, 73 oral verrucous samples, malignant (57 OVC) and 

pre-malignant (16 OVH) regions were identified and Dr Alec High assessed the 

original diagnoses. All the 73 samples were selected for copy number analysis 

and viral subtypes and loads detection (37 males and 36 females, mean age 

68.2 years, range 46-96).  

5.3.2 HPV Detection by NGS 
Viral load was measured as described in chapter two, section 2.8.3.2. I used 

HPV sequencing data from a previous study published by pre-cancer genomics 

group to provide positive and negative controls. I matched my samples with 16 

oral and oropharyngeal (OP) cases. Nine positive HPV cases were detected out 

of 16 successfully sequenced samples (Conway et al., 2012). Sequencing 

libraries were prepared from all 73 samples as described in chapter two, section 

2.8. Table 5.1 lists the range of human and viral reads. HPV-16 sequence was 

identified in one OVH and one OVC, and HPV-2 sequence was detected in one 

OVC out of 73 oral verrucous samples at 95% confidence level with [2.24, 8.16, 

and 0.33 viral genomes per cell] respectively. The standard deviation of reads 

taken from all patient verrucous samples was 4 257 556.901 [ranging from 296 

655 to 115 682 098] human reads.  
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Table 5.1 Viral load determined by next generation sequencing in human oral verrucous carcinomas (n = 57) and hyperplasias (n = 16) 

Patient ID Species Virus 
length 

Human 
reads 

Virus 
reads 

Read 
density Kb 

per read 

Kb virus 
sequence 

Viral 
load 

Detectable 
HPV load at 

95% 
confidence 

Probability of 
detecting 1 

copy of HPV 
per cell 

V-04-01-E9 None 0 589117 0 10.18 0 0 3.8621 0.5396 
V-07-01-A Herpesvirus 6A 159322 671946 8 8.93 71.43 0.45 3.3860 0.5872 
V-07-01-A Herpesvirus 1 152261 671946 1 8.93 8.93 0.06 3.3860 0.5872 

V-10-01-1 e1 None 0 1556862 0 3.85 0 0 1.4614 0.8712 
V-014-01-5 None 0 1288201 0 4.66 0 0 1.7662 0.8166 
V-019-01-I4 None 0 1182923 0 5.07 0 0 1.9234 0.7893 

V-20-3 None 0 4253014 0 1.41 0 0 0.5350 0.9963 
V-026-01-A4 None 0 666770 0 8.99 0 0 3.4123 0.5844 

V-060-01 None 0 289026 0 20.76 0 0 7.8721 0.3165 
V-61-1-4 None 0 4901408 0 1.22 0 0 0.4642 0.9984 
V-62-1-B Herpesvirus 6A 159322 5978774 2 1 2.01 0.13 0.3806 0.9996 
V-63-1-2 None 0 6794116 0 0.88 0 0 0.3349 0.9999 

V-65-1-D1 None 0 7769042 0 0.77 0 0 0.2929 1.0000 
V-66-1-B None 0 4446770 0 1.35 0 0 0.5117 0.9971 

V-67-1-B1 None 0 6100026 0 0.98 0 0 0.3730 0.9997 
V-68-1 Herpesvirus 5 235646 2984540 4 2.01 8.04 0.03 0.7623 0.9803 

V-69-1-D Herpesvirus 5 235646 8960354 2 0.67 1.34 0.01 0.2539 1.0000 
V-70-1-B Herpesvirus 7 153080 6371664 2 0.94 1.88 0.01 0.3571 0.9998 
V-71-1-5 None 0 7896410 0 0.76 0 0 0.2881 1.0000 
V-72-1-4 None 0 6091470 0 0.99 0 0 0.3735 0.9997 
V-73-1 None 0 7774162 0 0.77 0 0 0.2927 1.0000 

V-74-1-A None 0 8256130 0 0.73 0 0 0.2756 1.0000 
V-75-1 None 0 1527565 0 3.93 0 0 1.4895 0.8662 
V-77-1 None 0 7883782 0 0.76 0 0 0.2886 1.0000 

V-78-1-A Herpesvirus 5 235646 6029256 4 0.99 3.98 0.017 0.3774 0.9996 
V-79-1-B Herpesvirus 6B 162114 6483082 2 0.93 1.85 0.01 0.3510 0.9998 
V-80-1 None 0 3288128 0 1.83 0 0 0.6920 0.9868 

V-83-1-C None 0 5666808 0 1.06 0 0 0.4015 0.9994 
V-84-1 None 0 4969566 0 1.21 0 0 0.4578 0.9986 
V-85-1 None 0 5348678 0 1.12 0 0 0.4254 0.9991 
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V-86-1 None 0 15107456 0 0.4 0 0 0.1506 1.0000 
V-88-1 Herpesvirus 1 152261 6584298 2 0.91 1.82 0.01 0.3456 0.9998 

V-89-1-A None 0 6898174 0 0.87 0 0 0.3298 0.9999 
V-90-1 None 0 4493076 0 1.34 0 0 0.5064 0.9973 
V-91-1 Herpesvirus 1 152261 8733136 2 0.69 1.37 0.01 0.2605 1.0000 
V-92-1 Herpesvirus 1 152261 10556564 4 0.57 2.27 0.02 0.2155 1.0000 
V-93-1 None 0 1538774 0 3.90 0 0 1.4786 0.8682 
V-94-1 HPV-2 7860 4614998 2 1.3 2.6 0.33 0.4930 0.9977 
V-94-1 Herpesvirus 1 152261 4614998 4 1.3 5.2 0.03 0.4930 0.9977 

V-98-1-D None 0 7454606 0 0.81 0 0 0.3052 0.9999 
V-99-1-4 None 0 6585616 0 0.91 0 0 0.3455 0.9998 

V-100-1-B None 0 4716241 0 1.27 0 0 0.4824 0.9980 
V-101-1-F None 0 4412444 0 1.36 0 0 0.5156 0.9970 
V-102-1 None 0 6610388 0 0.91 0 0 0.3442 0.9998 

V-105-01 Herpesvirus 1 152261 10847800 2 0.55 1.10 0.01 0.0109 1.0000 
V-108-01 None 0 13893548 0 0.43 0 0 0.1638 1.0000 
V-109-T Herpesvirus 4 171823 14969258 6 0.40 2.41 0.01 0.006988318 1.0000 
V-110-01 None 0 12720402 0 0.47 0 0 0.1789 1.0000 
V-112-T None 0 5062270 0 1.19 0 0 0.4495 0.9987 
V-113-T None 0 4086390 0 1.47 0 0 0.5568 0.9954 
V-114-T None 0 7797994 0 0.77 0 0 0.2918 1.0000 
V-116-T None 0 10659704 0 0.56 0 0 0.2134 1.0000 
V-117-T None 0 414682 0 14.47 0 0 5.4867 0.4207 
V-118-01 None 0 15473750 0 0.39 0 0 0.1471 1.0000 
V-119-T None 0 3504536 0 1.71 0 0 0.6492 0.9901 
V-122-01 None 0 12558750 0 0.48 0 0 0.1812 1.0000 
V-123-T None 0 11502764 0 0.52 0 0 0.1978 1.0000 
V-124-T Herpesvirus 6B 162114 9115790 142 0.66 93.46 0.58 0.0122 1.0000 
V-125-T HPV-16 7905 10041734 108 0.60 64.53 8.16 0.2264 1.0000 
V-95-1-B Herpesvirus 1 152261 11163878 4 0.54 2.15 0.01 0.2038 1.0000 
V-95-1-B Herpesvirus 6B 162114 11163878 4 0.54 2.15 0.01 0.2038 1.0000 

V-02-02-C1 Herpesvirus 5 235646 296655 1 20.23 20.23 0.09 7.6696 0.3233 
V-02-02-C1 Herpesvirus 1 152261 296655 2 20.23 40.45 0.27 7.6696 0.3233 
V-03-01-A1 None 0 431502 0 13.9 0 0 5.2728 0.4334 

V-015-01-A3 None 0 1554350 0 3.86 0 0 1.4638 0.8708 
V-022-01-4 HPV-16 7905 2368058 7 2.53 17.74 2.24 0.9608 0.9558 
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V-025-01-D2 None 0 668260 0 8.98 0 0 3.4047 0.5852 
V-029-02-A3 None 0 840256 0 7.14 0 0 2.7078 0.6692 

V-30-1 Herpesvirus 1 152261 2943604 4 2.04 8.15 0.05 0.7729 0.9793 
V-031-01-B1 None 0 583436 0 10.28 0 0 3.8997 0.5361 
V-033-01-4 herpesvirus 6A 159322 1182195 18 5.08 91.36 0.57 1.9246 0.7891 
V-033-01-4 Herpesvirus 6B 162114 1182195 1 5.08 5.08 0.03 1.9246 0.7891 

V-40-1 None 0 7611248 0 0.79 0 0 0.2989 1.0000 
V-041-01-G None 0 2324407 0 2.58 0 0 0.9788 0.9531 

V-42-1-G Herpesvirus 1 152261 14884005 6 0.4 2.42 0.02 0.1529 1.0000 
V-44-1-3J Herpesvirus 1 152261 4793286 2 1.25 2.5 0.016 0.4747 0.9982 
V-46-1-2 Herpesvirus 6B 162114 12047262 150 0.5 74.71 0.46 0.1889 1.0000 
V-106-01 None 0 9112970 0 0.66 0 0 0.2497 1.0000 
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5.3.3 Presence of Herpes viruses in verrucous samples 
 
Patient tumour DNA’s were scanned for all characterized human virus 

sequences. Human herpesvirus sequences were detected in 21 of 73 verrucous 

DNA samples, seven OVHs, and 14 OVCs, with viral loads ranging from 0.01 to 

0.58 viral genomes per cell as shown in Table 5.1, and with 0.19 viral loads 

standard deviation. Eleven samples were positive for herpesviruses 1, five were 

positive for herpesviruses 6B, four were positive for herpesviruses 5, three were 

positive for herpesviruses 6A, one was positive for herpesviruses 7, and one 

was positive for herpesviruses 4. Four cases had a double herpesviruses 

infections for: (herpesviruses 6A and herpesviruses 1), (herpesviruses 1 and 

herpesviruses 6B), (herpesviruses 5 and herpesviruses 1) and 

(herpesviruses6A and herpesviruses 6B).  

To investigate whether the prevalence of Herpes virus detected was specific to 

VC cohort in this study, sequencing data from 23 head and neck tumour 

samples from a previous study published by pre-cancer genomics group 

(Conway et al., 2012) were scanned for all characterized human virus 

sequences. Human herpesvirus sequences were detected in eight out of 23 

cases (seven oral, and one pharyngeal), with viral loads ranging from 0.0024 to 

0.0362 viral genomes per cell, and with 0.00702 viral loads standard deviation. 

From the eight positive samples, four were positive for herpesviruses 1, three 

were positive for herpesviruses 5, and two were positive for herpesviruses 4. 

One case had a double herpesviruses infection for herpesviruses 1 and 

herpesviruses 5. 
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5.4 Discussion 
 
NGS was described here as a novel but validated, powerful, high-throughput 

method to investigate the presence of HPV and all characterised human viral 

genomes loads and subtypes in the largest oral verrucous sample cohort 

described to date, following careful histological definition for OVC and OVH 

lesions. Testing for all HPV subtypes here revealed HPV-16 positivity in only 

one OVH and one OVC sample and HPV-2 positivity in one OVC sample out of 

73 oral verrucous lesions with 2.2, 8.1 and 0.33 viral genomes per cell 

respectively. Although it is difficult to accurately predict the exact viral load with 

only a very small number of aligning viral reads, viral loads obtained in this 

study were clearly much lower than the viral loads obtained in the previously 

published study of HNSCC by pre-cancer genomics group (Conway et al., 

2012), in which the standard deviation of the viral loads obtained was 37.75 

suggesting that the virus was not contributing to disease aetiology.  

While some studies on verrucous lesions have shown HPV DNA positivity in their 

investigations, others have failed to detect HPV DNA in their cases (Table 1). A 

study was conducted in 1998 to investigate the prevalence of HPV infection in three 

vulvar VCs and indicated the presence of HPV 6 and 11 in all three cases (Kondi-

Paphitis et al., 1998). Another study was performed in 1993 where 17 VC cases 

were tested using PCR followed by DNA slot-blot hybridization for the presence of 

HPV DNA and showed a positive results in all samples (Shroyer et al., 1993). 

Mitsuishi. et al. in 2005, investigated the presence of HPV DNA in four VCs of the 

lip using PCR with sequence analysis (Mitsuishi et al., 2005). They suggested that 

numerous cutaneous and mucosal HPVs of high-risk types might participate with lip 

VC pathogenesis, as all samples harbored HPV DNA (Mitsuishi et al., 2005). 

However, there is a suggestion that PCR amplification of viral DNA can be too 

sensitive, and produces false positive results (Ha et al., 2002), (Kreimer et al., 

2005). In addition, Fujita. et al. in 2008, identified HPV genotypes in 11 OVCs out of 

23 cases by using short PCR fragment (SPF)-PCR assay and sequencing, in-situ 

hybridization (ISH), and immunohistochemistry (Fujita et al., 2008). They proposed 

that low- and high-risk multiple HPVs infections maybe associated in the 

histogenesis of OVC during hyperkeratinization (Fujita et al., 2008).  
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In contrast, in 2009, Stankiewicz. et al. performed PCR to investigate HPV 

infection in 13 penile VC and identified HPV DNA in three cases only. They 

suggested that HPV infection and the tumour suppressor genes and oncogenes 

usually altered by virus infection are unrelated to penile VC pathogenesis 

(Stankiewicz et al., 2009). Additionally, in 2012 Stokes. et al. studied the role of 

HPV in malignant and dysplastic oral verrucous lesions and proposed that 

although high- risk HPV DNA was identified in one of seven carcinomas and 

five of thirteen dysplasias, the oncogenic process is not enhanced by HPV 

oncoproteins as p16 overexpression was lacking and concluded that further 

work is needed on a larger cohort to determine HPV’s biological significance in 

the development of VC (Stokes et al., 2012). In 2012, del Pino. et al. 

investigated the prevalence of HPV in a total of 18 verrucous lesions. By 

performing PCR, only one head and neck VC and one penile VH were positive 

for HPV infection, and hence, they concluded that VC development is unlikely to 

be related to HPV infection (del Pino et al., 2012). Another recent article by 

Patel et al. used HPV RT-PCR (reverse transcription PCR). Though, they had a 

significant subgroup of cases in which insufficient extracted RNA from the FFPE 

tumour sections prevented HPV RT-PCR testing (Patel et al., 2013). 

Nonetheless, they concluded, “Active HPV in (H&N) verrucous carcinomas is 

rare enough to likely be clinically inconsequential.” 

In comparison with all previously published papers, NGS was used in this study 

for the detection of HPV in verrucous samples on the largest cohort to date. 

Moreover, the histological diagnostic criteria were clearly defined and oral 

verrucous appearing lesions with a focal stromal invasion in the bulk of the 

tumour were classified as SCCs with verrucous architecture, and hence, were 

excluded from the study. Also, it is often difficult to distinguish between OVH 

and OVC, since there are no clear-cut criteria in the literature to differentiate 

them (Alkan et al., 2010a). In the current study, these lesions were separated 

according to the absence of invasive growth in OVH, as it is completely 

superficial and usually adjacent to normal epithelium.  

Nevertheless, and along with the tested samples here, HPV sequencing data 

from a previous study conducted by pre-cancer genomics group were used to 
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provide positive and negative controls for the presence of HPV subtypes and all 

characterized human viral genomes (Conway et al., 2012). Also, the applied 

method in the current study was validated before (on the control sample set) by 

detecting HPV sequences using PCR, and by evaluating P16 expression as a 

marker for HPV infection. It has been shown from the assessment of HPV 

screening results of the three approaches that NGS method has a high 

specificity and sensitivity for HPV detection when compared to the two other 

techniques (Conway et al., 2012). Furthermore, It has been previously 

suggested that PCR methods can be over sensitive (Smeets et al., 2007), while 

the method used here can provide a better specificity, as demonstrated by the 

observation that all p16 positive samples were also positive for HPV-16 by 

sequencing (Conway et al., 2012). Moreover, and from the same previous 

study, HPV-61 was detected in one oral tumour by sequencing and was not 

detected by any other method, which again shows the ability of this method in 

detecting all HPV subtypes and loads (Conway et al., 2012). 

Previous studies have relied mostly on PCR and ISH to investigate the 

presence of HPV subtypes in verrucous lesions without quantitating HPV viral 

loads (Miller and Johnstone, 2001). Furthermore, HPV DNA may degrade in 

paraffin-embedded tissues. Sequencing may be less affected by this than PCR. 

The standard PCR test for HPV requires a 120-bp fragment to be amplified. 

DNA libraries are size selected here to be around 200 bp to ensure that enough 

fragments of <100 bp are sequenced. If an HPV sequence is in one of these, it 

would be picked up by sequencing but not by PCR. Besides, PCR methods for 

viral detection are specific to certain subtypes per test. One of the main 

advantages of using NGS is the fact that sequencing is blind. All known viral 

subtypes can be quantified in a single test. The method provides a digital 

readout of viral subtypes and loads with high sensitivity and specificity (Conway 

et al., 2012), and the same sequence data can also be re-analysed to produce 

tumour karyograms. These data are extremely cheap to produce compared to 

many NGS methods, and can be multiplexed to over 50 samples per lane of an 

Illumina HiSeq. The analysis of oral verrucous data set karyograms are 

presented and discussed in chapter four.  
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The power of this method was also shown through the detection of other viruses 

by screening all verrucous samples for all other known virus sequence 

genomes. Human herpes viruses were identified in (21/73) of the oral verrucous 

lesions (28.77%), although these results has not been confirmed using any 

other diagnostic test. In addition, the control samples were scanned for all 

human viruses sequences and eight positive cases were identified out of 23 

head and neck samples (34.78%). In general, Herpes simplex viruses-related 

infections are among the highest widespread diseases, affecting approximately 

60% to 95% of adult human population (Brady and Bernstein, 2004). The two 

human herpesviruses known to be associated with cancer are Kaposi’s 

sarcoma-associated herpesvirus (KSHV), and Epstein-Barr virus (EBV) (Everly 

et al., 2012), and these were not detected in oral verrucous samples here. 

Nonetheless, it is important to point out that the detection of virus DNA in 

patients’ samples does not essentially indicate a viral pathogenic role in a 

disease. NGS tells nothing about transcriptional activity, so it is not possible to 

speculate further on the clinical significance of this finding. However, by 

infecting defense cells, many herpes viruses can persistently arise in different 

human tissues in the event of inflammation (Ferreira et al., 2011), and 

accordingly, viral genomes accumulate till they become detectable in these 

infected cells (Brady and Bernstein, 2004). The finding that herpes sequence 

could be detected in 28.77% of oral verrucous lesions while those lesions did 

not harbour any HPV infection shows further the value of this method. Herpes 

infection may not be the cause of this disease, but future studies of a similar 

nature may reveal previously unsuspected oncoviruses to be common in a 

different tumour type. The fact that the read depth here is enough to detect 1 

HPV copy per cell with 95% confidence in most of the samples, combined with 

the previous ease of detecting HPV in oropharangeal cancer using the same 

method (Conway et al., 2012) confirms that the failure to detect HPV in these 

samples is not a technical error, but a real biological finding.  

In conclusion, the results of this study suggest that oral verrucous lesions are 

not associated with HPV or any other human virus.  The data and findings of 

this chapter were published in: Oral Surgery, Oral Medicine, Oral Pathology and 

Oral Radiology Journal (Samman et al., 2014). 
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Chapter 6 Revealing the transcriptional events that 
occur in OVC compared to OSCC. 

 

6.1 Introduction 
 

Oral and oropharyngeal SCCs are very invasive and prone to metastasises at 

the later stages and considered a threat to an individual’s life (Jemal et al., 

2009). Several molecular studies suggest a link between the accumulation of 

genetic changes at DNA and RNA levels in SCC initiation and development 

(Gibb et al., 2011a), (Zhang et al., 2013) . Genomic changes such as CN 

alterations and point mutations, gene expression changes, as well as epigenetic 

changes have been discovered previously in OSCC, which could help in the 

development of biomarkers and assist in clinical choices and decisions (Tuch et 

al., 2010), (Gibb et al., 2011a), (Zhang et al., 2013). Furthermore, tumours in 

different locations inside the oral cavity could differ in their clinical 

presentations, outcomes, and consequently, in their expression profile (Rautava 

et al., 2007), (Ye et al., 2008a), (Sajnani et al., 2012). 

In comparison to OSCC, OVC grows slowly, has a better prognosis, behaves 

less aggressively, and despite being locally invasive, does not metastasise. 

Accordingly, OVC has more conservative treatment than OSCC, (Strojan et al., 

2006), (Walvekar et al., 2009), and therefore, a correct diagnosis of OVC is 

essential. However, this is often difficult, and the rate of preliminary 

misdiagnosis is high, mainly from small biopsy samples (Orvidas et al., 1998), 

(Odar et al., 2012a). In addition, OVC molecular background is still not clear, 

and related molecular studies are limited (Odar et al., 2012a) (Odar et al., 

2012b). Consequently, the identification of additional biomarkers to assist in the 

diagnosis of OVC is an important aim.  

Tumours FFPE tissue blocks from surgical resections and biopsies with their 

clinical data records exist in the pathology archives. This material can be used 

for transcriptomic profiling analyses and consequently assist in identifying 

clinical biomarkers in statistically well-powered studies (Lewis et al., 2001), 

(Cronin et al., 2004), (Sinicropi et al., 2012). Remarkable recent advances in 
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sequencing technology (NGS) is providing massive data volumes that could 

identify genetic variations in individuals’ genomes Using FFPE samples 

(Sinicropi et al., 2012), (Zhang et al., 2013),it has been demonstrated from the 

application of older methods, such as RT-PCR and DNA microarray that gene 

expression profiles (RNA transcripts levels) can categories patients and predicts 

their outcomes in a range of different diseases, providing new insights for many 

significant clinical tests (Mehra et al., 2007), (Mehra et al., 2008), (Chudova et 

al., 2010). Although significant gene expression differences have been 

previously identified in oral cancers using microarray analysis, (Ye et al., 

2008a), (Estilo et al., 2009), (Han et al., 2009), this technique has a limited 

sensitivity in analysing the transcriptome (Tuch et al., 2010). 

As an alternative, RNA-Seq is a recently developed, deep sequencing 

technology, which is now widely used for transcriptomic profiling because of its 

reasonable costs (Zhang et al., 2013). When compared with other older 

technologies like microarray, RNA-Seq provide much more accurate 

measurements of gene expression levels and more advanced categorisation of 

transcript isoforms (Mortazavi et al., 2008), (Wang et al., 2009c). Additionally, 

RNA-Seq is a cost-effective and efficient method to study genomic variations, 

such as gene fusions (Cloonan et al., 2008), (Gregg et al., 2010b), (Gregg et 

al., 2010a), or somatic mutations in transcribed regions (Morozova et al., 2009), 

(Tuch et al., 2010), (Cirulli et al., 2010), (Kridel et al., 2012). This has improved 

the possibility of characterising different tumours at a molecular level across the 

whole genome. 

6.2 Aims 
 

Changes in transcriptional events drive the cellular phenotype of any tumour. 

This is the first study to date that aims to investigate the transcriptional changes 

that occur in OVC and compare them with the transcriptional changes that 

occur in OSCC using next generation RNA sequencing (RNAseq) on FFPE 

extracted RNA, which could henceforth aid in the histopathological diagnosis 

and treatment choices of OVC.  
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6.3 Results 

6.3.1 Characteristics of the study cohort 
From the verrucous cohort described in chapter 3, pathological material from 

each case was available in the form of FFPE blocks. In total, 13 OVC samples 

were identified and selected for this study. Twelve OVC samples were 

successfully prepared for CN analysis and RNAseq, and one OVC sample 

failed in RNAseq library preparation. Patients’ clinical characteristics are given 

in Table 3.1, chapter 3. FFPE blocks were used from patients with surgery 

between 2004 and 2013 (median age of blocks: 5 years).  

6.3.2 High throughput transcriptome sequencing identifies 
differentially expressed genes (DEGs) in OVC 
 

The high throughput RNA-Seq data from OVC and adjacent normal tissues 

transcriptome using Illumina HiSeq 2500 NGS technology has successfully 

identified a list of significant differentially expressed transcripts. Gene 

transcription profiles were generated for all twelve OVC, with an average of 

51412094 reads (ranging from 25602577 to 569763697), and with a median of 

82% mapped reads. Ribosomal RNA ranged between 0% - 0.1% of the total 

reads (Table 6.1). Gene expression was quantified as FPKM (Fragments per 

Kilobase per million Mapped) for each protein-coding and non-coding gene. The 

threshold of 0.1 FPKM was used to determine whether or not a gene was 

expressed. 
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Table 6.1 OVC RNA alignment statistics.    

Sample Mapped 
Reads 

Unmapped 
Reads Total Reads % 

Mapped 
Fraction 

Ribosomal 
Bases 

Fraction 
Intronic 
Bases 

Fraction 
Intergenic 

Bases 

Fraction 
mRNA 
Bases 

Fraction 
Correct 
Strand 

V-04-1-N 62383324 10228920 72612244 85% 0.06% 45.70% 34.65% 19.59% 97.05% 
V-04-1-T 84774453 14533767 99308220 85% 0.00% 19.36% 76.11% 4.53% 92.52% 
V-104-N 47348390 10079920 57428310 82% 0.00% 54.08% 23.71% 22.20% 96.96% 
V-104-T 105360467 18276356 123636823 85% 0.00% 41.33% 32.82% 25.86% 97.63% 
V-109-N 31962699 11114310 43077009 74% 0.00% 53.75% 16.86% 29.39% 96.79% 
V-109-T 40430525 7113360 47543885 85% 0.00% 62.46% 16.68% 20.86% 96.70% 
V-112-N 38212782 13824021 52036803 73% 0.00% 41.79% 49.73% 8.48% 87.88% 
V-112-T 38726544 9482215 48208759 80% 0.00% 60.86% 24.55% 14.58% 93.21% 
V-114-N 21306577 16198190 37504767 56% 0.01% 45.58% 44.78% 9.64% 93.24% 
V-114-T 24753101 8894992 33648093 73% 0.01% 53.90% 32.02% 14.08% 95.23% 
V-116-N 50551731 12262156 62813887 80% 0.00% 49.52% 29.16% 21.32% 95.95% 
V-116-T 47935836 10513329 58449165 82% 0.00% 46.71% 35.54% 17.75% 95.71% 
V-117-N 20048100 24757102 44805202 44% 0.00% 14.07% 84.94% 0.99% 68.47% 
V-117-T 16468284 23438878 39907162 41% 0.00% 17.52% 81.39% 1.09% 61.87% 
V-119-N 40422411 10722092 51144503 79% 0.00% 24.33% 72.29% 3.38% 78.24% 
V-119-T 33147501 9895621 43043122 77% 0.00% 49.92% 36.37% 13.71% 93.73% 
V-123-N 29044393 4932284 33976677 85% 0.03% 53.86% 24.66% 21.45% 96.74% 
V-123-T 77380459 11964620 89345079 86% 0.05% 49.47% 28.12% 22.36% 97.49% 
V-125-N 100644390 10981560 111625950 90% 0.10% 38.71% 41.57% 19.62% 93.86% 
V-125-T 496636528 73127169 569763697 87% 0.06% 23.03% 61.82% 15.10% 95.14% 
V-14-1-N 22204734 3397843 25602577 86% 0.07% 50.30% 32.01% 17.62% 91.54% 
V-14-1-T 54734939 11888207 66623146 82% 0.00% 41.05% 53.58% 5.37% 82.82% 
V-29-2-N 44494205 7185480 51679685 86% 0.09% 47.67% 34.83% 17.41% 92.67% 
V-29-2-T 23501275 3473059 26974334 87% 0.08% 39.32% 45.19% 15.41% 87.11% 
Median 40426468 10851826 51412094 0.82 0.0000465 0.462055 0.351854 0.1641395 0.9379645 
X100    82 0.00465 46.2055 35.1854 16.41395 93.79645 



	
  

	
  
 

176	
  

From the bioinformatics analysis of the generated RNAseq data, two lists were 

generated for the DEGs between OVC and the adjacent normal tissues; one list 

for all gene types (i.e. protein-coding, small nuclear RNA (snRNA), large 

intergenic non-coding RNAs (lincRNAs) & pseudogenes), and the second is for 

protein-coding genes only. To indicate the significant differentially expressed 

genes in both lists, I ranked them by the adjusted p-value (p.adj). Significant 

genes were selected with p.adj ≤ 0.01. From the all gene types list, fourteen 

significant differentially expressed genes were identified based on the cut off 

value (Table 6.2). Similarly, and based on the cut off value, fourteen significant 

differentially expressed genes were identified from the protein-coding genes list 

(Table 6.3).  

From what is shown in Tables 6.2 and 6.3 below, for the differential expression 

analysis on the 12-matched normal vs. OVC samples, the first two columns are 

for gene names and types. The third column is for the log2 fold changes 

(Log2FC) and the final column is for the p-adjusted values. The analysis was 

run once for all genes (counts per million per sample for each gene and this is 

the data used to ascertain the p-value and can be compared within genes 

between samples). Then run again separately per gene type (fragment per 

kilobase per million mapped reads expression values, and these can be 

compared between both genes and samples).  

As can be seen from the protein-coding genes list, three protein- coding genes 

were significantly overexpressed in OVC compared to its adjacent normal 

epithelium tissue and eleven were significantly down-regulated.  On the other 

hand, the all gene types list included one significant overexpressed protein 

coding gene and one significant overexpressed pseudogene in OVC, when 

compared to it’s adjacent normal tissue. Since ribosomal RNA (rRNA) removal 

is important for successful transcriptome profiling (Peano et al., 2013) , 

therefore , all rRNA genes were excluded from my analysis. Additionally, seven 

protein- coding genes, and one pseudogene have been significantly down-

regulated in OVC compared to it’s adjacent normal tissue. The inspected 

functional enrichment of the differentially expressed genes is described in 

section 6.3.2.1 below. 
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Table 6.2 significant differential expression list for all gene types in 12-matched normal 
versus OVC. 

Gene Name Gene Type Log2 FC P.adj 
C6orf141 Protein coding 1.79 9.44E-06 
UGT1A10 Protein coding -4.30 9.44E-06 

TMPRSS11B Protein coding -1.63 5.12E-05 
ALDH3A1 Protein coding -1.78 5.74E-05 
EEF1A1P3 Pseudogene 7.58 0.000301 

PAX9 Protein coding -1.51 0.000871 
RNA5S16 rRNA 4.81 0.000871 

TGM3 Protein coding -1.61 0.001989 
RP11-646E20.6 Pseudogene -1.23 0.001989 

CRNN Protein coding -2.19 0.006366 
RNA5SP50 rRNA 2.83 0.006366 

TMPRSS11BNL Protein coding -1.72 0.008187 
(+ve Log fold change (FC) means overexpression in OVC when compared to its normal).  

 

 

Table 6.3 significant differential expression list for protein-coding genes in 12-matched 
normal versus OVC. 

Gene Name Gene Type Log2 FC P.adj 
TMPRSS11B Protein coding -1.63 2.57E-08 

UGT1A10 Protein coding -4.35 3.85E-08 
ALDH3A1 Protein coding -1.77 9.49E-07 

PAX9 Protein coding -1.50 9.49E-07 
TGM3 Protein coding -1.62 1.66E-06 

C6orf141 Protein coding 1.82 1.66E-06 
CRNN Protein coding -2.17 0.0002131 
SCO2 Protein coding 1.38 0.0005494 
ADH7 Protein coding -1.44 0.0040428 
RPTN Protein coding -1.86 0.0044138 

SERPINE1 Protein coding 1.49 0.0072266 
ABCA8 Protein coding -1.11 0.0074045 

PCDHGA2 Protein coding -3.81 0.0102131 
BOC Protein coding -1.20 0.0102131 

CDH3 Protein coding 1.22  0.0109073 
(+ve Log fold change (FC) means overexpression in OVC (blue highlighted rows) when 

compared to its normal). 

 
 



	
  

	
  
 

178	
  

6.3.2.1 Enrichment of genes associated with the formation and 
biological processes of OVC (DAVID functional analysis)  
 

The DAVID Bioinformatics Database 6.7 web server was used to assess the 

functional enrichment for differentially expressed genes in OVC. In this analysis, 

significant genes were selected based on the cut off adjusted p-value of: p.adj ≤ 

0.01 as discussed above. When compared to matching normal tissue, the up 

regulated uniquely identified genes in OVC were categorised as up-regulated, 

whereas the down-regulated uniquely identified genes in OVC were categorised 

as down-regulated for differential enrichment analysis (+ve Log fold change 

(FC) means overexpression in OVC when compared to its normal). (Tables 6.2 

and 6.3).  

Genes that are differentially expressed between normal versus OVC are those 

that are dysregulated in the pathological process as a trigger or consequence of 

the epithelial cells growing abnormally and forming the histological and clinical 

appearance of OVC. Here, this significant differentially expressed gene (DEG) 

subset consists of 22 genes (significant DEGs (all types) in 12-matched normal 

versus verrucous samples). DAVID functional analysis of significantly enriched 

genes revealed involvement of three plasma membrane genes in response to 

organic substance, response to ethanol and response drug. All (UGT1A10 and 

ADH7) except CDH3 were significantly down-regulated at the 1% threshold in 

OVC. Additionally, pathway analysis also highlighted drug and ethanol response 

networks as a part of KEGG drug metabolism and KEGG retinol metabolism 

pathways. The expression profile of these ethanol-response and drug-response 

genes may reflect the extent of ethanol and drug exposure of the individuals in 

OVC cohort; however, alcohol and drug intake data were not available for 

patients involved in this RNAseq study. Furthermore, adherens junctions were 

highlighted in four plasma membrane genes in OVC and found that all (BOC, 

CRNN and PCDHGA2) except CDH3 were significantly down-regulated at the 

1% threshold. This shows that expression of adherens junction components is 

decreased in verrucous tissue, indicating a role in the disruption in normal 

cellular morphology and formation, which results in progression of malignant 

lesion.  
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The functional analysis of significantly enriched genes also revealed 

involvement of the plasma membrane SERPINE1 gene in response to oxidative 

stress and regulation of angiogenesis. In addition, pathway analysis also 

highlighted SERPINE1 role in the inhibition of angiogenesis and metastasis as a 

part of KEGG p53 signalling pathway (pathway in appendix 6.1). Here, 

SERPINE1 was significantly overexpressed at the 1% threshold. The elevated 

expression levels of this gene might explain the development of OVC 

carcinogenesis. Likewise, DAVID functional analysis also revealed involvement 

of the plasma membrane TGM3 gene in epithelial cells differentiation and 

keratinocytes differentiation. In the current study, TGM3 was significantly down-

regulated at the 1% threshold, which has been reported as well in multiple 

instances in HNSCC (Mendez et al., 2007). Moreover, The functional analysis 

of significantly enriched genes also revealed down-regulation of PCDHGA2 

gene (involved in proliferation and cell death) at the 1% threshold in OVC. A 

previous in vitro study revealed that PCDHGA2 suppresses the growth of 

carcinoma cells in Wilms’ tumour (nephroblastoma) (Dallosso et al., 2009). 

6.3.3 Differential expression analysis on OVC versus OSCC 
 

High throughput RNA-Seq data were generated for 16 OSCC samples. Caroline 

Conway did the work for OSCC RNA sequencing library preparation. This work 

was part of another study to investigate the transcriptional changes that occur 

between the stages of normal epithelium, dysplasia and OSCC. I used the 

OSCC RNA-Seq data to compare the transcriptional changes that occur in them 

with the transcriptional changes that occur in OVC. The differential expression 

analysis of OVC and OSCC using Illumina HiSeq 2500 NGS technology has 

successfully identified a list of significant differentially expressed transcripts.  

From the bioinformatics analysis of the generated RNA Seq data, a list of all 

gene types was produced for the differentially expressed genes between the 

two cohorts (i.e. protein-coding, small nuclear RNA (snRNA), large intergenic 

non-coding RNAs (lincRNAs) & pseudogenes). To indicate the significant 

differentially expressed genes, I ranked them by the adjusted p-value (p.adj), 

and significant genes were selected with p.adj ≤ 0.01. From the all gene types 
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list, 57 significant differentially expressed genes were identified based on the 

cut off value (Table 6.4), including: 42 protein coding genes, two lincRNAs, 

three pseudogenes, and four snRNAs. All four rRNA genes were excluded from 

my analysis. Similarly, the first two columns are for name and type. The third 

column is for the log2 fold changes (Log2FC) and the final column is for the p-

adjusted values. The analysis was run once for all genes and then separately 

per gene type.  

As can be seen from the protein-coding genes list in Table 6.5, 23 protein-

coding genes were significantly overexpressed in OVC when compared to 

OSCCs (gray highlighted rows), and 19 protein-coding genes were significantly 

overexpressed in OSCCs versus OVC. The inspected functional enrichment of 

the differentially expressed protein coding genes is described in section 6.3.3.1 

below. 

 

Table 6.4 significant differential expression list for all gene types in oral OVC versus 
OSCCs. 

Gene Name Gene Type Log2 FC P.adj 
UNC45B Protein coding 5.73176541 1.02E-09 

ANKRD30BL Protein coding 5.068125637 3.00E-09 
RNA5S9 rRNA 5.38205729 8.91E-08 

RNA5SP338 rRNA 5.543475785 1.89E-07 
RNA5SP429 rRNA 5.728052924 1.89E-07 
AC004448.5 lincRNA 3.426597361 3.11E-07 

KRT2 Protein coding 3.28887873 4.25E-07 
RNA5SP225 rRNA 4.948108267 2.39E-06 

DLG2 Protein coding 3.142861272 3.25E-06 
RP11-181C3.1 Protein coding 2.589914427 4.46E-06 

KRT76 Protein coding 4.393647354 4.37E-05 
LOR Protein coding 3.696791035 0.000182642 

ELOVL4 Protein coding 1.913915467 0.000341653 
HTRA3 Protein coding -1.624779995 0.000341653 
PDK4 Protein coding -2.442699908 0.000497839 

SERPINB11 pseudogene 1.713018979 0.000613446 
FLG2 Protein coding 4.155257725 0.000682528 
MT2A Protein coding -2.067002668 0.000737808 
HPGD Protein coding 1.75292207 0.00078544 

TNFRSF12A Protein coding -1.923891955 0.000790342 
U6 snRNA 2.776570725 0.000816463 



	
  

	
  
 

181	
  

RNA45S5 pseudogene 3.505939826 0.000896898 
IGFBP6 Protein coding -2.386076713 0.000966215 
ATP10B Protein coding 1.718836376 0.001069055 

HBB Protein coding 3.554687453 0.001114319 
SLC11A1 Protein coding -1.677099745 0.001188788 
FDCSP Protein coding 3.705508687 0.001313018 
FSTL3 Protein coding -1.641022383 0.001395803 

PTGDR2 Protein coding 2.991133602 0.001395803 
U6 snRNA 1.978492893 0.001522023 

DSC1 Protein coding 2.515586707 0.001634268 
TCAP Protein coding -4.437644385 0.001634268 
DDIT4 Protein coding -2.274816537 0.002274577 

U6 snRNA 2.042741149 0.002274577 
INPP5F Protein coding 2.093068765 0.002500484 

PID1 Protein coding 1.742685358 0.002934709 
ENTPD3 Protein coding 1.037851739 0.002934709 

RP11-229C3.2 lincRNA 1.320493545 0.002934709 
PLA2G4D Protein coding 2.117301287 0.003105351 

CTC-236F12.4 Protein coding 1.109388981 0.003105351 
PDLIM3 Protein coding -2.03957167 0.003434804 

RP11-274B21.4 pseudogene -1.780626402 0.003720488 
C10orf53 Protein coding 2.290929173 0.004033844 
THBS1 Protein coding -2.189567433 0.005454379 
CXCL5 Protein coding -2.570674984 0.006168571 

SERPINH1 Protein coding -1.43209521 0.007136242 
MT1X Protein coding -1.54913047 0.007136242 

WNT9A Protein coding -1.802040084 0.007747887 
RP11-1023L17.2 pseudogene -1.526231287 0.008337272 

LCE1A Protein coding 2.964477071 0.008599762 
LAMC2 Protein coding -2.28993045 0.008730485 
CYC1 Protein coding -1.369128527 0.008958146 

SMR3B Protein coding -3.661364151 0.009270752 
U6 snRNA 1.845558757 0.009270752 

HLF Protein coding 1.349932377 0.009352683 
CTGF Protein coding -1.972202278 0.009409324 

RNU6-21 snRNA 1.965015019 0.009438553 
(+ve Log fold change (FC) means overexpression in OSCCs when compared to OVC). 
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Table 6.5 Significant differential expression list for protein-coding genes in OVC versus 
OSCCs. 

Gene Name Gene Type Log2 FC P.adj 
UNC45B Protein coding 5.73176541 1.02E-09 

ANKRD30BL Protein coding 5.068125637 3.00E-09 

KRT2 Protein coding 3.28887873 4.25E-07 

DLG2 Protein coding 3.142861272 3.25E-06 

RP11-181C3.1 Protein coding 2.589914427 4.46E-06 

KRT76 Protein coding 4.393647354 4.37E-05 

LOR Protein coding 3.696791035 0.000182642 

ELOVL4 Protein coding 1.913915467 0.000341653 

HTRA3 Protein coding -1.624779995 0.000341653 

PDK4 Protein coding -2.442699908 0.000497839 

FLG2 Protein coding 4.155257725 0.000682528 

MT2A Protein coding -2.067002668 0.000737808 

HPGD Protein coding 1.75292207 0.00078544 

TNFRSF12A Protein coding -1.923891955 0.000790342 

IGFBP6 Protein coding -2.386076713 0.000966215 

ATP10B Protein coding 1.718836376 0.001069055 

HBB Protein coding 3.554687453 0.001114319 

SLC11A1 Protein coding -1.677099745 0.001188788 

FDCSP Protein coding 3.705508687 0.001313018 

FSTL3 Protein coding -1.641022383 0.001395803 

PTGDR2 Protein coding 2.991133602 0.001395803 

DSC1 Protein coding 2.515586707 0.001634268 

TCAP Protein coding -4.437644385 0.001634268 

DDIT4 Protein coding -2.274816537 0.002274577 

INPP5F Protein coding 2.093068765 0.002500484 

PID1 Protein coding 1.742685358 0.002934709 

ENTPD3 Protein coding 1.037851739 0.002934709 

PLA2G4D Protein coding 2.117301287 0.003105351 

CTC-236F12.4 Protein coding 1.109388981 0.003105351 

PDLIM3 Protein coding -2.03957167 0.003434804 

C10orf53 Protein coding 2.290929173 0.004033844 

THBS1 Protein coding -2.189567433 0.005454379 

CXCL5 Protein coding -2.570674984 0.006168571 

SERPINH1 Protein coding -1.43209521 0.007136242 

MT1X Protein coding -1.54913047 0.007136242 

WNT9A Protein coding -1.802040084 0.007747887 

LCE1A Protein coding 2.964477071 0.008599762 
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LAMC2 Protein coding -2.28993045 0.008730485 

CYC1 Protein coding -1.369128527 0.008958146 

SMR3B Protein coding -3.661364151 0.009270752 

HLF Protein coding 1.349932377 0.009352683 

CTGF Protein coding -1.972202278 0.009409324 
Gray highlighted rows are for genes overexpressed in OVC, while white rows are for genes 

overexpressed in OSCC. 
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6.3.3.1 Enrichment of significant DEGs that distinguish OVC 
and OSCC (DAVID functional analysis and literature search) 
 

The second functional classification using DAVID functional analysis is for 

significant differentially expressed protein coding genes between OVC versus 

OSCCs (Table 6.6). In this analysis, I tested for enrichment of Gene Ontology 

(GO) categories within each of these genes with a threshold of: p.adj ≤ 0.01 as 

discussed above. The highlighted cancer genes that have been also reported 

by previous cancer studies will be discussed below on an individual basis.  

Table 6.6 David functional analysis for differentially overexpressed genes in OVC and 
OSCC cohorts. 

GO 
category 

GO term associated with 
the gene list 

No. of 
genes 

overlapping 
GO term 

% of total genes 
tested overlapping 

GO term  

DAVID P-
Value 

Up-regulated genes in OVC 
Molecular 
function 

Keratinization 4 2.9 0.02 
Keratinocyte differentiation 4 2.9 0.05 

Biological 
Process 

Keratinization 3 2.2 6.38E-04 
Keratinocyte differentiation 3 2.2 0.002 

Epidermal cell 
differentiation 

3 2.2 
0.002 

Epithelial cell differentiation 3 2.2 0.006 
Epidermis development 3 2.2 0.01 
Ectoderm development 3 2.2 0.01 
Epithelium development 3 2.2 0.02 

Up-regulated genes in OSCC 

Molecular 
function 

Pattern binding 3 1.7 0.013 
Structural molecule activity 4 2.3 0.034 

Insulin-like growth factor 
binding 3 1.7 3.68E-04 

Glycosaminoglycan binding 3 1.7 0.011 
Heparin binding 3 1.7 0.006 

Growth factor binding 4 2.3 2.18E-04 
Polysaccharide binding 3 1.7 0.013 
Protein complex binding 3 1.7 0.021 

Biological 
Process 

Angiogenesis 3 1.7 0.02 
Regulation of cell growth 4 2.3 0.002 

Blood vessel development 3 1.7 0.04 
Vasculature development 3 1.7 0.04 

Negative regulation of 
signal transduction 3 1.7 0.03 

Negative regulation of cell 
communication 3 1.7 0.04 
Cell migration 3 1.7 0.05 

Regulation of growth 4 2.3 0.01 
Blood vessel 

morphogenesis 3 1.7 0.03 
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In this study, protein coding differentially expressed genes consists of 42 genes 

(significant DEGs between OVC and OSCC). DAVID functional analysis of 

significantly enriched genes revealed involvement of immune response genes: 

CTGF, CXL5, and SLC11a1 in the development of OSCC. All three genes were 

significantly overexpressed at the 1% threshold in OSCC group versus OVCs. 

The elevated expression levels of these genes suggest that the immune system 

is acting to identify and eradicate OSCC malignant transformed cells. CXCL5 is 

an immune function modulator that has been found to be markedly up-regulated 

as well using microarray hybridization data in head and neck cancer cell line 

(HN12) that was obtained from a nodal metastasis (Miyazaki et al., 2006). 

SLC11A1 is another immune related protein that was overexpressed in OSCC 

cohort when compared to OVCs. In a South African coloured population, 

expression of SLC11A1 was found to be s associated with oesophageal cancer 

(Zaahl et al., 2005). 

In addition, CTGF (connective tissue growth factor), an immune related protein, 

also named (CCN2), belongs to the multifunctional protein family (CCN family) 

that regulates cell adhesion, angiogenesis, differentiation and migration 

(Brigstock et al., 2003). CCN2 is overexpressed in breast cancer and 

oesophageal adenocarcinoma, and higher expression levels are associated 

with more progressive cancer stages (Xie et al., 2001), (Koliopanos et al., 

2002). Moreover, a study in 2008 showed that CCN2 was localised to tumour, 

vascular endothelium cells and stromal fibroblasts in head and neck SCC using 

immunohistochemistry. They also reported overexpression of CCN2 mRNA 

using quantitative RT-PCR procedure (Mullis et al., 2008). In contrast, other 

studies reported that the increase of CCN2 expression levels are associated 

with better survival and less severe cancer stages for several other tumours, 

including colorectal cancer, lung adenocarcinoma, and oesophageal SCC (Lin 

et al., 2005), (Chang et al., 2004), (Koliopanos et al., 2002). Another study in 

2012 indicated that high expression level of CTGF was associated with a better 

outcome and lower clinical stage in OSCC samples (Yang et al., 2012). 

Consequently, the mixed results of the previous mentioned studies suggest that 

the role of CTGF in different cancer types may significantly vary, depending on 
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the involved tissue. Nonetheless, the role of CTGF in tumour metastasis and 

underlying mechanisms behind this are not fully understood.  

Furthermore, The functional analysis of significantly enriched genes also 

revealed involvement of three cellular membrane genes (LAMC2, THBS1 and 

CTGF) in cell motility and cell-cell signalling process that facilitates information 

transfer from one cell to another. All the three genes were significantly 

overexpressed at the 1% threshold in OSCC group versus OVCs. The elevated 

expression levels of these genes suggest the disruption in normal cellular 

information processing, activities, features and morphology, which might be 

involved in the development of OSCC. Earlier studies reported overexpression 

of LAMC2 (laminin γ2) protein coding gene mainly in the tumour invasive front, 

of HNSCC (Patel et al., 2002), (Lindberg et al., 2006). In 2007, Pyeon et al also 

found high gene expressions of COL1A1, LAMC2 and COL4A1 in 42 OSCC 

samples, compared with 14 normal controls (Pyeon et al., 2007). Furthermore, it 

has been previously found that the expressions of two genes pairs, including: 

COL1A1-PADI1 and LAMC2-COL4A1, in independent testing sets, were 

specifically effective in differentiating OSCC from normal oral tissue (Chen et 

al., 2008a). It has been suggested too that LAMC2 alone can identify OSCC 

patients with a poor survival (Mendez et al., 2009). Likewise, THBS1 gene, also 

named (TSP1), that plays a role in cell-to-cell signalling and cell motility was 

one of five genes involved in the process of invasion and metastasis that were 

also predictive of OSCC-specific mortality (Mendez et al., 2009). THBS1 plays a 

role in platelet aggregation and cancer metastasis by enabling the interactions 

between tumour cells and platelets which facilitate the metastatic process 

(Bornstein, 1995). In addition, TSP1 expression has been correlated inversely 

with survival rate in colon, bladder, and thyroid carcinomas but not in other 

cancer types (de Fraipont et al., 2001). KEGG analysis revealed enrichment of 

THBS1 in P53 signalling pathway. 

Additionally, KEGG pathway analysis also highlighted three genes (THBS1, 

LAMC2, and DDIT4) as a part of p13K signalling pathway. All three genes were 

significantly overexpressed at the 1% threshold in OSCC in comparison to 

OVCs. Aberrations in genes in the p13K signalling pathway were frequently 
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found in OSCCs (Chang et al., 2013). DNA damage inducible transcript 4 

(DDIT4) has been reported by a study in 2011 to be involved in the progression 

of hepatocellular carcinoma (Huang and He, 2011). KEGG pathway analysis 

also revealed enrichment of WNT9A in WNT and Hedgehog signalling 

pathways. WNT9A protein coding gene was overexpressed in OSCC cohort in 

this study when compared with OVCs. WNT9A was markedly down-regulated in 

metastases from mice modules with p53-/+ HNC (Ku et al., 2007).  

Moreover, overexpression of MT2A and MT1X genes (involved in ion binding 

and in transcription factor regulation) at the 1% threshold in OSCC group versus 

OVCs suggest the malignant transformation of oral epithelial cells; since 

metallothioneins, including: MT2A and MT1X, have been linked with the 

metastasis process, but the mechanism is still unclear (Weinlich et al., 2006) 

(Pedersen et al., 2009), (Szelachowska et al., 2009). Expression of 

metallothionein has been also associated with cell invasion and proliferation in 

breast cancer (Jin et al., 2002), and has been also related with poor survival in 

colorectal tumours (Janssen et al., 2002). Metallothioneins potential role in oral 

cancers and melanoma metastasis has also been suggested (Szelachowska et 

al., 2009), (Weinlich et al., 2006). In Skubitz et al study in 2012, soft tissue 

sarcoma samples that were in the group with the highest metastases rate 

overexpressed several metallothioneins, including: MT2A and MT1X (Skubitz et 

al., 2012). 

In addition, the functional analysis of significantly enriched genes also revealed 

involvement of two cytoskeleton keratin genes (KRT76 and KRT2) in 

maintaining cellular structural and functional integrity process. Both genes were 

significantly overexpressed at the 1% threshold in OVC group versus OSCCs. 

The elevated expression levels of these genes reflect the epithelial origin of 

OVC tumours. KRT76 protein coding gene that encodes a filament protein, 

which is involved in epithelial cells structural integrity, was one of the significant 

DEGs overexpressed in OVC samples when compared to OSCCs, with 4.4 

increases in fold change. A previous study in 2010 identified down-regulation of 

KRT76 in five oral cancer samples taken from smoking patients as the most 

down-regulated gene using next generation sequencing (Illumina Genome 
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analyser) (Zain et al., 2010). Additionally, a recent study used a hamster model 

of oral cancer and reported the down-regulation of KRT76 in this model as well 

as in human OSCC and oral precancerous lesion using qRT-PCR and 

immunohistochemistry (Ambatipudi et al., 2013). KRT2 protein coding gene, 

which is involved in epidermal differentiation; was another significant 

differentially expressed keratinocyte-related gene, overexpressed in OVC 

cohort when compared to OSCCs, with 3.3 increases in fold change. In Zain et 

al study, KRT2 was also one of the down-regulated genes in the five OSCC 

samples (Zain et al., 2010). Nonetheless, and from the same study, KRT76 and 

KRT2 were both down-regulated but to a much lesser level along with some 

other genes (not discussed here) in the two proximal normal samples used in 

their analysis and they suggested a possible existence of ‘field cancerization’’ 

theory as a result of similar pattern of gene down-regulation in the cancerous 

and proximal normal samples (Zain et al., 2010). Figures 6.1 and 6.2 below 

show the boxplots for KRT76 and KRT2 differentially expressed genes (at 1% 

threshold) and the overexpression in OVC samples when compared with 

OSCCs (based on actual FPKM levels).  

 

 

Figure 6.1 KRT76 differential expression boxplot shows overexpression of this gene in 
OVC cohort in compare with OSCCs. 
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Figure 6.2 KRT2 differential expression boxplot shows overexpression of this gene in 
OVC cohort in compare with OSCCs. 

 

6.3.3.2 Functional characterization analysis of the significant 
DEGs on an individual basis 
 
This section will discuss significant differentially expressed cancer genes that 

have been reported by previous cancer studies on an individual basis. 

6.3.3.2.1 Significant overexpression of HNC genes in the OSCC 
cohort compared with OVCs (literature search) 
 
The SMR3B (also named PRL3) protein coding gene was overexpressed in 

OSCC cohort when compared with OVCs. A study in 2011 by Hassan et al 

reported that PRL-3 expression was significantly higher in eleven dysplasia and 

50 OSCCs than in 12 normal tissues using RT-PCR method. They suggested 

that PRL-3 expression have a role in oral cancer development and may be used 

as a useful marker of oral malignant and pre-malignant lesions (Hassan et al., 

2011). TNFRSF12A is another protein coding gene that was overexpressed in 

OSCC samples when compared to OVCs. A recent study in 2012 performed 

genome-wide expression profiling to reveal differentially expressed genes in 27 

gingivo-buccal tumours with identified chromosomal changes (Ambatipudi et al., 
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2012). A total of 315 putative driver genes were identified including the 

significantly up-regulated TNFRSF12A gene by integrating gene expression and 

copy number data (Ambatipudi et al., 2012). 

Likewise, the FSTL3 (follistatin-like-3) protein coding gene was overexpressed 

in OSCC cohort in this study in comparison to OVCs. The encoded FSTL3 

protein is a member of the FST-module protein family and suggested to be 

involved in differentiation and growth regulation (Hayette et al., 1998). A 

previous study in 2010 reported high mRNA expression of candidate genes, 

including FSLT3 in 19p13.3 in selected OSCC samples (Freier et al., 2010). 

Also, IGFBP6 protein coding gene was overexpressed in OSCC compared to 

OVCs. Increase in IGFBP6 expression in oral cancers was suggested as a 

possible prognostic marker of tumour sensitivity that could be used for 

diagnosis purposes, since a significant association was observed between 

elevated levels of IGFBP6 and increased induction of apoptotic cell death in 

these tumours (Cacalano et al., 2008). 

6.3.3.2.2 Significant overexpression of HNC genes in the OVC 
cohort compared with OSCCs (literature search) 
 

The DLG2 gene was overexpressed here in OVC samples in compare to 

OSCCs. A previous study suggested that loss or disruption of DLG2 besides 

other adjacent genes might play a role in the development or progression of 

OSCC (Reshmi et al., 2007). Similarly, DSC1 protein coding gene was 

overexpressed in OVC cohort here in compare to OSCCs. High abundance of 

desmosomes occurs in epithelial tissue as they ensure strong adhesion 

between epithelial cells (Garrod and Chidgey, 2008). They include proteins 

originated from three gene families at least: the armadillos, desmosomal 

cadherins, and the plakins (Desai et al., 2009). Desmosomal cadherins are 

divided further into desmocollins (DSC1-3) and desmogleins (DSG1-4). 

Desmosomal component expression is dependent upon cell type, differentiation 

status and position in the epidermis (Desai et al., 2009). Oral mucosa histology 

differs from that of epidermis with noticeably more thickly squamous stratified 

epithelial layers in the first (Teh et al., 2011). Desmosomal gene expression in 

oral mucosa was examined previously in comparison with epidermis and a 
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molecular expression maps were generated which constantly showed lack of 

DSC1 expression in oral mucosa (Donetti et al., 2005), (Teh et al., 2011).   

Haemoglobin beta (HBB) gene was also overexpressed in OVC samples in this 

study in compare to OSCCs. HBB gene was suggested as a novel tumour 

suppressor gene in a study in 2005 that reported significant down-expression of 

this gene in eleven anaplastic thyroid cancer cell lines (Onda et al., 2005). 

Additionally, HPGD protein coding gene was overexpressed here in OVC cohort 

in compare to OSCCs. A study in 2003 has reported down-regulation of HPGD 

along with seven more genes (not discussed here) in isolated human 

metastasising oesophageal SCC cell line (Kawamata et al., 2003). They 

suggested that these genes (including HPGD) might control the metastasis 

process of oesophageal SCC and may be used as prognostic markers for 

oesophageal SCC lymph node metastasis.  

6.3.3.2.3 Significant overexpression of other cancer genes in 
OSCC versus OVC (literature search) 
 

PDLIM3 protein coding gene was overexpressed in OSCC samples in this study 

in compare to OVCs. PDLIM3 gene was found to be up-regulated, expressed 2-

fold higher at least in metastasis ovarian serous carcinomas versus primary 

ovarian serous carcinomas (Bignotti et al., 2007).  TCAP was also 

overexpressed here in OSCC cohort in compare to OVCs. A previous 

quantitative RT-PCR study revealed that the expression level of TCAP was 

absent or very low in 36 primary breast tumours (Kauraniemi et al., 2003). 

Furthermore, HtrA3 protein coding gene was overexpressed in OSCC cohort in 

compare to OVCs. The expression status of this gene has not been reported in 

HNCs. However, a previous study revealed that the expression level 

of HtrA3 was absent or reduced in primary lung tumours from heavy smokers 

and in over 50% of lung cancer cell lines (Beleford et al., 2010). PDK4 is 

another protein coding gene that was overexpressed in OSCC samples in 

compare to OVCs. The expression status of this gene has not been reported as 

well in HNCs. Though, an earlier study suggested that PDK4 is the most 

strongly down-regulated gene in all the tested human colon cancer samples 
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when compared with the neighbouring adjacent healthy colon tissue samples 

(Blouin et al., 2011).  

6.3.3.2.4 Significant overexpression of other cancer genes in 
OVC  and OSSCs (literature search) 
 

HLF is a tumour suppresser that was overexpressed here in OVC samples in 

compare to OSCCs. HLF gene plays a role in the detoxification processes 

(Woenckhaus et al., 2006), and was also identified to be in cancer gene census 

dataset. An earlier study reported consistent down-regulated of HLF gene in 

non-small-cell lung cancer samples using the Affymetrix U133A array, real-time 

PCR and IHC (Woenckhaus et al., 2006). INPP5f protein coding gene was also 

overexpressed in OVC compared to OSCCs. An earlier study suggested that 

INPP5f have a potential role as a suppresser gene in prostate cancer (Ribarska 

et al., 2012). 

6.3.3.3 Principal Component Analysis (PCA) of expressed 
genes in OVC and OSCC 
 

PCA was performed for all expressed genes using the prcomp function in R. 

From the produced biplots, plot of PC1 and PC2 resulted in an evident 

separation of OVC and OSCC tumour samples (Figure 6.3). 
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Figure 6.3 Principal Component Analysis (PCA) biplot of PCs 1 and 2 using all expressed 
genes. 

This biplot best separates the two oral tumour groups: V –Verrucous carcinoma, and S – 
Squamous cell carcinoma. 

 

 

 

6.3.4 Integration of copy number analysis and RNAseq gene 
expression data 
 

To highlight novel genes of possible clinical and biological importance in OVC, 

the list of genes generated from the copy number analysis data (chapter four, 

Table 4.3) was integrated with genes from the significant differential expression 

lists generated from RNAseq analysis (Tables 6.3 and 6.4). The integrated 
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analysis identified two protein-coding genes: SERPINE1 and CDH3, located in 

recurrent regions of gain: chromosomes 7q21.3 and 16q22.1, in OVC, with a 

frequency of ~50% and ~25% of CN changes respectively (Table 6.7). 

SERPINE1 was significantly overexpressed at the 1% threshold. The elevated 

expression levels of this gene could explain the development of OVC 

carcinogenesis. In addition, CDH3, a P-cadherin gene associated with cell-to-

cell signalling; was significantly overexpressed at the 1% threshold in OVC. 

Down regulation of this gene has been previously found in lymph node 

metastases from oral cancer (Mendez et al., 2009). Similarly, PLA2G4D protein 

coding gene, located in a recurrent region of gain: chromosome 15q15.1, with a 

frequency ~30% of CN changes (Table 6.7) was overexpressed at the 1% 

threshold in OVC group versus OSCCs.  

 

Table 6.7 genes from the significant differential expression lists, with elevated RNA 
expression levels, and gain of their corresponding genomic location with the identified 
copy number aberrant region in OVC. 

Gene 
name Cytoband CN 

change 

% of 
samples with 
CN change 

RNA expression Log 
FC P.adj 

SERPINE1 7q21.3 Gain ~50% Overexpression in 
OVC 1.49 0.0072 

CDH3 16q22.1 Gain ~25% Overexpression in 
OVC  1.22 0.0109 

PLA2G4D 15q15.1 Gain ~30% 

Overexpression in 
OVC when 

compared with 
OSCCs 

2.12 0.0031 
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6.4 Discussion 
 

Clinically, OVC appears as exophytic masses with a verrucous surface and, 

less often, they may become relatively smooth. However, histological features 

can be misclassified (Devaney et al., 2011b). For this reason, new experimental 

approaches are needed to evaluate quantitative biological biomarkers that are 

required for better understanding of the development and progression of OVCs. 

This study represents the largest and ‘first’ study, to date, to inspect the 

transcriptional changes that occur in OVC and compare them with the 

transcriptional events in OSCC by performing high coverage RNAseq using 

strand-specific approaches that capture transcriptional information about coding 

and non-coding RNA > 200bp.  

I present here in Table 6.8 a systematic review that was conducted on OVC 

aiming to combine the literature on different comparative expression studies. 

Previous molecular investigations have yielded mixed results. The rarity of 

verrucous lesions (including OVC and OVH) also makes them difficult to 

explore. Using different samples, sample numbers, variations in clinical 

diagnosis, difficulties in defining ‘gold-standard’ histological criteria for 

diagnosing verrucous lesions, and different staining procedures and analysis 

methods may explain the lack of concordance between these studies. 

Importantly, and after considering all the selected biomarkers tested previously 

in OVC and OVH (Table 6.7), the genes highlighted as significant DEGs in the 

current study did not overlap with those listed in the systematic review.  
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Table 6.8 A systematic review for different comparative expression studies on oral verrucous lesions. 

Biomarkers Verrucous 
sample numbers Results Technique Reference 

p53, Rb, and cyclin D1 29 OVC 
p53 accumulation was repeatedly observed in OVC suggesting 
possible gene mutations. cyclin D1 overexpression and no Rb 

staining alterations were also observed. 
Immunohistochemistry (GimenezConti et al., 

1996) 

p16, pRb, p53, p27 and 
Ki-67 15 OVC 

A high expression of pRb and p16 in OVC is relatively different 
compared with OSCC, which may suggest a potential 

association between OVC and HPV infection. 
Immunohistochemistry (Saito et al., 1999a) 

c-erbB-3 31 OVC and 18 
OVH 

c-erbB-3 expression was a malignancy index through 
progression from OVH to OVC and OSCC arising from VC. Immunohistochemistry (Sakurai et al., 2000) 

iNOS 20 OVC and 20 
OVH 

Cytoplasmic staining was mostly found in OVH (80%). Nuclear 
and/or cytoplasmic stainings were observed in OVC (85%). Immunohistochemistry (Chen et al., 2002b) 

p53, EGFR, TGF-α, and 
Cyclin D1 

26 H&N VC and 
four H&N VH 

p53 was seen in 88% of VC and 100% of VH. EGFR 
expression was found in 54% of VC and 25% of VH. TGF-α 

was noted in 88% of VC and 25% of VH. Cyclin-D1 expression 
was detected in 35% of VC and 75% of VH.  

Immunohistochemistry (Wu et al., 2002b) 

MMP-7, MMP-9, MMP-10 
MMP-12, MMP-13, MMP-

19 and MMP-26 

15 OVC and16 
OVH 

Compared with OSCC, OVC lack epithelial MMP-7, -9, and -12 
expression. 

Immunohistochemistry, 
ISH (Impola et al., 2004) 

Cytokeratins 10, 13, 14 
and 16 Eight OVC OVC cytokeratins profile was similar to OSCC cytokeratins 

profile reported in the literature. Immunohistochemistry (Oliveira et al., 2005) 

Cyclin D1 30 OVC Overexpression of cyclin D1 in OVC was similar to OSCC. Immunohistochemistry (Angadi and 
Krishnapillai, 2007) 

p53, Ki67, E-cadherin 
and MMP-1 

32 OVC and 28 
OVH  

Diffuse nuclear staining of Ki67 and p53 was noticed more in 
OVC compared to OVH. E-cadherin showed diffuse 

membranous staining in OVC and OVH.  
Immunohistochemistry (Klieb and Raphael, 

2007a) 
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laminin, laminin-5, 
collagen IV and 

fibronectin 
20 OVC Laminin staining pattern was more intensive in OVC compared 

with OSCC. Immunohistochemistry (Arduino et al., 2010) 

p53, MDM2, p21, HSP 
70, and HPV 16/18 E6 

48 OVC and 30 
OVH 

These biomarkers could not differentiate OVC from OVH. Low 
p21 expression might explain epithelial abnormal overgrowth in 
OVC and OVH. MDM2 overexpression and HSP 70 moderate 
expression may explain the pathogenesis of both verrucous 

lesions. 

Immunohistochemistry (Lin et al., 2011) 

type IV collagen and 
laminin-332 ϒ2 

15 OVC 

 

Type IV collagen immunohistochemical study did not define if a 
lesion is non-invasive or invasive. Assessment of Ln-332 ϒ2 

chain expression could be useful as a marker for diagnosis and 
biological differences of OVC from OSCC. 

Immunohistochemistry (Zargaran et al., 
2011a) 

microRNAs: miR-21, miR-
31, miR-203, miR-125a-
5p and miR- 125b and 

PTEN and p63 

30 VC of the H&N 

miR-21 and miR-31 were overexpressed in VC and SCC. 
Levels of miR-203 were unaltered in SCC but elevated in VC. 
Levels of miR- 125a-5p and miR-125b were unaltered in SCC 
but reduced in VC. p63 was up-regulated in SCC BUT down-
regulated in VC. PTEN was down-regulated in SCC and VC.  

Immunohistochemistry 
and RT-PCR (Odar et al., 2012a) 

αB-crystallin 17 OVC 
αB-crystallin expression was noticed in normal mucosa, OVC, 

and OSCC. (Gradual expression increase from normal to 
OSCC). 

Immunohistochemistry (Quan et al., 2012) 

Ki67 
15 OVC 

 

Ki67 was not a reliable marker to evaluate invasion level and 
differentiate OVC from OSCC. Immunohistochemistry (Zargaran et al., 2012) 

p53, Ki-67, MMP-2 and 
MMP-9 20 OVC 

Ki-67 was not a good grading marker. OVC less invasive 
nature in compare to OSCC might be associated with p53, 

MMP-2, and MMP-9 expression patterns. 
Immunohistochemistry 

(Mohtasham et al., 
2013) 

p53, Ki67 and HuR 

 

17 OVC and six 
OVH 

Increased Ki67 and p53 positivity in OVC, while OVH 
presented rare positive signals. HuR diffuse staining pattern 

and epithelium expression were observed. 
Immunohistochemistry (Habiba et al., 2014) 
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The high throughput RNA-Seq data from OVC and adjacent normal tissues 

transcriptome has successfully identified a list of significant differentially 

expressed transcripts. However, one of the main limitations in this part of the 

project was extracting RNA from histologically normal epithelium adjacent to the 

verrucous malignant area to be used as “normal-matching samples” since no 

other source of ‘normal’ material was available for all patient (i.e. blood 

samples). Occult genetic abnormalities can be harboured within normal-

appearing epithelium of cancer patients (Tripathi et al., 2008), and hence, if an 

expression has already occurred in a certain gene in ‘normal’ adjacent 

epithelium, it will not be detected in malignant OVC tissues. Other limitations 

were the computational difficulties associated with the bioinformatics data 

analysis and the high costs of the library preparation reagents and kit as well as 

the high sequencing prices. Also, replication (repetition of the same 

experimental process using the same sample) is an important step for 

assessing and decreasing experimental errors. The low extracted RNA amounts 

for the samples here, which could not be divided for repetition, limited the option 

of studying biological replicates.  Furthermore, in some RNAseq studies, RT-

PCR or qPCR has been used for the validation of some of the DEGs identified 

(Camarena et al., 2010), (Feng et al., 2010). Again, this has not been the case 

here because of the limited time available for this project. However, the 

integrated analysis with the CN analysis data and the fact that it showed a 

correlation between the expression profiles of some genes located within the 

same CN altered region could be used as a sort of validation.  

6.4.1 Implications of DEGs in the current study 
 

Clustering via principle component analysis, using data from expressed genes, 

demonstrated an evident separation of OVC and OSCC cohorts (Figure 6.3). 

The use of DAVID (Dennis et al., 2003) functional analysis revealed that 

significant differentially upregulated genes in OVC versus OSCC are involved in 

keratinocyte differentiation and epithelium development, while the significant 

differentially upregulated genes in OSCC versus OVC were more involved in 

cell growth and migration and angiogenesis (Table 6.6). Significant differences 

in the expression profiles between OVC versus its adjacent normal epithelium 
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and versus OSCC suggest the association of some gene candidates with the 

pathogenesis of OVC. These genes are described in the subsections below. 

Nonetheless, it must be remembered that these suggested genes, at best, can 

only report on the likelihood of the development of OVC and requires further 

investigation.  

6.4.1.1 Genes that may have a role in the development of OVC 
 

Specific consistent transcriptional changes and events that occur in OVC drive 

its phenotype. The differential expression analysis on the 12-matched normal 

versus OVC samples produced a list consists of 22 significant DEGs. Further 

functional characterisation of the significant genes on an individual basis has 

highlighted five HNC genes in OVC (PAX9, TGM3, CRNN, ADH7, and 

SERPINE1), in which the expression status of those genes in OVC cohort here 

matched with their expression status in HNCs. 

PAX9 is a transcription factor that regulates the expression of cell proliferation 

genes, resistance to migration and apoptosis and was significantly down-

regulated at the 1% threshold in OVC. In a total of 35 dysplastic lesions and 36 

invasive carcinomas of the oesophagus, PAX9 was a significant marker for 

down-regulated differentiation of oesophageal keratinocytes (Gerber et al., 

2002). PAX9 expression was significantly reduced or lost in the majority of 

epithelial dysplasias and invasive carcinomas (Gerber et al., 2002). 

TGM3 (transglutaminase family) is normally seen in late differentiating 

squamous epithelium (Kim et al., 1993), and was significantly down-regulated 

here at the 1% threshold in OVC. The down-regulation of TGM3 is consistent 

with the loss of differentiation and could interrupt a potential important step to 

apoptosis in HNSCC, and enhance tumour cell survival. TGM3 has also been 

shown to be down-regulated in oesophageal cancer (Chen et al., 2000), and in 

HNSCC cell lines (Gonzalez et al., 2003). Similarly, CRNN functions as a 

tumour suppressor and as a barrier in squamous epithelium in response to 

injury and was significantly down-regulated at the 1% threshold in OVC. It was 

demonstrated before that CRNN acts as a potential tumour suppressor in 

oesophageal SCC (Chen et al., 2013). 
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ADH7 gene was significantly down-regulated at the 1% threshold in OVC, which 

may explain the development of this malignant lesion (alcohol intake data were 

not available for patients in this study). Alcohol is a critical risk factor for cancers 

of the upper aerodigestive tract and is mainly metabolised by ADH enzymes 

(alcohol dehydrogenase enzymes). Six ADH genetic variants were investigated 

in over 5,200 controls and 3,800 aerodigestive cancer cases from three 

separate studies. In each individual study, ADH7 gene variant was significantly 

protective and acted as a suppresser against aerodigestive cancer. Additionally, 

these protection features became more apparent with more alcohol 

consumption levels (Hashibe et al., 2008). 

On the other hand, the plasma membrane SERPINE1 gene was significantly 

overexpressed at the 1% threshold in OVC. The elevated expression levels of 

this gene might explain the development of OVC carcinogenesis. The integrated 

analysis also identified SERPINE1, located in recurrent regions of gain on 

chromosomes 7q22.1, with a frequency of ~50% of CN changes in OVC. In 

2005, a study revealed that expression of SERPINE1 gene in primary HNCs 

was up-regulated in compare to normal mucosa (Chin et al., 2005). SERPINE1 

overexpression was shown to be essential for the progression of HNSCC and 

was suggested to play a key role in chromosome 7q21.3–22 karyotypic 

changes and in oral oncogenesis (Chen et al., 2004b). SERPINE1 plays an 

important role as a primary inhibitor of plasminogen activators in tumorigenesis 

and invasion (Ju et al., 2010). However, the responsible mechanism for 

SERPINE1 up-regulation in OVC is still not clear. 

6.4.1.1.1 Overexpression of keratin genes in OVC 
 

KRT76 and KRT2 protein coding genes were significantly overexpressed at the 

1% threshold in OVC versus OSCCs. Keratins are proteins that form epithelial 

cells filaments and are needed to maintain normal tissue function and structure 

(Schweizer et al., 2006). Large genes family clustered at two different 

chromosomal sites encodes keratins: 17q21.2 for keratins type I (except 

keratin18), and 12q13.13 for keratins type II, including keratin 18 (Ambatipudi et 

al., 2013). These also play a key role in protecting epithelial cells from injury 
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and non-mechanical and mechanical stress (Moll et al., 2008), (Karantza, 

2011). Keratins are expressed continuously in epithelial tumour cells, which are 

also a characteristic of their origin site, and hence; keratins are widely used as 

an immunohistochemical pathology diagnostic tumour marker (Moll et al., 

2008), (Karantza, 2011). Earlier studies have reported variations in keratin 

expression throughout oral carcinogenesis (Xu et al., 1995), (Gires et al., 2006), 

(Matthias et al., 2008), (Wei et al., 2009).  Moreover, several keratins are 

reported as independent OSCC prognosis markers (Fillies et al., 2006), 

(Yanagawa et al., 2007). A complex keratin expression pattern in the oral cavity 

reflects both, the epithelium type and differentiation stage specific expression 

(Ambatipudi et al., 2013). 

The oral epithelial basal proliferative layer expresses keratin 5, keratin 14 and 

keratin19. The differentiating suprabasal keratinised epithelial layers express 

keratin 1 and keratin 10, whereas the non-keratinised epithelial differentiating 

layers such as the oesophagus and the buccal mucosa produce mainly keratin 

4 and keratin 13. Epithelial suprabasal cells of the gingiva and the hard palate 

express keratin 6, keratin 16, and keratin 76 (Presland and Dale, 2000), (Chu 

and Weiss, 2002), (Bragulla and Homberger, 2009).  Previous studies on oral 

cancers have described changes in keratin expression patterns and terminal 

differentiation such as down-regulation of keratin 4, keratin 5, keratin 13 and 

keratin 19 (Vaidya et al., 1996), (Crowel et al., 1999), (Ohkura et al., 2005) 

(Yanagawa et al., 2007), (Ambatipudi et al., 2012).   Similarly, over-expression 

of keratin 8/ keratin 18, keratin 17 and keratin 14 have been also reported in 

oral cancers when compared to normal tissues (Ohkura et al., 2005), (Fillies et 

al., 2006), (Gires et al., 2006), (Toyoshima et al., 2008), (Wei et al., 2009).  

Remarkably, changes of keratin expression points toward the common 

signature in human oral tumours and experimental oral cancers established in 

animal models (Ambatipudi et al., 2013). The observed reduced expression of 

KRT76 in Ambatipudi et al study of 159 gingivo-buccal cancer samples showed 

a similar trend in the buccal epithelium of DMBA treated hamsters used in the 

same study. They also reported a strong association of increased risk of oral 

precancerous lesions and OSCC development with reduced KRT76 expression 
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(precancerous lesions cases were 61 leukoplakia hyperplastic lesions with focal 

mild to moderate dysplasia) (Ambatipudi et al., 2013). Accordingly, and since 

KRT76 and KRT2 were reported to be down-regulated in OSCC (Zain et al., 

2010), (Ambatipudi et al., 2013), this suggests the potential role of both genes 

in the development of OVC lesions. 

6.4.1.2 Genes that may explain the indolent behaviour of OVC 
 

The distinction between OVC and OSCC is one of the most common problems 

in oral cancer pathology, and the literature on these borderline tumours is 

confusing, mainly with regard to their histopathological diagnostic features and 

treatment options. The clinical behavior of OVC is usually indolent and generally 

benign. However, till now, the characteristics of OVC were only described and 

reviewed by the clinicopathological parameters, and there were no available 

well-defined gene expression profile for this tumour. In the comparative 

analyses study here of the significant DEGs on an individual basis, eight genes 

(DLG2, HBB, TNFRS12A, IGFBP6, FSTL3, DSC1, LAMC2 and SMR3B) were 

highlighted in OVC suggesting its indolent behaviour based on their function in 

other HNC tumours. DLG2, HBB, and DSC1 genes were overexpressed in OVC 

compared to OSCCs. Down-regulation or loss of those genes has been 

reported previously to be associated with the development or progression of 

HNCs (Onda et al., 2005), (Reshmi et al., 2007), (Teh et al., 2011).  Hence, the 

overexpression DLG2, HBB, and DSC1 genes at the 1% threshold in OVC may 

explain its more benign behaviour & better prognosis.   

On the other hand, TNFRSF12A, IGFBP6, FSTL3, SMR3B and LAMC2 protein 

coding genes were overexpressed at the 1% threshold in OSCC group versus 

OVCs. Overexpression of those genes has been previously identified and 

reported to be associated with HNCs (Patel et al., 2002), (Lindberg et al., 2006), 

(Pyeon et al., 2007), (Cacalano et al., 2008), (Freier et al., 2010), (Hassan et 

al., 2011), (Ambatipudi et al., 2012). Since overexpression of those genes was 

associated with HNCs that are considered more aggressive, metastatic tumours 

in compare to OVC; this suggests a potential involvement of those genes 

behind the more benign behaviour of OVC. 
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6.4.1.2.1 Overexpression of tumour suppressor genes in OVC 
 

HLF, HBB and INPP5f protein coding genes were significantly overexpressed at 

the 1% threshold in OVC group in the current study versus OSCCs. HLF and 

INPP5f genes have been previously reported as potential suppressor genes in 

non-small-cell lung cancers (Woenckhaus et al., 2006), and prostate cancers 

(Ribarska et al., 2012) respectively. Similarly, HBB protein coding gene was 

suggested as a novel tumour suppressor gene in anaplastic thyroid cancer cell 

lines (Onda et al., 2005). Accordingly, the overexpression of those tumour 

suppressor genes in OVC may explain the more benign behaviour in these 

tumours and its good prognosis.  

6.4.1.3 Genes that may explain the non-metastatic 
characteristic of OVC  
 

An important feature associated with OVC is that it is a non-metastatic oral 

cancer. If the presence of metastasis biomarkers were to contribute to the 

prognostic factors and distinguish between non-metastasizing OVC and 

metastasizing OSCC, this would provide important biological information on the 

metastatic process and may be useful in identifying patients who might benefit 

from certain treatment options or additional therapies. In this study, the 

functional characterization analysis of the significant DEGs on an individual 

basis has highlighted two genes (CDH3 and HPGD), which play a role in cancer 

metastases. CDH3, a P-cadherin gene associated with cell-to-cell signalling 

was significantly overexpressed in OVC. Furthermore, the integrated analysis 

identified this gene, located in recurrent regions of gain on chromosomes 

16q22.1, with a frequency of ~25% of CN changes in OVC. Importantly, down 

regulation of CDH3 has previously been found in lymph node metastasises from 

oral cancer (Mendez et al., 2009), suggesting that the expression of this gene 

might be a reason behind metastasis inhibition in OVC. Similarly, HPGD protein 

coding gene was significantly overexpressed at the 1% threshold in OVC versus 

OSCC. However, down-regulation of HPGD was proposed along with seven 

more genes as prognostic markers for oesophageal SCC lymph node 

metastasis (Kawamata et al., 2003). Accordingly, it is proposed that the 
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overexpression of HPGD gene here is associated with the non-metastatic 

behaviour of OVC. 

On the other hand, CXCL5, THBS1, MT2A and MT1X protein coding genes 

were overexpressed at the 1% threshold in OSCC group versus OVCs. 

Overexpression of the CXCL5 gene has been previously identified and reported 

to be associated with HNC nodal metastasis (Miyazaki et al., 2006), 

overexpression of THBS1 gene has been previously reported to be involved 

with the process of invasion and metastasis in OSCC (Mendez et al., 2009), 

and overexpression of MT2A and MT1X genes has been linked with soft tissue 

sarcoma metastasis (Skubitz et al., 2012). The overexpression of those four 

genes (that were previously reported to be involved in cancers metastasis) in 

OSCC cohort when compared with OVCs suggests that they might have a role 

in the absence of the metastatic behaviour in OVC tumours.  

6.4.2 Interpretation of the generated RNAseq results in the 
current study and a recently published gene profiling analysis 
paper for patients with OVC and OSCC 
 

During the writing of this chapter, a gene profiling analysis paper was published 

for patients with OVC and OSCC. In their study, six patients with primary OSCC 

and five patients with primary OVC including their adjacent matched normal oral 

mucosa tissue samples were profiled using the HGU133 Plus 2.0 Affymetrix 

microarray GeneChip platform (Wang et al., 2014b). They found 167 DEGs 

between OSCC and OVC, 39 genes from the 167 were common DEGs 

between OSCC and OVC when compared with their adjacent matched normal 

samples, and eight from the 39 were DEGs between OSCC and OVC (Wang et 

al., 2014b). The eight genes were HLF, TGFBI, SERPINE1, MMP1, INHBA, 

COL4A2, COL4A1, and ADAMTS12. They proposed that the eight genes might 

differentiate and determine the identity of the two tumours and further studies 

on much larger samples must be conducted. They also suggested that their 

results indicate that OVC is a rare variant of OSCC but with different molecular 

point of view than OSCC (Wang et al., 2014b).  
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However, five OVC and six OSCC samples were used in Wang et al study, 

while here, I used 12 OVC and included 16 OSCC samples for the performed 

RNAseq analysis (primary OSCC data belong to the Pre-cancer Genomics 

Group). Also, and unlike microarray gene expression technique in Wang et al 

study, RNAseq allows measuring gene expression levels of both novel and 

known RNA transcripts and transcript isoforms with higher dynamic range than 

microarray, and with a capability to detect low abundance transcripts, if 

sufficient sequencing depth was provided (Zwemer et al., 2014). Numerous 

earlier studies comparing both approaches have found RNAseq to be similar to 

or more sensitive than microarrays when used for differential expression gene 

analysis of cellular RNA, particularly for high expressed genes (Marioni et al., 

2008), (Su et al., 2011), (Sirbu et al., 2012). 

Nonetheless, the eight genes (HLF, TGFBI, SERPINE1, MMP1, INHBA, 

COL4A2, COL4A1, and ADAMTS12) that were proposed to differentiate 

between OVC and OSCC in Wang et al study were all differentially expressed 

between OVC and OSCC cohorts in this study as well. Furthermore, all the 

eight genes were overexpressed in OSCC samples versus OVCs in Wang et al 

study except for HLF gene, and the same expression status was obtained here 

from the generated RNAseq results. HLF gene was also the only “significant” 

DEG (with p.adj ≤ 0.01) that was overexpressed in OVC cohort in compare with 

OSCCs. Additionally, SERPINE1 was “significantly” overexpressed in OVC 

when compared to the matched normal samples, and was also located in a 

recurrent copy number region of gain (chromosomes 7q21.3) as explained 

earlier. The agreement between the RNAseq generated results here and the 

data from Wang et al study could also emphasise those eight genes as a 

possible biomarkers to differentiate between OVC and OSCC tumours.  

In conclusion, the analysis of the significant DEGs here has highlighted several 

candidates that might provide important information about the malignant 

progression and the biological features and could aid prognosis and treatment 

choices for OVC. This includes SERPINE1, CDH3 and PLA2G4D genes that 

have been also identified within significant chromosomal gain regions in the 

copy number analysis data  (chapter four). 
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Chapter 7 Revealing the somatic genomic alterations 
associated with OVC compared to OSCC 

 

 

7.1 Introduction 
 

High-throughput Sanger sequencing studies have revealed that candidate 

cancer gene mutation frequency might be higher than expected, and that 

certain combination of mutations affect a tumour's characteristics (Sjoblom et 

al., 2006), (Greenman et al., 2007), (Cancer Genome Atlas Research, 2008). 

With the advances of NGS technologies, sequencing throughput has radically 

increased while its cost has decreased. Furthermore, NGS can now be applied 

to routinely prepared pathological FFPE materials that usually have degraded 

DNA (Schweiger et al., 2009). Numerous studies have used NGS approaches 

to identify the underlying mutation in genetic diseases (Ng et al., 2009), (Krawitz 

et al., 2010). In addition, massively parallel sequencing methods such as whole-

exome sequencing have described the genomic variation landscape associated 

with many different tumours and have also shown biological insights related to 

clinical aspects (Garraway and Lander, 2013).  

OSCC develop in a multistep fashion through a series of genetic and 

histological changes. Whole-exome sequencing was performed previously to 

identify the mutational landscape of HNSCC (Agrawal et al., 2011), (Stransky et 

al., 2011). These studies indicated that up to 20% of tumours have NOTCH1 

loss-of-function mutations and >80% contains TP53 mutations. Similarly and 

like all solid tumours, OVC is thought to be initiated and develop through a 

sequence of genetic events. However, the possible link between the biological 

behaviour and the structural and functional features with the clinical outcome in 

OVCs is still not clear and requires further investigation. Moreover, 

understanding the genetic basis of this specific subtype of oral cancer could 

allow a stratified medicine approach through therapeutic targeted treatment of 

disturbed pathways. 
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7.2 Aim  
 

This is the first study up to date that aims to use next generation whole-exome 

sequencing to investigate the contribution of somatic genomic alteration in the 

pathogenesis of OVC and gain a comprehensive view of the genetic mutations 

underlying these lesions and compare them with the somatic genomic 

mutations underlying OSCCs, which could then aid in the histopathological 

diagnosis and treatment choices of OVC. 
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7.3 Results  

7.3.1 Characteristics of the study cohort 
 

From the verrucous cohort study described in Chapter 3 and table 3.1, whole 

exome sequencing of VC lesions and the normal adjacent epithelium tissue was 

carried out for 12 patients. For the comparison between OVC cohort and OSCC 

cohort, whole exome sequencing of OSCC lesions and the normal adjacent 

epithelium tissue was carried out as well for 20 patients (primary OSCC data 

belong to Pre-cancer Genomics Group). Pathological materials from each OVC 

case were available in the form of FFPE tumour blocks. Archive ages of FFPE 

blocks ranged between 10 and 1yr(median age of blocks: 5 years). 

7.3.2 Mutated genes in OVC 
 
The high throughput whole exome sequencing data from oral verrucous lesions 

and adjacent normal tissues DNAs using Illumina HiSeq 2500 NGS technology 

has successfully identified a list of mutated genes for each sample. Whole 

exome sequencing results from this parallel sequencing platform were 

generated for all twelve patients (12 matched normal versus verrucous 

samples), with an average of 6800453610 sequencing bases ranged between 

(1673853712 – 10309418584), and an average of 11466717.92 mismatched 

sequencing bases (Table 7.1). The target sequencing regions were insufficiently 

covered in two verrucous pair samples (normal and tumour tissue, highlighted in 

yellow). However, an average of 90.4x of the target sequencing regions were 

sufficiently covered in the remaining samples tissue for confident variant calling 

(Table 7.2).  

Performing whole exome analyses of DNA isolated from FFPE materials has 

one major application-specific challenge. Formalin-fixed tissues show a higher 

rate of non-reproducible DNA sequence changes than frozen tissues. This is 

expected owing to formalin cross-linking of cytosine (C) nucleotides on either 

strand, which causes an inability of Taq polymerase in identifying the cytosine 

and integrating an adenine (A) in place of a guanosine (G) producing C>T or 

G>A artificial mutation during PCR (Williams et al., 1999) (Srinivasan et al., 
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2002). In the work presented here, the amount of FFPE damage (C/T artificial 

mutation) per base ranged between (0.00038 – 0.00085), except for four 

samples (highlighted in orange in Table 7.1), as they showed the highest 

amount of FFPE damage.  

To get an idea about the C/T amount per base in a ‘perfect DNA’, the amount of 

C/T per base for a blood DNA sample (data belong to Pre-cancer Genomics 

Group) was included also in Table 7.1 (sample PG038-BC, highlighted in 

green), which was 0.0003 out of the total produced sequencing bases, and this 

was very low in compare to 0.001 from the orange highlighted four samples. 

The fact that the four DNA samples (tumour and normal pairs) with the highest 

amount of C/T artificial mutation were from the same blocks also confirms that 

the DNA of the whole tissue was exposed to FFPE damage. By looking at the 

mismatches per base column in Table 7.1, which reflect the amount of 

mutations in the sequenced samples below, it is also obvious that the same four 

samples (highlighted in blue) harbour the highest mutation rates when 

compared with others and with the blood DNA sample (PG038-BC), and this is 

expected due to the elevated amounts of C/T artificial mutation in each of the 

four samples. 

According to the above-discussed points, and since the gene mutations in 

samples V-112-T and V-119-T may not be reliable; I decided to exclude V-112-

T and V-119-T data from my analysis, since they showed the highest amount of 

C/T artificial mutation and the highest number of gene mutations. 
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Table 7.1 Exome capture read results 

Name Bases Mismatches Mismatches 
per base 

C/T C/T per 
base 

C/T per 
mismatch 

V-125-N 7486265906 10498282 0.00140 3198834 0.00042 0.30470 
V-125-T 10309418584 13994079 0.00135 4344514 0.00042 0.31045 
V-29-N 8776940981 16871436 0.00192 5782143 0.00065 0.34271 
V-29-T 6484665376 12574314 0.00193 4316307 0.00066 0.34326 

V-108-N 6835858705 7413489 0.00108 2623643 0.00038 0.35390 
V-109-T 7468007393 11484447 0.00153 4098928 0.00054 0.35691 
V-108-T 6745299542 8744703 0.00129 3160719 0.00046 0.36144 
V-123-N 9285726514 13390589 0.00144 4850336 0.00052 0.36221 
V-123-T 7965521321 11732772 0.00147 4252427 0.00053 0.36244 
V-04-N 8674996779 18280297 0.00210 6627159 0.00076 0.36253 
V-04-T 8881438543 20175705 0.00227 7413942 0.00083 0.36746 

V-109-N 7510164494 10531154 0.00140 3887331 0.00051 0.36912 
V-116-T 7602302896 10718850 0.00140 4072116 0.00053 0.37990 
V-14-T 8177158698 14654916 0.00179 5625228 0.00068 0.38384 
V-14-N 7663846392 13082551 0.00170 5034663 0.00065 0.38483 

V-116-N 6551201624 8478281 0.00129 3283587 0.00050 0.38729 
V-124-N 6670629644 9311512 0.00139 3828910 0.00057 0.41120 
V-124-T 8105611127 13524638 0.00166 5686421 0.00070 0.42044 
V-98-N 8098752008 14231188 0.00175 6860096 0.00084 0.48204 
V-98-T 5348618959 9469854 0.00177 4578829 0.00085 0.48351 

V-112-N 3048261492 9397622 0.00308 4693239 0.00153 0.49940 
V-112-T 1793563186 5597640 0.00312 2803470 0.00156 0.50083 
V-119-N 2052782752 6015216 0.00293 3146368 0.00153 0.52306 
V-119-T 1673853712 5027695 0.00300 2637332 0.00157 0.52456 
Average 6800453610 11466717.92     
PG038-

BC 7640943885 9065275 0.00118 2581305 0.00033 0.28474 
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Table 7.2 Exome capture coverage. 

Sample Mean Median 
V-119-T 19.63 18 
V-112-T 22.34 20 
V-119-N 25.74 24 
V-112-N 37.04 35 
V-29-T 85.29 63 
V-98-T 83.01 73 
V-04-N 115.24 74 
V-04-T 114.75 74 
V-29-N 110.11 77 
V-108-T 92.67 86 
V-124-N 92.76 87 
V-109-N 102.66 90 
V-14-T 114.09 90 

V-109-T 99.29 91 
V-123-T 112.67 95 
V-108-N 111 96 
V-116-T 117.32 100 
V-98-N 118.43 101 
V-124-T 128.67 106 
V-123-N 126.68 114 
V-125-T 139.03 120 
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7.3.2.1 Potentially driver somatic mutations in OVC 
 
The Variant Effect Predictor (VEP) computational tool was used 

(http://www.ensembl.org/info/docs/tools/vep/index.html) to determine variant 

location and consequence (e.g. frameshift, missense, stop gained, stop lost), 

and the effect of the variants (e.g. structural variants, deletions and insertions) 

on genes with providing SIFT and PolyPhen scores (predicts the probability of 

whether an amino acid substitution is damaging a protein function) (Ng and 

Henikoff, 2002). Sequence calls were also filtered using a Phred-like consensus 

quality score, which predicts the probability of incorrect SNPs (Ewing et al., 

1998), (Ewing and Green, 1998). From the bioinformatics analysis of the 

generated whole exome sequencing data, gene mutation lists were produced 

for each OVC sample. To determine the significant ‘driver’ mutated ones, they 

were filtered according to the following:  

1. Gene mutations that were found in more than 50% of tumour cells in each 

OVC sample. 

2. Gene mutations that have a consequence on protein function (deleterious, 

splice variant, probably deleterious, possibly deleterious, stop gained). 

3. Gene mutations with Phred quality score of ≥15. (≥15 score means 95% 

SNP call accuracy).  

4. The results were then further analysed by running the gene lists against 13 

enriched KEGG pathways (which are more related to HNCs) including: 

KEGG P13K, KEGG WNT signalling pathway, KEGG cell cycle, KEGG 

calcium signalling pathway, KEGG VEGF signalling pathway, KEGG MAPK, 

KEGG DNA replication, KEGG PHOSPHATIDYLINOSITOL signalling 

system, KEGG P53 signalling pathway, KEGG NOTCH signalling pathway, 

KEGG JAK STAT signalling pathway, KEGG ERBB signalling and KEGG 

hedgehog, as well as cancer gene census and Stransky mutation list (76 

previously identified genes in HNSCCs harbouring high statistically 

significant mutations) (Stransky et al., 2011).  
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The generated driver somatic gene mutations lists for OVC samples are shown 

below in Table 7.3. From the genes list below, three samples had gene 

mutations in KEGG P13K pathway, two had gene mutations in KEGG P53 

signalling pathway, two had gene mutations in KEGG JAK STAT signalling 

pathway, two had gene mutations in KEGG calcium signalling pathway, two had 

gene mutations in KEGG cell cycle pathway, and one sample had mutated 

genes in KEGG MAPK signalling pathway. However, and importantly, all the 

potentially driver-mutated genes listed below in Table 7.3 were not shared 

between the ten OVC samples. 

The presence of harmful (deleterious) mutations within the human population 

has an important impact on human health and can increase the risk of 

developing a disease. Here, deleterious mutations were detected in six genes, 

including IRF6, PRIM2, HOXC11, MAP2K3, CDC27 and STAT3. Furthermore, 

two identified genes in this study harboured probably deleterious mutations, 

including CREBBP and TP63 genes, and two genes harboured possibly 

deleterious mutations, including GYS1 and CASP8.  

In 2011, Stransky et al. published whole genome mutational profiling data of 

HNSCC. Several genes were involved, which include IRF6 (interferon 

regulatory factor 6), NOTCH1, and TP63. They hypothesised that mutations in 

these genes disturb stratified squamous epithelial differentiation and 

development program in the precursor cells of this cancer (Stransky et al., 

2011). IRF6 and TP63 both included deleterious mutations in samples V-004-T 

and V-116-T respectively. Furthermore, PRIM2 gene here in sample V-029-T 

had a deleterious mutation and KEGG pathway analysis revealed enrichment of 

PRIM2 gene in KEGG DNA replication pathway. PRIM2 was reported recently 

to be associated with breast cancer (Nilsson et al., 2012). In addition, several 

HOX genes have been described to play a role in the development of many 

cancers (Bhatlekar et al., 2014). HOXC11 gene was previously shown as well to 

be a strong predictor associated with poor survival in breast cancer (McIlroy et 

al., 2010). Another report shows that progressive and strong overexpression of 

HOXC11 gene was detected in metastatic melanoma when compared with 

normal melanocytes (Cantile et al., 2012). In the current exome sequencing 
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study, HOXC11 mutated gene in sample V-116-T harboured a deleterious 

mutation and was identified too in cancer gene census database 

(http://www.sanger.ac.uk/genetics/CGP/Census/). 

Similarly, another deleterious mutation in MAP2K3 (Mitogen-activated protein 

kinase kinase 3) gene was also detected in sample V-116-T in this study and 

KEGG pathway analysis revealed enrichment of MAP2K3 in KEGG MAPK 

pathway. A previous study reported down-regulation of MAP2K3 in immortal 

(proliferate indefinitely) human breast epithelial cells, while overexpression of 

MAP2K3 endorsed cell senescence (ageing) (Jia et al., 2010). Sample V-124-T 

had a deleterious mutation as well in CDC27 (cell division cycle 27) gene and 

KEGG pathway analysis revealed enrichment of CDC27 in KEGG cell cycle 

pathway. CDC27 was suggested as a tumour suppresser gene and down-

regulation of CDC27 was associated with several breast cancer cell lines 

(Pawar et al., 2010).  

An earlier study has implicated STAT (signal transduction and activation 

of transcription) activation, mainly STAT3, in tumour progression and 

transformation (Bromberg and Darnell, 2000). Increased STAT3 activation has 

been also previously shown in HNSCC, where STAT3 contributes to tumours 

loss of growth through an anti-apoptotic mechanism (Grandis et al., 2000), 

(Leong et al., 2003). Here, sample V-125-T harboured a deleterious mutation in 

STAT3 gene identified in cancer gene census database. KEGG pathway 

analysis also revealed enrichment of STAT3 gene in KEGG JAK STAT 

signalling pathway. 

Furthermore, sample V-098-T showed a probable deleterious mutation in 

CREBBP gene (that was also identified in cancer gene census database) and a 

possible deleterious mutation in GYS1 (glycogen synthase) gene. KEGG 

pathway analysis revealed enrichment of CREBBP gene in KEGG cell cycle, 

KEGG JAK STAT, KEGG NOTCH and KEGG WNT pathways, besides 

enrichment of GYS1 gene in KEGG P13K pathway. A previous gene expression 

analysis study revealed that CREBBP gene was one of the genes involved in 

the significant de-regulated KEGG cell cycle and KEGG JAK STAT signalling 

pathways associated with OSCC (Saleh et al., 2010). Likewise, sample V-116-T 
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showed a probably deleterious mutation in TP63 gene and a possibly 

deleterious mutation in CASP8 gene. Both genes were listed in Stransky et al. 

mutational profiling data of HNSCC (Stransky et al., 2011), and KEGG pathway 

analysis revealed as well enrichment of CASP8 gene in KEGG P53 signalling 

pathway. 8% of the mutations in Stransky et al HNSCC mutational profiling data 

were in the apoptosis-related gene, CASP8 (Stransky et al., 2011), and TP63 

gene, located at 3q28, is another HNSCC candidate cancer gene that has been 

identified previously (de Oliveira et al., 2007), (Tsantoulis et al., 2007), 

(Leemans et al., 2011b). 

Some mutations stop a protein from being made at all by producing a premature 

stop codon (Pleasance et al., 2010a). In the current study, stop mutations were 

identified in two genes, including CACNA1I in sample V-116-T and PHLPP1 in 

sample V-123-T. KEGG pathway analysis revealed enrichment of CACNA1I 

gene in KEGG MAPK and KEGG calcium signalling pathways, while PHLPP1 

gene was enriched in KEGG P13K signalling pathway. A very recent report 

identified twelve differentially expressed genes, including CACNA1I, in a 

microarray analysis study that was conducted to identify DEGs in para-

carcinoma, carcinoma and relapsed human pancreatic cancer (Chang et al., 

2014). PHLPP1 was reported recently also as a tumour suppressor gene in 

human colorectal cancer (Liao et al., 2013). 

Splice variant is a sequence variant in which an alteration has occurred within 

the splice site region. Expression of tumour-specific splice variants can 

markedly affect tumour biology including motility &, proliferation (Skotheim and 

Nees, 2007). Though, it is unclear if the existence of specific splice variants in 

cancer is a consequence of the malignant phenotype, or if they are contributing 

to the tumour phenotype (Skotheim and Nees, 2007). Here, splice variant 

mutations were detected in six genes, including RFWD2, RELN, MLLT6, 

ERBB4, GPHN and FAM135B. Sample V-098-T showed two splice variant 

mutations in ERBB4 gene and MLLT6 gene (that was also identified in cancer 

gene census database). The KEGG pathway analysis revealed enrichment of 

ERBB4 gene in KEGG ERBB and KEGG calcium signalling pathways. 

Overexpression ERBB4 receptor family members is common in OSCC; and a 
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recent IHC analysis study revealed overexpression of ERBB4 with lymph node 

capsular rupture in OSCC cases (Silva et al., 2014). MLLT6 was also reported 

previously as a tumour-related gene in 18 breast cancer cell lines and 47 

primary breast tumours (Naylor et al., 2005).  

Similarly, Sample V-014-T harboured a splice variant mutation in RFWD2 gene 

and KEGG pathway analysis showed enrichment of RFWD2 gene in KEGG p53 

signalling pathway. A previous study revealed overexpression of RFWD2 gene, 

also named as COP1, in 44% (76 out of 171 samples) of ovarian 

adenocarcinoma and 81% (25 out of 32 samples) of breast cancer cases. They 

suggested that overexpression of COP1 plays a role in p53 protein accelerated 

degradation in cancers and reduces p53 tumour-suppressor function (Dornan et 

al., 2004). Sample V-109-T also had a splice variant mutation in GPHN gene 

that was identified as well in cancer gene census database. GPHN gene on 

chromosome 14q24 was reported as a partner gene fused with MLL gene in a 

leukaemia case (Eguchi et al., 2001). Finally, sample V-116-T showed a splice 

variant mutation in FAM135B gene that has been listed as one of the mutated 

genes in Stransky et al. whole genome mutational profiling data of HNSCC 

(Stransky et al., 2011). FAM135B was reported recently as a novel cancer-

associated gene that promotes esophageal SCC malignancy (Islamian et al., 

2014).  

Again, all the genes mentioned above were not shared between the ten OVC 

samples in this study. However, these genes were: 1. found in more than 50% 

of OVC tumour cells, 2. with Phred quality score of ≥15, 3. were either, tumour 

suppresser or oncogenes previously identified in other cancers, and 4. involved 

in different pathways. Therefore, mutations that have a consequence on protein 

function in those genes were expected to be driver mutations in their 

corresponding samples that they were identified in.  

On the other hand, and as seen from Table 7.4 below for the list of potentially 

driver mutated genes in 20 OSCC cases; 14 OSCC samples had mutations with 

TP53 (70% of samples), seven with CDKN2A (35% of samples), five with 

NOTCH2 (25% of samples), four with FAT1 (20% of samples) and two with 

NOTCH1 (10% of samples) (primary OSCC data belong to Pre-cancer 
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Genomics Group).  Besides that, all mutations in those five genes were shared 

between two or more OSCC samples, they all also had a consequence on 

protein functions, were found in more than 50% of OSCC tumour cells and with 

Phred quality score of ≥15. Importantly, the five genes are significant HNSCC 

cancer genes that have been identified in two previous whole-exome 

sequencing studies conducted by two groups independently on a total of 

approximately 100 HNSCC samples (Agrawal et al., 2011), (Stransky et al., 

2011). Mutation of the tumour-suppressor, TP53 gene, is among the earliest 

identified genetic changes and the most common in HNSCC, arising in over half 

of all cases (Leemans et al., 2011a). One of the most important findings from 

the previous HNSCC whole-exome sequencing studies is the discovery of 

mutations in the NOTCH1 gene in 12%–15% of the examined samples 

(Agrawal et al., 2011), (Stransky et al., 2011). Also, Stransky et al. identified 

non-synonymous point mutations in NOTCH3 or NOTCH2 genes in 11% of the 

cases. Mutations in CDKN2A gene were found as well in about 7% of HNSCC 

tumours by exome sequencing (Agrawal et al., 2011), (Stransky et al., 2011). 

Additionally, the identification of mutations in the FAT1 gene in nine HNSCC 

samples (12%) in Stransky et al. study provided a new insight into the potential 

mechanisms of metastasis and invasion in HNSCC. Interestingly, all the ten 

OVC samples showed lack of any mutations within TP53, CDKN2A, NOTCH1, 

NOTCH2 and FAT1 genes; which has been previously shown to be associated 

with HNSCC and were found in OSCC cases here as discussed above. 

7.3.2.2 Shared potentially driver mutations between OVC and 
OSCC samples 
 

However, and although none of the above mutated genes was shared between 

the ten OVC samples, seven mutated genes were shared between OSCC and 

OVC as revealed in Figure 7.1 and Table 7.4 including: RFWD2, RELN, 

CREBBP, CASP8, FAM135B, CACNA1I and CDC27. These genes were 

shared between one OVC and one OSCC samples except for CDC27 gene that 

was shared between one OVC and three OSCC samples (Table 7.4). CASP8 

and FAM135B genes were mutated in the same OVC sample (V-116-T) and 
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they are the only two genes from the seven-shared mutated genes that have 

been identified in Stransky et al. mutational profiling data of HNSCC. 

 

 

Figure 7.1 Shared potentially driver mutations between OVC and OSCC samples. 

Note: the total 18 mutated genes in OVC were not shared between each OVC samples and the 
number represents the total mutated genes from all the ten OVC samples. 
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Table 7.3 driver somatic mutations in OVC 

Sample Genes Position Depth at 
position 

Mutant 
reads 

Normal 
depth Score Cellularity Type of 

mutation Pathways and Gene lists 

V-004-T IRF6 chr1:209969822 29 9 28 29 0.77 Deleterious Stransky mutation list 

V-014-T RFWD2 chr1:176050430 29 9 13 16 0.89 Splice variant KEGG P53 signalling 
pathway 

V-029-T 
PRIM2 chr6:57467084 

 23 6 33 25 0.74 Deleterious KEGG DNA replication 

RELN chr7:103363639 27 8 34 31 0.84 Splice 
acceptor KEGG P13K 

V-098-T 

CREBBP chr16:3808953 22 4 29 15 0.51 Probably 
deleterious 

KEGG cell cycle, KEGG JAK 
STAT, cancer gene census, 
KEGG NOTCH, KEGG WNT 

MLLT6 chr17:36878128 21 4 44 20 0.51 Splice variant Cancer gene census 

GYS1 chr19:49472825 20 4 61 25 0.56 Possibly 
deleterious KEGG P13K 

ERBB4 chr2:212578379 21 7 18 21 0.95 Splice variant KEGG calcium signalling 
pathway, KEGG ERBB 

V-109-T GPHN chr14:67391008 58 12 57 29 0.59 Splice variant Cancer gene census 

V-116-T 

CASP8 chr2:202131411 108 22 109 71 0.57 Possibly 
deleterious 

KEGG P53 signalling 
pathway, Stransky mutation 

list 

TP63 chr3:189586422 118 21 98 58 0.50 Probably 
deleterious Stransky mutation list 

FAM135B chr8:139323081 29 6 22 15 0.54 Splice variant Stransky mutation list 
HOXC11 chr12:54367454 216 42 111 82 0.55 Deleterious Cancer gene census 
MAP2K3 chr17:21204192 88 17 31 16 0.54 Deleterious KEGG MAPK 

CACNA1I chr22:40058138 23 6 20 17 0.73 Stop KEGG MAPK, KEGG 
calcium signalling pathway 

V-123-T PHLPP1 chr18:60383878 90 17 58 30 0.53 Stop KEGG P13K 
V-124-T CDC27 chr17:45214690 27 9 23 19 0.92 Deleterious KEGG cell cycle 

V-125-T STAT3 chr17:40474420 278 57 199 145 0.58 Deleterious 
KEGG JAK STAT signalling 

pathway, cancer gene 
census 
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Table 7.4 driver somatic mutations in OSCC 

Sample Genes Genes shared with OVC 
samples 

PG004 BMP8B (deleterious), NOTCH2 (deleterious), FAT1 (stop gained), MAP3K4 (deleterious), PKN2 (frame shift), 
COL4A4 (coding feature truncation), EPHA2 (stop), FBXO11 (possibly deleterious), PIK3CA (possibly 
deleterious), HDAC2 (probably deleterious), DICER1 (possibly deleterious), FGFR1OP  (intron truncation), PAX5 
(intron truncation), PRKAR1A (intron truncation) 

 

PG038 TP53 (stop), NOTCH2  (possibly damaging), NOTCH2  (coding truncation), ANKRD36C  (intron elongation), 
MERTK  (intron truncation), FAT1  (coding truncation), TERF2IP  (intron truncation), CDKN2A  (stop), ZNF521  
(stop), BCL2L11 (intron truncation), PI4KA (benign), BMP8A (intron elongation), NCOR2 (in-frame insertion) 

 

PG049 DRD5 (benign), NOS3 (possibly deleterious), ZFHX4 (probably deleterious), FAM135B (stop), CDKN2A 
(deleterious), TP53 (deleterious), SRSF2 (benign), ZNF521 (deleterious), LAMA5 (possibly deleterious), ITGA10  
(intron truncation), ITPR1 (intron elongation), NSD1 (frame shift), SMC3 (intron elongation), ITGB4 (intron 
elongation) 

FAM135B: V-116-T / splice 
variant 

PG063 TP53 (splice donor), PTEN (deleterious), PAX7  (intron truncation), EBF1 (5' truncation), KIF5B  (intron 
truncation), SIAH1 (intron truncation) 

 

PG079 ASPSCR1 (deleterious), RPA3 (intron elongation), TP53 (deleterious missense), BRCA2 (stop), CSH1 (benign), 
BRCA2 (stop), CSH1 (benign) 

 

PG105  CREBBP (benign), ITGA6 (3' truncation), NIN (intron truncation), FGF20 (deleterious), ITGA10 (intron 
elongation), PBRM1 (splice variant), TP53 (deleterious missense) 

CREBBP: V-098-T / probably 
deleterious 

PG108 NCOA2 (deleterious), TP53 (stop), NSD1 (stop), LRFN5 (benign), NOTCH2 (deleterious), RBPJ (splice or 
possibly deleterious), ADCY8 (deleterious), CACNA2D4 (intron truncation) 

 

PG122 MAP3K12 (frame shift), COL6A1 (intron truncation), TP53 (stop), PMS2 (splice variant), PRKDC (splice variant), 
CDC27 (benign), MAML2 (in-frame deletion) 

CDC27: V-124-T / deleterious 

PG123 CDKN2A (stop), CARD11 (benign), PLA2G2D (deleterious), IL1A (probably deleterious), SENP2 (possibly 
deleterious), CAMK2A (deleterious), ELN (deleterious), ZFHX4 (deleterious), ZFHX4 (deleterious), CSMD3 
(deleterious), NOTCH1 (deleterious), ARRB1 (stop), ATM (benign), MAP3K12 (deleterious), PPP2R5E (benign), 
TP53 (deleterious), NF1 (probably deleterious), RYR1 (probably deleterious), PLCB4 (benign), FGF12 (splice 
variant), CACNA1G (splice variant), EP300 (intron truncation) 
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PG129 NOTCH2 (coding truncation), MYLK (3' elongation), RELN (start codon variant), PRKACG (5' elongation), ITGB4 
(intron elongation), RFWD2 (benign), PIKFYVE (deleterious), FLT1 (possibly deleterious), SYNE1 (intron 
elongation), NOS1 (intron elongation), TCL1A (splice variant), PER1 (intron truncation) 

RFWD2: V-014-T / splice variant 

RELN: V-029-T / splice variant 

PG136 ITGA2 (splice donor), BRIP1 (possibly deleterious), CYLD (intron truncation)  

PG137 CACNA1B (deleterious), LAMC2 (intron truncation), FBXO11 (intron truncation), CLCF1 (intron truncation), TP53 
(coding truncation), RUNX1 (intron truncation), BCL11B (5' elongation), ITPR1 (splice variant), ORC5 (possibly 
deleterious), CDC27 (stop), NCOA2 (splice variant), CACNA1B (intron truncation), MAML2 (in-frame deletion), 
PIK3C2G (intron truncation) 

CDC27: V-124-T / deleterious 

PG144 CSF3R (deleterious), STAT1 (possibly deleterious), NOTCH1 (deleterious), NUMA1 (benign), CDC27 (benign), 
FAT1 (coding truncation), ITPKB (benign), NFE2L2 (deleterious), CASP8 (deleterious), HIST1H3B (deleterious), 
FAT1 (stop), SHH (deleterious), FZD3 (stop), RIMS2 (stop), CDKN2A (probably deleterious), WNT5B 
(deleterious), DGKH (deleterious), KAT2A (deleterious), ADORA2A (deleterious), MYH9 (deleterious), EML4 
(intron elongation), PPP2R2B (intron elongation), TEK (intron elongation), RBL1 (intron truncation), CACNA1I 
(intron elongation) 

CDC27: V-124-T / deleterious  

CASP8: V-116-T / possibly 
deleterious 

CACNA1I: V-116-T / stop 

PG174 CSMD3 (probably deleterious), GNA14 (deleterious), COL5A1 (splice variant), PLCE1 (stop), TP53 (deleterious), 
RNF43 (deleterious), CDKN2A (stop), ROCK1 (splice variant), LAMA5 (possibly deleterious), IL1R1 (intron 
truncation), CACNA1A (in-frame deletion) 

 

PG187 PBRM1 (deleterious), TP53 (stop), ZFHX4 (possibly deleterious), LRP5 (possibly deleterious), CANT1 (benign), 
MYH11 (intron truncation), CSMD3 (splice acceptor) 

 

PG192 HGF (benign), RANBP17 (possibly deleterious), FAT1 (coding truncation), KCTD8 (possibly deleterious), EPPK1 
(benign), MYLK3 (benign), CHN1 (splice variant) 

 

PG008 TP53, ITGB4  

PG019 FANCD2, RASA1, SYNJ2, MAD1L1, CDKN2A, PCSK7, MLL2, CHD8, PCK2, PLCB2, CACNA1H, ADCY9, 
TP53, LAMC2, SGK2, EPS15, PIKFYVE 

 

PG030 TPR, STAM2, CDKN2A, CACNA1E, LAMC2, FIP1L1, IVL, FANCD2, HGF, FANCA, ANAPC1, ANAPC10, 
FGFR4, DGKH, TP53, PER1 

 

PG055 NDRG1, NFAT5, PIM1, ITGA8, MAML2, ESPL1, ASXL1, NOTCH2, NSD1, FIP1L1, MAPK13  
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7.3.2.3 Other mutated genes in OVC 
 
From the bioinformatics analysis of the generated whole exome sequencing 

data as explained in section 7.3.2.1, gene mutation lists were produced for each 

OVC sample. To determine the significant mutated ones, they were filtered 

according to the following: gene mutations that were found in more than 50% of 

the tumour cells in each OVC sample, that have a consequence on protein 

functions, and with Phred quality score of ≥15. A total of 206 genes contained 

putatively functional variants in OVC cases. These genes were not identified in 

Stransky et al. whole genome mutational profiling data of HNSCC or either the 

Cancer Gene Census database, or involved in any KEGG signalling pathway. 

Therefore, I only focused on the shared mutated genes between the ten OVC 

samples and discussed them further in section 7.3.2.2.1 below. 

7.3.2.3.1 Shared mutations between OVC samples 
 

Eleven of the 206 identified mutated genes (Table 7.5) were present in at least 

two OVC samples:  DSPP gene was shared between four OVC samples, MUC4 

between three, NEFH between three, ANP32E between three, and the 

remaining seven genes were shared between two OVC samples (FAM194B, 

TBP, AGAP7, CCDC158, NBPF12, PCDH1 and HS6ST1). Additionally, eight 

out of the eleven-shared genes between OVC samples were mutated as well in 

at least one OSCC sample (data not shown, primary OSCC data belong to Pre-

cancer Genomics Group), except for AGAP7 and CCDC158 genes that were 

mutated only in two OVC samples.  

Samples V-004-T, V-109-T, V-116-T and V-029-T harboured inframe deletion 

mutations in DSPP gene, while DAVID functional enrichment analysis showed 

enrichment of this extracellular gene in calcium ion binding. Interestingly, 

samples V-004-T and V-109-T had inframe deletion mutations (non-

synonymous inframe variant in which bases were deleted from the coding 

sequence) in exactly the same position in both samples (blue highlighted cells 

in Table 7.5). A previous study suggested the involvement of DSPP gene in 

prostate carcinogenesis, as they reported significant increase in DSPP 
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expression in 69 prostate cancer lesions as well as three prostatic tumour cell 

lines (Chaplet et al., 2006). Another earlier study also reported up-regulation of 

DSPP gene along with other genes in histologically aggressive and poorly 

differentiated OSCC and in oral epithelial dysplasia (Ogbureke et al., 2007), 

(Ogbureke et al., 2010). 

Similarly, samples V-109-T, V-116-T and V-123-T had missense variant 

mutations (a sequence variant, that alters one or more bases, where the 

resulting length is preserved but with a different amino acid sequence) in MUC4 

gene, while DAVID functional enrichment analysis revealed enrichment of this 

plasma membrane gene in biological and cell adhesions. An earlier study 

revealed overexpression of MUC4 gene in pancreatic adenocarcinomas and 

cell lines whereas it remained undetectable in normal pancreatic tissues 

(Andrianifahanana et al., 2001). Other studies also demonstrated a positive 

correlation between MUC4 expression and pancreatic tumour growth and 

malignant progression (Swartz et al., 2002), (Chaturvedi et al., 2007). 

In addition, samples V-109-T, V-125-T and V-124-T harboured inframe deletion 

mutations in NEFH gene, while DAVID functional enrichment analysis showed 

enrichment of this gene in cytoskeleton and cell projection. Interestingly, 

samples V-109-T and V-125-T had inframe deletion mutations in exactly the 

same position in both samples (blue highlighted cells in Table 7.5). A recent 

microarray study that was conducted in 2012 reported down-regulation of NEFH 

gene along with other genes in nine metastatic squamous cell lung carcinoma 

samples when compared with eight non-metastatic samples (Wang et al., 

2012b). 

Likewise, samples V-014-T, V-098-T and V-116-T had missense variant 

mutations in ANP32E gene. Remarkably, all the three samples had missense 

variant mutations in exactly the same position (blue highlighted cells in Table 

7.5).  In 2008, Tsukamoto et al. indicated that ANP32E expression was up-

regulated and more intensely expressed in the cytoplasm of gastric cancer cells 

when compared with non-neoplastic epithelial cells (Tsukamoto et al., 2008). 
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FAM194B, TBP, AGAP7, CCDC158, NBPF12, PCDH1 and HS6ST1 were 

shared between two OVC samples (Table 7.5). Samples V-014-T and V-123-T 

had splice acceptor variant mutations (two base region are changed at the 3' 

end) in the integral membrane protein PCDH1 gene within exactly the same 

position (blue highlighted cells in Table 7.5). Furthermore, DAVID functional 

enrichment analysis revealed enrichment of PCDH1 plasma membrane gene in 

cell adhesions. A previous study indicated that epigenetic silencing of PCDH1 is 

associated with breast cancer (Novak et al., 2008). Additionally, samples V-116-

T and V-123-T had splice acceptor variant mutations in CCDC158 gene within 

exactly the same position, and samples V-116-T and V-108-T had inframe 

deletion mutations in FAM194B gene also within exactly the same position  

(blue highlighted cells in Table 7.5). A recent study reported significant 

expression of CCDC158 gene along with other four genes in association with 

hepatocellular carcinoma (Huang et al., 2012).  
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Table 7.5 Shared somatic mutations between OVC samples 

Genes Category Samples Position Depth at 
position 

Mutant 
reads 

Normal 
depth Score Cellularity Consequence 

DSPP Extracellular region, 
calcium ion binding 

V-004-T chr4:88537297 116 45 112 153 97% Inframe deletion 
V-109-T chr4:88537297 48 21 54 81 100% Inframe deletion 
V-116-T chr4:88537072 32 19 15 43 100% Inframe deletion 
V-029-T chr4:88537486 138 43 165 165 89% Inframe deletion 

MUC4 
Plasma membrane part, 
cell adhesion, biological 

adhesion 

V-109-T chr3:195509108 34 8 36 19 66% Missense variant 
V-116-T chr3:195511897 37 12 23 20 93% Missense variant 
V-123-T chr3:195509563 27 5 44 22 53% Missense variant 

NEFH Cytoskeleton, cell 
projection 

V-109-T chr22:29885580 92 39 87 134 100% Inframe deletion 
V-125-T chr22:29885580 98 38 43 72 100% Inframe deletion 
V-124-T chr22:29885598 65 17 51 37 74% Inframe deletion 

ANP32E Phosphoprotein 
V-116-T chr1:150199042 107 27 62 58 71% Missense variant 
V-098-T chr1:150199042 75 19 70 58 72% Missense variant 
V-014-T chr1:150199042 59 13 54 30 63% Missense variant 

TBP Positive regulation of 
gene expression 

V-124-T chr6:170871013 109 73 47 150 100% Inframe insertion 
V-109-T chr6:170871037 21 8 17 16 100% Inframe deletion 

PCDH1 Cell adhesion, plasma 
membrane part 

V-123-T chr5:141247181 21 7 26 19 95% Splice acceptor variant 
V-014-T chr5:141247181 45 13 30 23 81% Splice acceptor variant 

HS6ST1 Plasma membrane part V-124-T chr2:129026227 61 12 25 19 56% Missense variant 
V-125-T chr2:129025860 52 13 43 37 71% Missense variant 

FAM194B Polymorphism V-108-T chr13:46170719 49 10 54 34 56% Inframe deletion 
V-116-T chr13:46170719 42 10 31 26 66% Inframe deletion 

AGAP7 Ion binding, cation 
binding  

V-109-T chr10:51464976 68 13 50 24 53% Missense variant 
V-124-T chr10:51465046 37 8 30 22 62% Missense variant 

NBPF12 - V-116-T chr1:146448501 32 15 28 39 100% Missense variant 
V-124-T chr1:147579272 36 21 13 28 100% Missense variant 

CCDC158 - V-116-T chr4:77305821 38 10 27 18 75% Splice acceptor variant 
V-123-T chr4:77305821 29 9 30 22 89% Splice acceptor variant 



	
  

	
  
 

226	
  

7.3.3 Functional analysis of mutated genes in OVC. (DAVID 
gene set enrichment analysis)  
 
To further assess the potential biological impact of the mutations observed in 

OVC cases, functional enrichment and pathway analysis was performed using 

the Database for Annotation, Visualisation and Integrated Discovery (DAVID) 

(Dennis et al., 2003). A total of 224 genes (18 potentially driver somatic mutated 

genes + 206 other mutated genes in OVC) contained putatively functional 

variants in the ten OVC cases. I tested for enrichment of Gene Ontology (GO) 

categories within each of these genes using DAVID with a threshold of: P<0.05 

(Table 7.6). From the functional annotation analysis and the results in Table 7.6 

below, 19 significant GO terms were allocated for OVC 224 mutated genes. The 

majority of the enriched mutated genes in the ten OVC cases located in the 

plasma membrane part (31 genes), participated in cell and biological adhesions 

(14 genes), and were implemented in calcium ion (Ca2+) binding  (15 genes). 

Enrichment of these categories is expected in the development of malignant 

lesions. DAVID biological processes: keratinocyte proliferation and cell 

proliferation were also significantly enriched in OVC cohort here. Mutations in 

the DNA can promote development of a normal keratinocyte into a potentially 

malignant or pre-malignant keratinocyte that is described by the capability to 

proliferate in a less-controlled manner than normal (Scully and Bagan, 2009a). 

Additionally, functional enrichment and pathway analysis was performed on 

OSCC cohort using DAVID computational tool (primary OSCC data belong to 

Pre-cancer Genomics Group). 140 significant gene ontology terms were 

allocated for OSCC mutated genes (data not shown). The majority of the 

enriched mutated genes in the 20 OSCC cases located in the cytoskeleton (81 

genes) and non-membrane-bounded organelle parts (119 genes), participated 

in cell adhesion (38 genes), cell death (37 genes) and were implemented in 

nucleotide binding (108 genes). Alterations in cellular proliferation and 

apoptosis pathways cause tumour development and enrichment of these 

categories is expected in OSCC lesions. 
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Remarkably, the gene ontology analysis of the target genes in OVC did not 

show any involvement of the mutated genes in cell death or apoptosis. Whereas 

multiple enriched GO terms related to cell death were enriched in OSCC 

cases, which include GO:0008219 cell death, GO:0043523 regulation of 

apoptosis and GO:0016265 death. For example, 1.7% of the genes are related 

to GO:0043523 apoptosis, 5.8% are related to GO:0008219 cell death, and 

5.8% are related to GO:0016265 death (data not shown). This can be attributed 

to the lack of TP53 mutation (involved in the apoptotic pathway) in OVC cases.  
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Table 7.6 Gene Ontology (GO) terms for enrichment amongst the 224 genes harbouring putatively functional variants in OVC cases, using DAVID. 

Gene Ontology 
(GO) category: GO term associated with the gene list No. of genes 

overlapping GO term 
% of total genes tested 
overlapping GO term  

DAVID 
P-Value 

Molecular 
function 

acetyltransferase activity 4 2.29 0.038 
Monovalent inorganic cation transmembrane 

transporter activity 5 2.87 0.014 

Inorganic cation transmembrane transporter activity 5 2.87 0.048 
Calcium ion binding 15 8.62 0.039 

Cellular 
component 

Apical plasma membrane 5 2.87 0.039 
Membrane raft 6 3.44 0.012 

Plasma membrane part 31 17.81 0.026 

Biological 
Process 

Response to tumour cell 2 1.14 0.046 
Keratinocyte proliferation 3 1.72 0.004 
Homophilic cell adhesion 7 4.02 0.001 

Cell morphogenesis involved in differentiation 7 4.02 0.029 
Cell-cell adhesion 8 4.59 0.017 

Cell projection organization 9 5.17 0.025 
Cell proliferation 10 5.74 0.024 

Positive regulation of transcription 11 6.32 0.043 
Positive regulation of gene expression 12 6.89 0.023 

Transmembrane transport 13 7.47 0.008 
Cell adhesion 14 8.04 0.016 

Biological adhesion 14 8.04 0.016 
 

The smaller the P-value, the more enriched are the genes in the GO category. 
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7.3.4 Integration of exome sequencing data and RNAseq gene 
expression data 
 
To highlight genes of possible clinical and biological importance in OVC, the list 

of significant mutated genes generated from exome sequencing analysis was 

integrated with genes from the significant differential expression lists for protein 

coding genes in OVC versus its matched normal, and OVC versus OSCCs, that 

was generated from RNAseq data analysis (chapter 6).  

No correlation was found between the mutated genes from the integrated 

analysis of the exome sequencing data and the differentially expressed genes 

from transcriptome sequencing data, except in one gene: CXCL5. Sample V-

125-T had a missense variant mutation in CXCL5 gene at chr4:74864240, 

which was also one of the DEGs, overexpressed in OSCC cohort when 

compared to OVC. CXCL5 has been previously found to be significantly up-

regulated in head and neck cancer cell line (HN12) that was obtained from a 

nodal metastasis (Miyazaki et al., 2006). However, it is important to remember 

that RNAseq gene expression data were taken from each OVC sample for the 

final (groups) differential expression analysis. While in the exome gene mutation 

data here, the missense variant mutation in CXCL5 gene was in one sample 

only (V-125-T). Also, and as a matter of fact, gene-expression data typically 

represent gene-level data, and not all expressed genes are caused by 

mutations. Generally, the effect of mutation on the gene expression is 

dependent on the type of the mutation and the type of the amino acid change.  

For example, with a splice site mutation that affects splicing and further 

transcription of the gene, no RNA expression would be expected, whereas 

missence changes might have no effect on the gene expression and the effect 

of the mutation will need functional assays to test the pathogenicity. 

Alternatively, the identified mutated genes could have an indirect effect and 

cause changes in gene expression throughout different set of genes that 

probably act in the same signalling pathway. These points justify why not all 

gene mutations in the exome sequencing study were reflected in gene 

expression levels.  
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7.4 Discussion 
 

It is known that molecular changes drive the cellular phenotype of any tumour. 

Until now, all the previously reported molecular studies of OVC lesions have 

inspected candidate genes rather than taking a complete genome wide 

approach. This study represents the largest and ‘first’ study, to date, to inspect 

somatic gene mutations that occur in OVC and compare them with mutational 

events in OSCC by performing high coverage whole exome sequencing (WES). 

WES have greatly clarified the genetic alteration landscape in several tumour 

types and provided biological understandings relevant to clinical contexts 

(Garraway and Lander, 2013). In addition, the affordable cost for achieving 

higher coverage for large sample numbers makes exome sequencing highly 

suitable for mutation detection in mixed purity cancer samples (Meyerson et al., 

2010). In general, knowledge of changes in the coding exons regions of all 

genes could suggest treatment selections and further therapeutic options 

(Garraway and Janne, 2012). The study of HNSCC biology using NGS 

techniques has guided to a clearer understanding of the aetiological and 

molecular aspects of HNSCC (Rizzo et al., 2014). The first next generation 

whole exome sequencing studies were performed in 2011 to identify the 

mutational landscape and events in key cell cycle components of HNSCC 

patient tumours (Agrawal et al., 2011), (Stransky et al., 2011). 

Exome sequencing data from OVC and adjacent normal tissues in this study 

has successfully identified a list of significant mutated genes in each OVC case. 

A total of 224 genes (18 potentially driver somatic mutated genes + 206 other 

mutated genes) contained putatively functional variants that were identified in 

OVC cases. However, this study has limitations; most notably, its small sample 

size due to the limited available funding for this project. Also, one of the main 

limitations was extracting DNA from histologically normal epithelium adjacent to 

the OVCs to be used as ‘normal-matching samples’ since no other source of 

’normal’ material was available for all patients (i.e. blood samples). Occult 

genetic abnormalities can arise within normal-appearing epithelium of cancer 

patients (Tripathi et al., 2008), and hence, if an early mutation has already 
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occurred in a certain gene in the normal adjacent epithelium, it will not be 

detected in the malignant OVC tissue. Another very important limitation of WES 

is the inability to comprehensively signify genomic structural variations, 

particularly, when the structural variants are important for gene transcriptional 

regulation (Biesecker et al., 2011). Additionally, exons constitute about 1% of 

the total human genome (~180,000 exons), while 99% of the genome (which is 

not yet functionally recognised) is not included in WES. So, if a certain variant is 

located in a distal regulatory region and has a main influence on a trait, it will be 

totally missed from the sequencing (Biesecker et al., 2011). However, mutations 

in the exome regions are more likely to have significant consequences than the 

99% remaining genome regions (Kumar et al., 2010).  

Moreover, the extracted DNA from each of the 12 OVC cases were divided for 

copy number analysis and WES experiments, which limited the option of 

studying biological replicates, for assessing any experimental errors. 

Furthermore, some exome sequencing studies used Sanger sequencing for the 

validation of the identified mutated genes (Chatterjee et al., 2012), (Wang et al., 

2012a), (Thompson et al., 2012). Unfortunately, this has not been applied here 

because of the limited available time and funding I have for this project. Again, 

and as explained in section 7.3.2 above, formalin-fixed tissues show a higher 

rate of non-reproducible DNA sequence changes than frozen tissues. In the 

work presented here, four samples (two tumours and their associated normals) 

were excluded from further analysis due to insufficient coverage and evidence 

of significant DNA damage caused by FFPE fixation (high mismatch rate, 

especially C/T changes). 

7.4.1 Implications of mutated genes in the current study 
 

Recent advances in cancer tissue genome sequencing have found that 

individual tumours harbour thousands of somatic variations (Pleasance et al., 

2010a), (Beroukhim et al., 2010). These include several genetic changes, such 

as LOH, rearrangements, single-nucleotide substitutions, deletions, insertions, 

whole-chromosome deletions or duplications and CN alterations (Pleasance et 

al., 2010a). It is generally believed that few of these variations trigger tumours 
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phenotypes; called driver mutations, while the vast majority of the variation 

events in cancer are called passenger mutations and are thought to have non-

significant phenotypes (Beroukhim et al., 2010), (McFarland et al., 2013). 

In the current study, 18 potentially driver mutated genes in Table 7.3 were found 

in more than 50% of OVC tumour cells, with Phred quality score of ≥15  These 

were either, tumour suppresser or oncogenes, involved in different pathways, 

and were previously identified in other cancer types. Therefore, mutations that 

have a consequence on protein function on those genes were expected to be 

driver mutations in the corresponding samples that they were identified in. 

However, and importantly, all these genes were not shared between the ten 

OVC samples, which does not confirm their involvement in the overall 

development process of OVCs. 

In addition, a total of 206 genes contained putatively functional variants in OVC 

cases. These genes were not identified in Stransky et al. whole genome 

mutational profiling data of HNSCC or the Cancer Gene Census database, or 

involved in any KEGG signalling pathway. Accordingly, only the shared mutated 

genes between more than two samples from the ten OVC cases are suggested 

to have a role in the development of OVC lesions. These genes include: DSPP 

gene (mutated in 40% of OVC cohort), MUC4, NEFH and ANP32E (mutated in 

30% of OVC cohort). Also, the four genes were mutated as well in at least one 

OSCC sample. To emphasise, all the four genes were described in previous 

cancer studies. Two earlier studies reported up-regulation of DSPP gene along 

with other genes in histologically aggressive and poorly differentiated OSCC 

and in some oral epithelial dysplasia (Ogbureke et al., 2007), (Ogbureke et al., 

2010). Other studies also demonstrated a positive correlation between MUC4 

expression and pancreatic tumour growth and malignant progression (Swartz et 

al., 2002), (Chaturvedi et al., 2007). The NEFH gene was also down-regulated 

along with other genes in metastatic squamous cell lung carcinoma samples 

when compared with non-metastatic samples (Wang et al., 2012b), and 

ANP32E expression was up-regulated in gastric cancer cells when compared 

with non-neoplastic epithelial cells (Tsukamoto et al., 2008). To point out, all the 

three samples that shared ANP32E gene mutation had missense variant 
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mutations in exactly the same position (blue highlighted cells in Table 7.5), 

which makes this gene a strong candidate that might have a role in the 

development of oral verrucous tumours. Two samples shared DSPP inframe 

deletion mutations in exactly the same position, and two samples shared 

aNEFH inframe deletion mutations in exactly the same position as well (blue 

highlighted cells in Table 7.5). Nonetheless, it must be remembered that these 

genes, at best, can only report on the likelihood of the development of OVC and 

requires further investigation.  

In addition, and from DAVID functional annotation analysis of the 224 mutated 

genes in OVC (Table 7.6), the majority of the enriched mutated genes in the ten 

OVC cases located in the plasma membrane part (31 genes), participated in 

cell and biological adhesions (14 genes), and were implemented in calcium ion 

binding  (15 genes). The phenotypic alterations associated with cancer 

development, including cellular proliferation and adhesion, are often initiated or 

mediated by plasma membrane proteins, making these essential in the 

biological process (Harvey et al., 2001). Dysregulation in cell adhesion genes is 

also expected as an early, cancer-related genetic change (Hanahan and 

Weinberg, 2011). Furthermore, Ca2+ signalling is involved in cancer cells 

tumorigenic dedifferentiation process either through intracellular Ca2+ alterations 

and/or through changes in extracellular Ca2+-sensing receptors (Bikle et al., 

2004). Alterations in the activity or expression of Ca2+ pumps and channels 

could have a promoting role in cancer. For example, overexpression of Ca2+ 

plasma membrane channels increases Ca2+ influx and endorses Ca2+-

dependent proliferative pathways (Berridge et al., 2003). Therefore, these 

cellular alterations explain the enrichment of the above GO terms in OVC. The 

biological processes: keratinocyte proliferation and cell proliferation were also 

significantly enriched in OVC cohort here. This is also expected since oral 

keratinocytes are assumed to be the cell of origin of squamous cell carcinomas 

(Scully and Bagan, 2009a).  

DAVID functional enrichment analysis was performed as well on OSCC cohort 

(primary OSCC data belong to Pre-cancer Genomics Group). The majority of 

the enriched mutated genes in the 20 OSCC cases were located in the 
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cytoskeleton, participated in cell adhesion and cell death, and were 

implemented in nucleotide binding. Dysregulation in cellular proliferation and 

apoptosis leads to cancer development (Hanahan and Weinberg, 2011). In 

addition, cancers metastatic process requires tumour cells to leave the primary 

cancer and to gain invasive and migratory capabilities. In epithelial-

mesenchymal transition (EMT) process, besides changing their cell adhesion 

properties, cancer cells involve developmental processes to attain invasive and 

migratory features that include an intense reorganisation of the actin 

cytoskeleton and the associated formation of membrane protrusions that are 

needed for invasive growth (Yilmaz and Christofori, 2009). Consequently, these 

cellular alterations explain the enrichment of the above GO terms in OSCC. 

Interestingly, OVC did not show any involvement of the mutated genes in cell 

death or apoptosis. Whereas multiple enriched gene ontology terms related to 

cell death were enriched in OSCC cases. This can be attributed to the lack of 

TP53 mutation in OVC; which has been significantly involved in the apoptotic 

pathway, and were found in OSCC cases here. 

7.4.2 Exome Sequencing Indicated that OVC tumour 
development was unrelated to the presence of the main HNSCC 
Mutations 
 

Interestingly, all the ten OVC samples showed lack of any mutations within 

TP53, CDKN2A, NOTCH1, NOTCH2 and FAT1 genes; which has been 

previously shown to be associated with HNSCC and were frequently detected in 

OSCC cases here as indicated above (section 7.3.2.1). 

7.3.4.1 Lack of TP53 mutations 
 

In human cancers, alteration in TP53 gene is one of the most commonly found 

genetic variations. P53 protein inactivation could be triggered by the binding of 

p53 protein to other proteins or by mutation in p53 gene (Lin et al., 2011). Few 

previous studies have investigated p53 expression of p53 in VC of different 

anatomic sites including the penis, vulva, and skin (Noel et al., 1996), 

(Adegboyega et al., 2005a), (Stankiewicz et al., 2009). P53 positive staining 

rate was reported to be, 87% for 15 penile VCs (Stankiewicz et al., 2009), 75% 
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for eight skin VCs (Noel et al., 1996). In other studies which have investigated 

p53 expression in head and neck VCs, P53 positive staining was reported in 

40% for ten laryngeal VCs (Lopez-Amado et al., 1996),  52% for 29 OVCs 

(Gimenez-Conti et al., 1996), 100% for four cases of head and neck VHs (Wu et 

al., 2002a), 88% for 26 H&N VCs (Wu et al., 2002a), and 50% for ten OVC 

(Ogawa et al., 2004). Also, from Chang et al IHC study in 2002; consistent 

absence of p53 staining was found in their OVH and OVC cases (Chang et al., 

2002). On the other hand, the expression of Ki67 and p53 was assessed by 

Klieb and Raphael in 28 OVH and 32 OVC cases (Klieb and Raphael, 2007a). 

More diffuse expression of Ki67 and p53 proteins were found from their study in 

OVC than that in OVH samples, and they suggested that, in difficult cases, this 

IHC panel might help in the diagnosis of both lesions (Klieb and Raphael, 

2007a). Though, no significant differences were revealed in p53 expression 

between OVC and OVH samples in this study. In addition, it is unclear if this 

expression represents stabilized wild type p53 or the mutant protein.  

The inconsistencies between the results of the previous studies could be 

attributed to differences in p53 protein staining techniques and evaluation 

methods as well as using different verrucous samples that might have incorrect 

histopathological diagnosis. In the conducted study here, all OVC obtained 

samples were carefully histopathologically diagnosed based on criteria 

recommended by WHO (Barnes L, 2005). Though, none of the ten OVC 

samples showed any mutations in TP53 gene. 

7.3.4.2 Lack of CDKN2A mutations 
 
Mutations in CDKN2A gene were also detected in about 7% of HNSCC tumours 

by exome sequencing (Agrawal et al., 2011), (Stransky et al., 2011). CDKN2A 

gene, on chromosome 9p21, encodes for p16, the tumour suppressor protein. 

CDKN2A is known to be the second most commonly tumour suppresser 

mutated gene after TP53 in HNSCC (Stransky et al., 2011). Loss of CDKN2A 

and TP53 genes decrease apoptosis and permit abnormal proliferation 

(Rothenberg and Ellisen, 2012). CDKN2A alterations have been identified 

through a series of different mechanisms including promoter methylation, 
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homozygous deletion, and absence of protein overexpression (Gonzalez et al., 

1997), (Shintani et al., 2001), (Reed et al., 1996a). A very recent conducted 

research reported frequent alteration in CDKN2A gene in oral tongue SCC 

tumours (Lim et al., 2014). In 1999, the expression of the cell cycle-associated 

proteins including p16, was investigated in 15 OVCs, 44 OSCCs, 57 dysplasia, 

and ten normals.  This study reported high expression of p16 in OVC (45%) 

when compared with OSCC (11%), and they attributed that to a possible 

relationship between HPV infections and OVC. Though, no HPV screening was 

carried on in this study (Saito et al., 1999b). Importantly, mutation in CDKN2A 

gene has not been identified before in any verrucous carcinoma lesions, and 

here, all the ten OVC samples did not show any mutations in this gene. 

7.3.4.3 Lack of NOTCH1 and NOTCH2 mutations 
 
Two previous whole-exome sequencing studies conducted by two research 

teams in 2011 revealed high rates of NOTCH1 somatic mutations (11%-15%) 

on a total of approximately 100 HNSCC samples (Agrawal et al., 2011), 

(Stransky et al., 2011). Since the reported mutations in these studies were 

either, located at domains impacting ligand binding, or leading to potential 

protein inactivation, NOTCH1 was suggested as a tumour suppressor gene in 

HNSCC (Agrawal et al., 2011), (Stransky et al., 2011). Notch1 mutation was 

also recently reported to be common in a Chinese OSCC cohort (Song et al., 

2014). NOTCH2 gene has the similar mechanism of action and structure with 

NOTCH1 gene. Also, Stransky et al. identified non-synonymous point mutations 

in NOTCH3 or NOTCH2 genes in 11% of the HNSCC cases. NOTCH1 and 

NOTCH2 genes have no been inspected before in any verrucous carcinoma 

lesions, and here, all the ten OVC samples did not show any mutations in either 

gene. 

7.3.4.4 Lack of FAT1 mutations 
 

Additionally, the identification of mutations in the FAT1 gene (located on 

chromosome 4q35) in nine HNSCC samples (12%) in Stransky et al. study 

provided a new insight into the potential mechanisms of metastasis and 
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invasion in HNSCC. A homozygous loss of FAT1 was previously identified in 

2007 using CGH-array and it was suggested to act as a putative tumour 

suppressor gene in oral cancer that might also play a role in other SCCs types 

(Nakaya et al., 2007). Again, mutation in FAT1 gene has not been identified 

before in any verrucous carcinoma lesions, and here, all the ten OVC samples 

did not show any mutations in this gene. 

In conclusion, the exome analysis of the significant mutated genes has 

highlighted a few ‘candidates’ that provide prima facie information about 

malignant progression for OVC, but additional functional studies as well as re-

sequencing these genes in larger patient populations will be needed for more 

accurate conclusions. The lack of any mutations within the HNSCC suggested 

tumour suppressor genes (TP53, CDKN2A, NOTCH1, NOTCH2 and FAT1) in 

the ten OVC cases is a significant finding that could underlie the more ‘benign’ 

behaviour of this tumour.  
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Chapter 8 Discussion 
 

 

Generally speaking, OVC clinico-histopathological diagnosis is usually 

exclusionary and difficult, though, it has a better prognosis compared to other 

carcinomas (Ray et al., 2011b). OVC is considered a histological subtype of oral 

carcinoma with a relatively indolent clinical course (Kademani, 2007, Cabay et 

al., 2007, Zhu et al., 2012). In 1980, the term verrucous hyperplasia of the oral 

mucosa was coined by Shear and Pindborg (Shear and Pindborg, 1980b), who 

demonstrated that 29% of OVH lesions also showed histological features of 

OVC. Very few studies have been published on OVH and the malignant 

transformation potential of VH lesions has not been inspected in detail (Shear 

and Pindborg, 1980b), (Hsue et al., 2007), (Ho et al., 2009). OVH is considered 

a histological precursor of OVC (Zhu et al., 2012) that may transform into either 

an OVC or an OSCC (Wang et al., 2009a). Distinguishing OVC from OVH 

lesions is difficult. In addition, distinguishing OVC from classical OSCC is a 

common problem for pathologists due to poorly defined diagnostic criteria. The 

aetiology of OVC is unknown, and the suggested role of HPV as a causative 

factor remains questionable. The rarity of these lesions makes them difficult to 

investigate, and most previous studies have been made on small numbers of 

cases.  

Hence, and in light of the above considerations, the specific aims of the project 

were to use NGS copy number analysis at low coverage to: identify OVC and 

OVH genomic characteristic features and determine if CN analysis could 

distinguish between the genomic damage pattern in OVH, OVC, and OSCC. 

Furthermore, this project aimed to investigate the transcriptional changes and 

somatic genomic alterations that occur in OVC and compare them with OSCC 

using next generation RNA sequencing and whole-exome sequencing 

approaches respectively. Additionally, since a verrucous appearance is 

suggestive of viral aetiology, this study aimed as well to analyse a subset of oral 

verrucous lesions (including VC, and VH cases) for the presence of HPV 

subtypes and all known human viral genomes. 
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8.1 NGS copy number analysis to identify OVC and OVH 
genomic characteristic features 
 

It has been previously demonstrated that NGS can provide genomic CN gain 

and loss details in a cost-effective manner from DNA isolated from FFPE tissue 

blocks stored after histopathological diagnosis (Wood et al., 2010), (Hayes et 

al., 2013). It has been also shown that the resolution of NGS CN method has a 

high degree of correlation and comparable with aCGH, but gives more 

information for less money with DNA extracted from FFPE materials, when 

applied at low multiplexing levels, and it is extremely adjustable (Wood et al., 

2010). Though it has some limitations (discussed in chapter four, section 4.4). 

In this study, the NGS copy number analysis method was used on nanogram 

quantities of DNA isolated from FFPE tissue, in the largest oral verrucous 

sample cohort described to date. Visual examination of the 16 individual 

genomic CN traces as well as OVH frequency karyogram, GISTIC heat map 

and GISTIC amplification and deletion plots, all revealed considerably less 

genomic damage in OVH samples, compared to OVC (N: 57), indicating that 

the genomic profile of these cases has minimal chromosomal abnormalities and 

is more similar to normal. These findings are surprising since it has been well-

known that OVH shares similar clinical and histological morphology to OVC, 

and the clinical differentiation of OVH from OVC is often difficult (Shear and 

Pindborg, 1980b), (Poh et al., 2001), (Zhu et al., 2012). From what has been 

found here, and despite the similar clinical and histological features that OVH 

and OVC share, the analysis of OVH individual CN karyograms showed that 

these lesions demonstrate different genomic profiles from OVC in that they 

present very low, narrow levels of DNA aneuploidy. Gains mapped at 

chromosome 7q11.2 and 7q22 were noticed in OVHs at a frequency of ~50%, 

suggesting that this CN alteration may be related to development of OVH. 

Visual examination of OVC (N: 57) genomic CN frequency karyogram and 

GISTIC amplification and deletion plots revealed gains at chromosome arms 7q, 

16q and 17q at a frequency of 50%, and these changes have not been 

previously identified as common CN altered chromosomes in oral cancer. 
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Nevertheless, deletion trends were minimally found in OVC’s frequency 

karyogram, GISTIC heat map and GISTIC deletion plot, suggesting that 

overexpression of oncogenes is most likely to be involved in the development of 

OVC. The CN gain in OVH group at chromosome 7q arm, with a frequency of 

~50%, was present as well in OVCs, suggesting that this region might harbour 

the first CN alteration involved in oral verrucous lesions (OVC and OVH).  

8.2 The use of NGS copy number profiles to distinguish 
between the genomic damage pattern in OVH, OVC and OSCC  
 
Visual examination of the 57 OVC CN traces revealed a lower level of genomic 

damage when compared with OSCC (N: 45). This suggests that OVC is 

characterized by a lower degree of chromosomal instability than OSCC. Similar 

results were obtained in 2011 by another study that investigated differences in 

chromosomal instability between OVC and OSCC using high-resolution DNA 

flow-cytometry and reported a lower degree of tumour heterogeneity and 

chromosomal instability in OVCs compared to OSCCs (Pentenero et al., 2011). 

In addition, the minimal or absent histological cytological atypia of OVC 

(Zargaran et al., 2012) could be another reason behind the lower level of 

chromosomal instability in OVCs. Interestingly, losses were detected more 

frequently in OSCCs than OVCs, suggesting that these CN alterations may be 

related to the more aggressive behaviour of OSCC. 

Losses on chromosomes 3p, 4q, 9p and 18q, and gains on chromosomes 3q, 

5q, 8q, and 20p are chromosomal signatures commonly linked with OSCCs 

(Baldwin et al., 2005), (Snijders et al., 2005), (Liu et al., 2006), (Jarvinen et al., 

2008), (Freier et al., 2010) and were frequently identified in OSCC cohort here 

but absent in oral verrucous lesions (OVC and OVH); suggesting that these CN 

alterations may be related to the more aggressive behaviour of OSCC. 

Additionally, the logistic regression analysis successfully distinguished between 

the two patient cohorts, correctly identifying 56 out of 57 OVC samples and 41 

out of 45 OSCCs. This is further evidence that the two groups had distinct 

patterns of genomic damage. 

Another key point, OVH is believed to be a precancerous lesion and may 
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‘transform’ into either OVC or OSCC (Chen et al., 2004a), (Wang et al., 2009a). 

However, visual examination of OSCC karyograms showed more gain and loss 

chromosomal abnormalities and much higher degree of aneuploidy across the 

whole genome when compared to OVCs. With this in mind, and because of 

significant differences between OVH and OSCC genomic profiles, I therefore 

suggest that OVH may transform to OVC rather than OSCC. GISTIC 

amplification and deletion plots of CNAs as well as GISTIC heat maps revealed 

the same results as the CN accumulative frequency karyograms for OVH, OVC 

and OSCC lesions in which they all clearly separated the three groups. 

CN karyograms helped change initial diagnoses of five cases with an initial 

diagnosis of OVC.  Visual examination of the CN karyograms for those samples 

revealed OSCC chromosomal signatures (mainly, loss in chromosome 3p arm 

and gain in 3q). A second, careful, blind, histological revision of those five 

cases by two different pathologists indicated that the final diagnosis is OSCC 

with a ‘verrucous appearance’ and these cases were excluded from this 

project. Copy number karyograms aided the revision of the pathological 

diagnosis in these five cases and hence I propose here that it could be useful 

for differential diagnosis of OVCs from OSCCs. 

Considered together the distribution of next generation CN aberrations in OVC 

and OSCC suggest that there are two different distinct routes to two different 

oral cancers, one associated with greater genomic rearrangements and 

acquisition of previously known OSCC chromosomal alterations and signatures, 

while the other lacks these CN aberrations and with lower level of chromosomal 

instability. A similar aCGH CN study on oral SCC and dysplasia groups was 

conducted in 2011 and has distinguished two subtypes that are suggestive for 

the development of at least two oral cancer pathways, which differ, in 

chromosomal instability and metastasis risk (Bhattacharya et al., 2011). They 

revealed two subtypes that were distinguished by acquisition of one or more 

specific CN alterations at four genomic regions: gain in 3q, loss in 8p, gain in 

8q, and gain in chromosome 20 (Bhattacharya et al., 2011). Furthermore, these 

subtypes were significantly differing in their metastasis risk, and accordingly 

they suggested that these variations in CN aberrations constitute a biomarker 
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with clinical value in identifying patients’ treatment on the basis of cervical 

lymph node metastasis risk.  Their results showed that neck metastasis was 

present in 22 of 48 (46%) of +3q-8p+8q+20 tumours and in only one of 15 (7%) 

of non +3q-8p+8q+20 tumours (Bhattacharya et al., 2011). 

Therefore & despite the WHO describing OVC as a variant of classical OSCC, 

CN results of this research project suggest that OVC is a distinct entity. I also 

demonstrated here that CN analysis could contribute to differential diagnosis of 

oral verrucous lesions and classical OSCCs using routine biopsy specimens. 

8.3 NGS for detecting human papillomavirus in oral verrucous 
lesions 
 
Since a verrucous appearance is suggestive of viral aetiology, a number of 

investigations to study the putative association between HPV and OVC have 

been undertaken (Stokes et al., 2012, Kari J. Syrjänen, 2000). These have 

reported a wide range in the incidence of HPV in OVC (30 – 100%) leading to 

its actual role in OVC pathogenesis being controversial and inconclusive. This 

variation can be attributed to the deficiency of standardized detection 

procedures, such as PCR and ISH, and the difficulty in defining complete 

histological criteria for OVH and OVC cases. Furthermore, the rarity of these 

types of lesions makes it difficult to study and investigate, and most previous 

studies or case reports have been made on small number of cases. Next 

generation sequencing was described here as a novel but validated, powerful, 

high-throughput method to investigate the presence of HPV and all 

characterised human viral genomes loads and subtypes in the largest oral 

verrucous sample cohort described to date, following careful histological 

definition for OVC and OVH lesions. HPV-16 sequence was identified in one 

OVH and one OVC, and HPV-2 sequence was detected in one OVC out of 73 

oral verrucous samples with low viral load levels [2.24, 8.16, and 0.33 viral 

genomes per cell] respectively; which confirmed that oral verrucous lesions are 

not associated with HPV or any other human virus. The method used here 

provides a digital readout of viral subtypes and loads with high sensitivity and 

specificity (Conway et al., 2012). Despite that 30% HPV-positive samples have 
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been reported in a previous review of 5,338 OSCC patients (Kansy et al., 2012); 

the study here suggested that oral verrucous lesions are not associated with 

HPV (Samman et al., 2014). 

8.4 Transcriptional and mutational events that occur in OVC in 
compare with the changes that occur in OSCC. 
 
It is known that molecular changes drive cellular phenotype of any tumour. 

Recent advances in cancer tissue genome sequencing have also found that 

individual tumours harbour thousands of somatic variations (Pleasance et al., 

2010a), (Beroukhim et al., 2010). This study represents the largest and ‘first’ 

study, to date, to inspect somatic gene mutations and transcriptional changes 

that occur in OVC and compare them with the mutational and transcriptional 

events in OSCC by performing high coverage whole exome sequencing and 

transcriptome sequencing, respectively. Again, and despite the proven utility of 

next generation exome sequencing and transcriptome sequencing techniques; it 

has some limitations, and these were discussed in chapter six, section 6.4, and 

chapter seven, section 7.4.  

All earlier studies on OVC were either case reports or Immunohistochemistry 

studies. Previous immunohistochemistry studies on oral verrucous lesions have 

yielded mixed results (GimenezConti et al., 1996), (Saito et al., 1999a), (Sakurai 

et al., 2000), (Chen et al., 2002b), (Wu et al., 2002b), (Impola et al., 2004), 

(Oliveira et al., 2005), (Angadi and Krishnapillai, 2007), (Klieb and Raphael, 

2007a), (Arduino et al., 2010), (Lin et al., 2011), (Zargaran et al., 2011a), (Odar 

et al., 2012a), (Quan et al., 2012), (Zargaran et al., 2012), (Mohtasham et al., 

2013), (Habiba et al., 2014).  Again, the rarity of these lesions (including OVC 

and OVH) also makes them difficult to explore. Using different samples, sample 

numbers, variations in clinical diagnosis, difficulties in defining ‘gold-standard’ 

histological criteria for diagnosing verrucous lesions, and different staining 

procedures and analysis methods may explain the lack of concordance 

between these studies. Nevertheless, only one gene expression study was 

published in 2014 for patients with OVC and OSCC (discussed in details in 

chapter 6, section 6.4.2) (Wang et al., 2014b). They reported eight differentially 
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expressed genes between OSCC and OVC (HLF, TGFBI, SERPINE1, MMP1, 

INHBA, COL4A2, COL4A1, and ADAMTS12). They proposed that the eight 

genes might differentiate and determine the identity of the two tumours and 

further studies on much larger samples must be conducted. They also 

suggested that their results indicate that OVC is a rare variant of OSCC but with 

different molecular footprint than OSCC (Wang et al., 2014b). Nonetheless, The 

eight genes that were proposed to differentiate between OVC and OSCC in 

Wang et al study were all also differentially expressed between OVC and OSCC 

cohorts in this study (refer to appendix 8.1). 

The clinical behaviour of OVC is usually indolent and generally benign. 

However, till now, the characteristics of OVC were only described by the 

clinicopathological parameters, and no available well-defined gene expression 

profiles for this tumour. Functional characterisation of the significant expressed 

genes on an individual basis in this study has highlighted several candidate 

genes in which the expression status of those genes in the OVC cohort could 

suggest their potential roles. These genes were discussed in details in chapter 

six and are summarised in appendix 8.1. In addition, the exome analysis of the 

significant mutated genes here has highlighted few candidates that might 

provide important information about the malignant progression for OVC. These 

genes were discussed in details in chapter seven and are summarized as well 

in appendix 8.1. Nonetheless, these suggested genes require further 

investigation and additional functional studies as well as re-sequencing these 

genes in a larger patient population. 

DAVID functional enrichment and pathway analysis on RNA and exome 

sequencing OVC genes data revealed that a significant number of the enriched 

differentially expressed genes and mutated genes are located in the plasma 

membrane, participate in cell adhesions and keratinocyte differentiation, and 

were involved in calcium ion (Ca2+) binding. On the other hand, DAVID 

functional enrichment and pathway analysis on RNA and exome sequencing 

OSCC genes data revealed that a significant number of the enriched 

differentially expressed genes and mutated genes located in the cytoskeleton, 
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participated in cell adhesion and migration, angiogenesis and cell death, and 

were implemented in nucleotide and growth factor binding.  

Clustering via principle component analysis, using data from expressed genes 

in OVC and OSCC similarly revealed an evident separation of the two cohorts. 

Additionally, and in light of the dissimilarities within the functional enrichment 

categories between OVC and OSCC, as well as gene expression differences 

between the two groups, and the lack of any mutations within HNSCC 

suggested TSGs (TP53, CDKN2A, NOTCH1, NOTCH2 and FAT1) in the ten 

OVC cases indicates that there are two different routes to two different oral 

cancer types, one associated with greater genomic instability and acquisition of 

previously known OSCC gene expressions and mutations signatures, while the 

other lacks these aberrations.  

Irrespective of the techniques used in this project (i.e. CN analysis, RNAseq 

and whole exome sequencing); OVC and OSCC tumours appeared differently, 

and they clearly separated. As before, and although the WHO describes OVC 

as a variant of classical OSCC, RNA and exome sequencing results of this 

project confirms the claim that OVC is a distinct entity.  

An aim of the detailed analysis of cancer genomes is to discover genomic 

features that are prognostic for disease outcome and predictive of treatment 

response. Historically genomic and genetic changes at specific loci have 

provided this information (Brodeur et al., 1984), (Slamon et al., 1987) but more 

recently examination of the whole genome has been shown to have predictive 

power. Genomic analysis has been used to reclassify breast cancer tumours 

providing better prediction of disease outcomes (Dawson et al., 2013) and 

recently, molecular classification using multiple platforms has effectively 

clustered subtypes across different cancer tissue types,  identifying unexpected 

associations that could influence choice of therapy (Hoadley et al., 2014). The 

wide application of NGS with powerful bioinformatics tools, mainly through 

transcriptome and exome sequencing, provides a high-resolution view of the 

cancer genome and promises improvements in cancer research, diagnosis and 

therapy (Guan et al., 2012).Though, translation of NGS data into routine clinical 

practice still remains challenging.  
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Patients with oral cancer would benefit from a biomarker that would indicate 

outcome, specifically metastatic spread, as it is common practice to remove 

associated neck lymph nodes at the same time as the oral tumour resection 

even without radiological evidence of spread. This procedure can result in 

considerable morbidity and a clear indication of its requirement would be of 

advantage to management of this disease. The traditional treatment of OVC is 

complete surgical excision of the lesion (Ferlito and Recher, 1980), (McDonald 

et al., 1982), (Kang et al., 2003), (Arduino et al., 2008)  with radiation treatment 

applied in some conditions of either poor surgical candidates or for extensive 

disease cases (Kolokythas et al., 2010). Unlike OSCC, surgical treatment of VC 

should not involve neck dissection (Thomas and Barrett, 2009), although lymph 

nodes enlargement might be palpated, whereas patients with a verrucous lesion 

that harbour conventional SCC must be treated as if they had invasive SCC 

(Sheen et al., 2004), (Thomas and Barrett, 2009). A mis-diagnosis of a 

verrucous SCC [actually an OVC] will get over-treated with more aggressive 

surgery, radiotherapy possibly and maybe neck dissection, which will result in 

considerable morbidity. It has been shown here that copy number analysis 

could be a useful tool for the differential diagnosis of OVCs from OSCCs. 

Verrucous carcinoma although rarely metastatic can be locally destructively 

invasive and may benefit from therapeutic approaches in addition to surgery.  

The results of this project, including: NGS copy number, RNA and exome-

sequencing data should correct our understanding of the definition of OVC and 

subsequently aid in a more accurate diagnosis, prognosis and treatment of 

patients. The genomic and transcriptomic changes described here may suggest 

routes to the identification of drug target specific for these verrucous tumours. 
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Appendices 

 

Chapter 2 Appendices 
Appendix 2.1 List of suppliers. 

 

Supplier                                        Addresses     E.mail addresses 

Agencourt Bioscience MA, USA webinfo@agencourt.com 

Agilent technologies CA, USA  

BDH Poole, UK uksales@uk.vwr.com 

BioLabs                                                  Ipswich, MA, USA  orderinfo@neb.com   

Covaris Inc. Massachusetts, USA info@covarisinc.com 

Epicentre  USA  

Gibco                                  Paisley, UK  euroinfo@invitrogen.com 

Illumina Inc. UK info@illumina.com 

Integrated DNA technologies UK custcare@idtdna.com 

Invitrogen                              Paisley, UK   euroinfo@invitrogen.com 

Nikon                                            Florida, USA  

Olympus                                                           Essex, UK Microscope@olympus.uk.com 

Promega                               Madison, WI, USA custserv@promega.com 

Qiagen                                  West Sussex, UK customercare@qiagen.com 

Sigma-Aldrich St Louis Mo, USA ukorders@sial.com 

Solmedia UK labsupplies@solmedialtd.com 

Thermo Fisher Scientific USA TSsupport@thermofisher.com  
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Appendix 2.2 Ethical approval letter 

 
 

 



	
  

	
  
 

288	
  

 

 

 

 

 

 

 

 

 

 

 

 



	
  

	
  
 

289	
  

Appendix 2.3 GISTIC2.0 parameters 
 

Name Option String Description 

refgene.file 
(required) 

 

-refgene 
 

The reference file including cytoband and gene 
location information. (Default: hg19) 

seg.file 
(required) 

 

-seg 
 

The segmentation file contains the segmented data for 
all the samples identified by GLAD, CBS, or some 

other segmentation algorithm. (See GLAD file format 
for more information.) It is a six- column, tab-delimited 
file with an optional first line identifying the columns. 

Positions are in base pair units. 
markers.file 
(required) 

 

-mk 
 

The markers file identifies the marker names and 
positions of the markers in the original dataset before 
segmentation. It is a three-column, tab- delimited file 

with an optional header. Markers are sorted by 
genomic position if the file is not already in that order. 

gene.gistic 
(required) 

 

-genegistic 
 

Flag indicating that the gene GISTIC algorithm should 
be used to calculate the significance of deletions at a 

gene level instead of a marker level. (Default: yes) 
amplifications. 

threshold 
(required) 

 

-ta 
 

Threshold for copy number amplifications. Regions 
with a log2 ratio above this value are considered 

amplified. (Default: 0.1) 

deletions. 
threshold 
(required) 

 

-td 
 

Threshold for copy number deletions. Regions with a 
log2 ratio below the negative of this value are 

considered deletions. (Default: 0.1) 

join.segment. 
size (required) 

 

-js 
 

Threshold for copy number deletions. Regions with a 
log2 ratio below the negative of this value are 

considered deletions. (Default: 0.1) 
qv.thresh 
(required) 

-qvt 
 

Significance threshold for q-values. Regions with q-
values below this number are considered significant. 

(Default: 0.25) 
remove.x 
(required) 

-rx 
 

Flag indicating whether to remove data from the X 
chromosome before analysis. (Default: yes) 

confidence.level 
(required) 

-conf 
 

Confidence level used to calculate the region 
containing a driver. (Default: 0.75) 

run.broad. 
analysis 

(required) 

-broad Flag indicating whether an additional broad-level 
analysis should be performed. (Default: no). 

broad.length. 
cutoff (required) 

-brlen 
 

Threshold used to distinguish broad from focal events, 
given in units of fraction of chromosome arm. (Default: 

0.98) 
max.sample. 

segs 
-maxseg Maximum number of segments allowed for a sample in 

the input data. Samples with more segments than this 
threshold are excluded from the analysis. (Default: 

2500) 
arm.peel -armpeel Whether to perform arm level peel off, which helps 

separate peaks and clean up noise. (Default: no) 
output.prefix 

(required) 
-fname The prefix for the output file name. 
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Chapter 4 Appendices 
 

Appendix 4.1 Failed verrucous samples.  
 

 

 

 

 

 

Sample 
ID 

Fail reason Additional comments 

V-06-01 Library preparation failed Illumina GA Library preparation protocol, 
Library DNA too low 

V-09-01 Library preparation failed Illumina GA Library preparation protocol 

V-13-01 Library preparation failed Illumina GA Library preparation protocol, 
Library DNA too low 

V-16-01 Library preparation failed Illumina GA Library preparation protocol, 
Library DNA too low 

V-17-01 Library preparation failed Illumina GA Library preparation protocol 

V-24-01 Library preparation failed Illumina GA Library preparation protocol, 
Library DNA too low 

V-32-01 Library preparation failed Illumina GA Library preparation protocol, 
Library DNA too low 

V-34-01 Low DNA yield after 
extraction    

V-35-01 Library preparation failed Illumina GA Library preparation protocol 

V-39-01 Low DNA yield after 
extraction   

V-43-01 Library preparation failed Illumina GA Library preparation protocol 

V-45-01 Library preparation failed Illumina GA Library preparation protocol 

V-56-01 Low DNA yield after 
extraction    

V-59-01 Low DNA yield after 
extraction    

V-64-01 Low DNA yield after 
extraction    

V-76-01 Low DNA yield after 
extraction    

V-81-01 Library preparation failed Very old sample, 1993 

V-82-01 Low DNA yield after 
extraction    

V-103-01 Low DNA yield after 
extraction    
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Appendix 4.2 OVH CN keryograms 
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Appendix 4.3 OVC CN keryograms 
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Appendix 4.4 The three study groups for copy number analysis, and 
OSCC clinicopathological data. 
 

OVH (N: 16) OVC (N: 57) OSCC (N: 45) 

Sample ID Sample ID Sample ID Sex Age 

V-95-1-B V-04-01-E9 PG001-T-1-EL1-DNA Male 72 
V-02-02-C1 V-07-01-A PG004-T-3-EL1-DNA Male 80 
V-03-01-A1 V-10-01-1 e1 PG013-T-1-DNA Male 57 

V-015-01-A3 V-014-01-5 PG015-T-1-DNA Female 53 
V-022-01-4 V-019-01-I4 PG016-T-1-DNA Male 63 

V-025-01-D2 V-20-3 PG017-T-1-DNA Male 75 
V-029-02-A3 V-026-01-A4 PG018-T-1-DNA Male 72 

V-30-1 V-060-01 PG021-T-1-DNA Female 53 
V-031-01-B1 V-61-1-4 PG023-T-1-DNA Female 52 
V-033-01-4 V-62-1-B PG027-T-1-DNA Female 53 

V-40-1 V-63-1-2 PG028-T-1-DNA Male 84 
V-041-01-G V-65-1-D1 PG029-T-1-DNA Male 54 

V-42-1-G V-66-1-B PG031-T-1-DNA Male 60 
V-44-1-3J V-67-1-B1 PG032-T-2-DNA Female 60 
V-46-1-2 V-68-1 PG036-T-1-DNA Male 53 
V-106-01 V-69-1-D PG038-T-2-DNA Male 52 

 V-70-1-B PG049-T-1-DNA Female 56 
 V-71-1-5 PG059-T-1-DNA Female 73 
 V-72-1-4 PG063-T-1-DNA Female 57 
 V-73-1 PG071-T-1-DNA Male 63 
 V-74-1-A PG079-T-1-DNA Male 54 
 V-75-1 PG083-T-1-DNA Male 52 
 V-77-1 PG104-T-2-DNA Male 61 
 V-78-1-A PG105-T-1-DNA Female 73 
 V-79-1-B PG108-T-1-DNA Male 72 
 V-80-1 PG118-T-1-DNA Male 57 
 V-83-1-C PG121-T-5-DNA Male 54 
 V-84-1 PG122-T-1-DNA Male 43 
 V-85-1 PG123-T-3-DNA Female 53 
 V-86-1 PG129-T-1-DNA Male 71 
 V-88-1 PG130-T-1-DNA Female 47 
 V-89-1-A PG133-T-1-DNA Male 65 
 V-90-1 PG135-T-1-DNA Male 66 
 V-91-1 PG137-T-1-DNA Male 52 
 V-92-1 PG139-T-4-DNA Male 68 
 V-93-1 PG141-T-1-DNA Male 46 
 V-94-1 PG142-T-1-DNA Male 71 
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 V-98-1-D PG144-T-1-DNA Male 91 
 V-99-1-4 PG156-T-1-DNA Male 62 
 V-100-1-B PG187-T-1-DNA Male 40 
 V-101-1-F PG192-T-1-DNA Male 74 
 V-102-1 PG195-T-2-DNA Male 69 
 V-105-01 PG197-T-1-DNA Male 56 
 V-108-01 PG198-T-1-DNA Male 54 
 V-109-T PG200-T-1-DNA Male 68 
 V-110-01    
 V-112-T    
 V-113-T    
 V-114-T    
 V-116-T    
 V-117-T    
 V-118-01    
 V-119-T    
 V-122-01    
 V-123-T    
 V-124-T    
 V-125-T    
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Appendix 4.5 OSCC CN keryograms 
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Appendix 4.6 Copy number karyograms for misrepresented OVC cases.  
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Chapter 6 Appendices 
Appendix 6.1 SERPINE1 in KEGG p53 signaling pathway.  
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Chapter 8 Appendices 
 

Appendix 8.1 Implications of mutated and differentially expressed genes in this project. 
 

Genes Genes status  NGS 
technique 

Suggested impact in the 
biology of OVC 

Reason  

PAX9 
TGM3 
CRNN 
ADH7 

SERPINE1 

Significantly down-regulated in OVC 
Significantly down-regulated in OVC 
Significantly down-regulated in OVC 
Significantly down-regulated in OVC 
Significantly overexpressed in OVC 

RNAseq Genes that could have a 
role in the development of 

OVC 

Expression status of those genes in OVC cohort 
matched with their expression status in other 
HNCs studies. (Gerber et al., 2002), (Chen et 
al., 2000), (Chen et al., 2013), (Hashibe et al., 

2008), (Chin et al., 2005). 
KRT76  
KRT2 

Significantly overexpressed in OVC 
Significantly overexpressed in OVC 

RNAseq Genes that could have a 
role in the development of 

OVC 

Keratins are expressed continuously in epithelial 
tumour cells, which are also a characteristic of 

their origin site. Both genes were previously 
down-regulated in OSCC (Zain et al., 2010), 

(Ambatipudi et al., 2013). 
DLG2 
HBB 

DSC1 

Significantly overexpressed in OVC 
Significantly overexpressed in OVC 
Significantly overexpressed in OVC 

RNAseq Genes that could be a 
reason behind the indolent 

behavior of OVC 

Down-regulation or loss of those genes has 
been reported previously to be associated with 

the development or progression of HNCs (Onda 
et al., 2005), (Reshmi et al., 2007), (Teh et al., 

2011). 
LAMC2 
SMR3B 

TNFRS12 
IGFBP6 
FSTL3 

Significantly overexpressed in OSCC 
Significantly overexpressed in OSCC 
Significantly overexpressed in OSCC 
Significantly overexpressed in OSCC 
Significantly overexpressed in OSCC 

RNAseq Genes that could be a 
reason behind the indolent 

behavior of OVC 

Overexpression of those genes has been 
previously reported in HNCs (Patel et al., 2002), 

(Lindberg et al., 2006), (Pyeon et al., 2007), 
(Cacalano et al., 2008), (Freier et al., 2010), 

(Hassan et al., 2011), (Ambatipudi et al., 2012). 
HLF 
HBB 

INPP5f 

Significantly overexpressed in OVC 
Significantly overexpressed in OVC 
Significantly overexpressed in OVC 

RNAseq Overexpression of those 
TSGs in OVC could explain 

its benign behavior 

These genes were suggested as TSGs in 
different cancers (Woenckhaus et al., 2006), 
(Onda et al., 2005), (Ribarska et al., 2012). 

CDH3 
HPGD 

Significantly overexpressed in OVC 
Significantly overexpressed in OVC 

RNAseq Overexpression of both 
genes in OVC could be a 

reason behind its non-
metastatic feature  

Down-regulation of both genes has previously 
been found in lymph node metastasises 

(Mendez et al., 2009), (Kawamata et al., 2003). 

CXCL5 
THBS1 
MT2A 

Significantly overexpressed in OSCC 
Significantly overexpressed in OSCC 
Significantly overexpressed in OSCC 

RNAseq Absence of overexpression 
of those genes in OVC 
could explain its non-

Genes were previously reported to be 
overexpressed and involved in cancers 

metastasis (Miyazaki et al., 2006), (Mendez et 
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MT1X Significantly overexpressed in OSCC metastatic feature al., 2009), (Skubitz et al., 2012). 
HLF 

TGFBI 
SERPINE1 

MMP1 
INHBA 

COL4A2 
COL4A1 

ADAMTS12 

Significantly overexpressed in OVC 
Overexpressed in OSCC 
Overexpressed in OSCC 
Overexpressed in OSCC 
Overexpressed in OSCC 
Overexpressed in OSCC 
Overexpressed in OSCC 
Overexpressed in OSCC 

RNAseq Possible biomarkers to 
differentiate between OVC 

and OSCC tumours. 

Were all proposed to differentiate between OVC 
and OSCC in Wang et al study. All genes were 
overexpressed in OSCC samples versus OVCs 
in Wang et al study except for HLF gene, and 

the same expressions status were also obtained 
here from the generated RNAseq results. 

SERPINE1 
CDH3  

PLA2G4D 

Significantly overexpressed in OVC 
Significantly overexpressed in OVC 
Significantly overexpressed in OVC 

RNAseq Possible biomarkers  Have been also identified within significant 
chromosomal gain regions in the CN analysis 

data  (chapter four). 
DSPP 
MUC4 
NEFH 

ANP32E 

Mutated in 40% of OVC cohort 
Mutated in 30% of OVC cohort 
Mutated in 30% of OVC cohort 
Mutated in 30% of OVC cohort 

Exome 
sequencing 

Mutated genes could have 
a role in the development of 

OVC 

All the four genes were described in previous 
cancer studies. 

TP53 
CDKN2A 
NOTCH1 
NOTCH2 

FAT1 

Mutated in 70% of OSCC cohort 
Mutated in 35% of OSCC cohort 
Mutated in 10% of OSCC cohort 
Mutated in 25% of OSCC cohort 
Mutated in 20% of OSCC cohort 

Exome 
sequencing 

The lack of any mutations 
within those TSGs in the 
ten OVC cases could be 

behind the benign behavior 
of this tumour.  

The five genes are significant HNSCC cancer 
genes (Agrawal et al., 2011), (Stransky et al., 

2011). 

 

 




