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Abstract 

Squamous cell carcinoma of the head and neck (HNSCC) is an extremely common 

and devastating disease with a bleak prognosis. Despite intensive research, survival 

rates have not improved over the past 30 years principally due to untreatable 

recurrent/metastasising disease. Feline oral squamous cell carcinoma (FOSCC) is an 

equally common disease in cats with an even less favourable prognosis than humans. 

Human and feline squamous cell carcinomas share similar etiopathogenesis, 

molecular markers, tumour biology and treatment thus making FOSCC an excellent 

model for HNSCC. Epithelial to mesenchymal transition (EMT), under the direction 

microRNAs (miRNAs/mirs) could be a key driver in oncogenic transformation and 

chemoresistance. The aim of this study was to induce resistance to characterise the 

EMT/resistance phenotype and to investigate whether common miRNA-mediated 

pathways are present in HNSCC and FOSCC that drive this phenomenon. 

We used epidermal growth factor (EGFR)-inhibitor gefitinib to induce resistance in 

HNSCC and FOSCC and investigated the associated EMT-related molecular changes. 

In vitro and in vivo invasive and migratory properties of both species were explored to 

determine whether resistance and/or EMT status conferred a functional advantage. We 

determined the miRNA expression pattern during acquisition of resistance to gefitinib 

in both species by next generation sequencing and screened candidate miRNAs as 

potential therapeutics.  

We found that gefitinib-resistance produced a previously unrecognised biphasic 

response that consisted of two distinct phenotypes, a highly invasive mesenchymal 

phenotype during early resistance, and a more epithelial phenotype associated with 

established resistance. The biphasic nature of this transition may prove critical in 

establishing effective therapeutic targets and the timing of treatment to overcome 

resistance or in preventing local invasion or metastatic spread of squamous cell 

carcinoma.  
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We found that the major anti-apoptotic PI3K/AKT pathway was activated in 

transitioning and resistant cells of both species as demonstrated upregulation of AKT, 

pAKT and c-FLIP together with inactivation of PTEN by phosphorylation. This 

indicates that avoidance of apoptosis may be a major pathway in resistance that could 

be targeted therapeutically. We showed that three miRNAs were differentially 

expressed in both gefitinib-resistant human and feline cell lines: miR-107 was 

downregulated, and miR-551b and miR-574 were upregulated. These microRNAs 

provide potential therapeutic targets in the fight against drug resistance in head and 

neck cancer although much further research needs to be conducted to elucidate the 

complex network of interactions that may be affected by targeting these powerful 

regulatory molecules. 
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Lay Summary 

Head and neck cancer in humans is an extremely common and devastating disease 

with a bleak prognosis. Despite much research, survival rates have not improved over 

the past 30 years. The main barrier to successfully treating this disease is development 

of resistance to chemotherapy which means that many patients relapse and the 

prognosis becomes very poor. It has been discovered that cancer cells hijack 

biological pathways that are normally involved in growth and repair and use them to 

defend themselves against chemotherapy. This allows the cancer cells to resist 

treatment and continue to grow and progress. Head and neck cancer is equally 

common in cats but has a worse outcome than in humans. Human and cat head and 

neck cancer share many features and respond to treatment in a very similar way so we 

hope that research in cat cancer will also be applicable to human disease.  

We used human and cat head and neck cancer cells grown in the laboratory to 

investigate the interaction between biological pathways and development of resistance 

to a particular chemotherapeutic agent known as gefitinib.  

We found that the human and cat cancer cells do develop resistance to gefitinib and 

the changes that accompanied this were somewhat unexpected because they not only 

became tolerant of the treatment but they also became more aggressive and invasive. 

They changed from being static and benign cells to being very mobile and invasive. 

We found that particular molecules and pathways were activated in this process that 

were not active in the untreated cancer cells. This gives us the opportunity to carry out 

further research to try and block these molecules and pathways to see if we can stop 

cancer cells becoming resistant to treatment and thereby improving prognosis and life 

expectancy for humans and cats with this dreadful disease. 
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1 Introduction 

1.1 Feline oral squamous cell carcinoma (FOSCC) 
Oral neoplasias are one of the most common cancers in cats and account for 10% of 

all feline tumours (Stebbins et al., 1989). The majority of these, approximately 60-

70%, are feline oral squamous cell carcinoma (FOSCC), which tend to present in older 

cats, average age at presentation being 12.5 years (range 3-21 years) (Hayes et al., 

2007). 

 

Figure 1-1: Feline oral squamous cell carcinoma (FOSCC) in situ. White arrow points to large circa 10x10 
mm FOSCC on underside of tongue. Location of these make them particularly hard to detect. 

FOSCC is an aggressive, recalcitrant disease that causes inherent destruction of oral 

tissues and is often associated with tooth loss, ulceration, necrosis, bone invasion and 

secondary bacterial infections (see Figure 1-1) (Martin et al., 2012). Although early 

diagnosis and treatment can be curative, the location of FOSCC makes the disease 

particularly difficult to detect, and cats generally present with advanced, invasive 

disease that carries a very poor prognosis (Nagata et al., 2011). Metastatic disease in 

FOSCC is traditionally thought of as relatively rare (Murphy, 2016) although recent 

research has reported regional metastasis in the mandibular lymph nodes (31%) with 

distant pulmonary metastasis in 33% of these cases (Soltero-Rivera et al., 2014). 

FOSCC

Open feline 
mouth

Underside of tongue
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Environmental factors increase the risk of developing FOSCC through inhalation or 

oral ingestion of material during grooming. Cats that wear flea collars have five times 

the risk of FOSCC compared to those that do not, a canned rather than dry food diet 

increases the risk 3-fold and exposure to environmental tobacco 2-fold (Bertone et al., 

2003). Gender is not a risk factor in FOSCC, incidence of occurrence being similar in 

male and female cats (Martin et al., 2011).  

Effective therapies are few and disease control is the main objective of treatment. 

Surgical excision alone results in high recurrence rates and sometimes may lead to 

long term morbidity (Northrup et al., 2006). Radiation therapy is not able to control 

FOSCC although survival can be slightly better using an accelerated radiation protocol 

(Bregazzi et al., 2001; Fidel et al., 2007).  

Chemotherapy has shown minimal effect against oral SCC in cats either as single 

treatment modality or combined with radiation therapy. Gemcitabine is an analogue 

of deoxycytidine with powerful radiosensitising capabilities that is used as part of a 

multimodal therapeutic approach in HNSCC. Gemcitabine with radiotherapy in 8 cats 

resulted in 2 complete and 4 partial responses with median duration of remission 

being 42.5 days (range 11 to 85 days) and median survival time of 111.5 days (range, 

11 to 234 days) (Jones et al., 2003). A further study using the same dosage of 

gemcitabine (25 mg/m2 twice weekly) together with radiation found unacceptable 

levels of toxicity in 6 out of the 10 cats treated while the remaining 4 cats required 

dose reduction or delay – in addition no real anti-tumour effects were apparent with a 

median local control time of only 3 months (LeBlanc et al., 2004). A recent 

retrospective comparative study investigated the effects of toceranib, a tyrosine kinase 

inhibitor for treatment of canine cutaneous mast cell tumours, in FOSCC. The study 

comprised 46 cats with FOSCC, 23 received toceranib treatment and 23 received no 

treatment. There was a 53% response rate in the group treated with toceranib and 

median survival time was 123 days compared with 45 days in cats not treated with 

toceranib (Wiles et al., 2016).  
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Cisplatin is a relatively effective chemotherapeutic agent in human head and neck 

squamous cell carcinoma (HNSCC) and although it leads to pulmonary vasculitis and 

death in cats, a second-generation cisplatin analogue, cis-bis-neodecanoato-trans-R,R-

1,2-diaminocyclohexane platinum (II) (NDDP), was liposome-encapsulated (L-NDDP), 

and was predicted to have an increased therapeutic index and decreased toxicity (Fox 

et al., 2000). Eighteen cats were treated with L-NDDP and despite being tolerated in 

the majority of animals, two cats suffered acute anaphylactoid-parasympathomimetic 

reaction. In addition, no therapeutic benefit was seen in cats that tolerated treatment 

with L-NDDP.  

Despite aggressive treatment including radical surgery, radiation therapy and 

chemotherapy, rates of survival for longer than 1 year are typically less than 10% 

(Hayes et al., 2007). New treatment strategies and therapeutic agents are desperately 

needed to try to improve outcomes for this devastating disease. 

1.2 Human head and neck squamous cell carcinoma (HNSCC) 
Human head and neck squamous cell carcinoma (HNSCC) and FOSCC share many 

similar features. HNSCC is the sixth most common type of cancer in man, representing 

about 6% of all cases and accounting for an estimated 650,000 new cancer cases and 

350,000 cancer deaths worldwide every year (Schöder, 2013). Risk factors for HNSCC 

are a history of smoking and alcohol use; epidemiological studies show that the risk of 

developing HNSCC is 5-9 times greater for smokers than for non-smokers, and this risk 

may increase to as much as 17 times greater for extremely heavy smokers of 80 or 

more cigarettes per day (Neville and Day, 2002). Although this represents a 

particularly high percentage of HNSCC cases, it should be noted that approximately 

25% of cases do not coincide with a history of tobacco or alcohol usage (Johnson, 

2012).  

In Asian countries chewing of betel quid is linked to the development of HNSCC and 

is thought to be responsible for half of the oral cancer cases found in India (Travasso, 

2013). The betel quid consists of betel leaf, areca nut and slaked lime with or without 

added tobacco and the habit of betel quid chewing is highly prevalent in countries 

with the highest incidence of oral squamous cell carcinoma (OSCC) (i.e. India, 

Pakistan, Bangladesh and Sri Lanka) (Shield et al., 2016).  
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HNSCC is more common in males than females - the global incidence being 

approximately 3 times higher in males than females (Gupta et al., 2016). This is almost 

certainly linked to the increased prevalence of smoking and tobacco use amongst 

males compared to females. Although the global rates of smoking are decreasing (ca 

40% of males smoked in 1980 compared to 30% in 2012 and 11% of females smoked 

in 1980 compared to 6% in 2012), males are currently approximately 5 times more 

likely to smoke than females (Ng et al., 2014).  

In addition, human papillomavirus (HPV) is becoming increasingly important in the 

development of the disease, particularly in younger people (Marur and Forastiere, 

2008). 

 

 

Figure 1-2: Human head and neck squamous cell carcinoma (HNSCC) in situ. HNSCC lesions presenting as 
white patches on the interior cheek mucosa. As the cancer develops these will increase in size and can 
ulcerate and invade surrounding tissue. 

HNSCC lesions often present as either white or red patches, known as leucoplakia and 

erythroplakia respectively (Figure 1-2). As the cancer develops, the patient may notice 

the presence of a non-healing ulcer, and later-stage symptoms include bleeding, 

loosening of teeth, difficulty wearing dentures, dysphagia, dysarthria, odynophagia, 

and development of a neck mass (Neville and Day, 2002).  

Interior mucosa of 

human cheek

Teeth

HNSCC
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When detected early, HNSCC has a 75% 5-year survival rate, but as approximately 

two-thirds of patients present with metastatic disease, the 5-year survival rate for these 

patients is reduced to only 35%. This is one of the lowest survival rates among 

aggressive cancers and has shown no significant improvement in recent years . 

Surgery, radiation, and chemotherapy in various combinations are utilized in the 

management of HNSCC, depending on stage (see Table 1-1 adapted from (Thompson, 

2006)) and primary site. Limited or early-stage disease (stage I and II) is the presenting 

stage in approximately 40% of patients and is usually treated with surgery or radiation 

alone (Marur and Forastiere, 2008; Pfister et al., 2013).  

Table 1-1: Staging for Oral Cavity Cancer 

 

Primary curative surgery for HNSCC is reserved for accessible tumours in which clear 

margins can be achieved and function preserved. Traditional open surgery or 

minimally invasive procedures such as transoral robotic surgery (TORS) or laser 

surgery are employed depending on the anatomy and tumour characteristics (Kofler et 

al., 2014). The former can result in extreme morbidity, cosmetic deformity and 

functional impairment but the latter is only available for selected tumours. Currently, 

TORS is offered as an alternative to chemoradiation as a function-preserving strategy 

with or without neck dissection and has proved to be effective for resection of a 

variety of lesions (Cohen et al., 2011). 

Stage Criteria

I

Tumour ≤2 cm, ≤5 mm depth of invasion (DOI) (DOI is depth of invasion and not 

tumour thickness

II Tumour ≤2 cm, DOI >5 mm and ≤10 mm or tumour >2 cm but ≤4 cm, and ≤10 mm DOI

III Tumour >4 cm or any tumour >10 mm DOI

IV Moderately advanced or very advanced local disease

IVa Without bone invasion

IVb With bone invasion
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For treatment of locally advanced disease, radiation therapy (RT) is employed as an 

adjunct to surgery or concurrent with chemotherapy. The risk of long-term toxicity 

from radiation to the salivary glands, pharyngeal constrictor muscles, and thyroid 

gland, leading to xerostomia, dysphagia, percutaneous endoscopic gastrostomy tube 

dependence, chronic aspiration, and hypothyroidism increases with exposure and can 

have a devastating impact on quality of life (Langendijk et al., 2008). Recent advances 

with intensity-modulated radiotherapy (IMRT) allow reduced exposure of salivary 

glands and this can have a major benefit for patients in reducing subsequent 

xerostomia although this can be difficult to achieve in practice and the risk of 

co-morbidities is still present (Vlacich et al., 2014).  

The majority of patients present with advanced-stage disease (stage III to IVB) (Argiris 

et al., 2008). Despite three decades of chemotherapeutic trials, the benefits remain 

modest and aggressive, site-specific multimodality therapy, will still result in 

recurrence in up to 60% of patients and of these, up to 30% will go on to develop 

distant metastatic disease (Marur and Forastiere, 2016). Methotrexate, bleomycin, 

cisplatin, carboplatin, ifosfamide and fluorouracil (5FU), used either as single agents or 

in combination, have led to response rates around 15–28% (Adamo et al., 2004). 

Cisplatin-based regimens have taken centre stage over the past 20 years with response 

rates of 14–41% being reported. These were further refined by combining cisplatin 

with fluorouracil to achieve a more consistent response rate of 32% and this has been 

the standard treatment for patients with recurrent and metastatic HNSCC (Posch et al., 

2016).  

p53 is among the most commonly mutated genes in many diverse cancer types and 

encodes tumour suppressor protein p53 which is vital in maintaining genomic integrity 

(Muller and Vousden, 2013). Mutation of p53 can inactivate p53 protein resulting in 

dysregulated cell-cycle progression, cellular proliferation and initiation of a 

tumorigenic cascade (Zhou et al., 2016). Mutation of p53 is common in HNSCC and is 

found in 60-80% of cases. This, in combination with other molecular changes, has 

been found to result in immortalisation of cell lines in vitro and the same effect has 

been achieved by inactivation of the p53 protein (Leemans et al., 2011).  
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Advances in the understanding of molecular biology of cancer have revealed a 

number of other candidate molecules and pathways dysregulated in HNSCC such as 

EGFR, MET, HDAC1, HIF 1 alpha, HDAC2, MTOR, STAT3, NOTCH1, MET-PIK3CA-

MTOR, EGFR-RAS-RAF1-MEK, and WNT/b-catenin (Burtness et al., 2013; Galloway et 

al., 2015; Lechner et al., 2013; The Cancer Genome Atlas Network, 2015). Of 

particular interest are the human epidermal growth factor (EGFR) family in HNSCC 

because of the frequent and early overexpression of EGFR in this disease (Kalish et al., 

2004). Up to 90% of HNSCC tumours overexpress EGFR and elevated expression 

correlates with increased tumour size, decreased radiation sensitivity, and increased 

risk of recurrence (Boeckx et al., 2013; Ciardiello and Tortora, 2003). 

Research targeting molecular pathways in cancer have already led to development of 

a monoclonal antibody, cetuximab, that targets and blocks the ligand binding site of 

EGFR. Cetuximab was added to the existing treatment combination of platinum and 

fluorouracil, and survival was significantly improved compared to treatment with 

platinum and fluorouracil alone. No previous trials, even those with a reasonable 

sample size, has shown that aggressive platinum-based combination chemotherapy 

leads to survival benefit when compared to single agent methotrexate, cisplatin or 5-

fluorouracil. After decades without real progress, this study showed that adding 

cetuximab, the first clinically available EGFR-directed monoclonal antibody, to a 

standard chemotherapy regimen (platinum/5-fluorouracil) prolonged median overall 

survival from 7.4 to 10.6 months (Vermorken et al., 2008) This important survival 

benefit has changed practice and has become the treatment of choice for patients who 

can tolerate platinum-based therapy.  

Despite these improvements in treatment regimens the median survival time is still 8–

10 months (Sacco and Cohen, 2015). Further research is needed to understand the 

molecular mechanisms involved in the initiation and progression of oral squamous 

cell carcinoma, and why potentially effective therapies are failing.  
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1.3 HNSCC and human papillomavirus (HPV) 
There has been a remarkable shift in the epidemiology of head and neck cancer over 

the past decades. Incidence of oropharyngeal squamous cell carcinoma (OPSCC) has 

been increasing while cancers of the larynx and hypopharynx have decreased (Marur 

and Forastiere, 2016). This change has been observed in parallel with a decrease in 

cigarette smoking and the emergence of an epidemic of HPV-related OPSCC. 

Approximately 25% of HNSCC worldwide are associated with HPV (Vu et al., 2010) 

and the incidence of HPV-positive OPSCC in the United States increased by 225% 

between 1988 and 2004, and HPV-negative OPSCC decreased by 50% (Sturgis and 

Cinciripini, 2007).  

Of the many HPV subtypes, HPV16 and 18 are known to be oncogenic in human 

epithelial tissue (Faridi et al., 2011) and high-risk HPVs, including HPV16, 18, and 31 

were detected in 19% of HNSCC (Supsavhad et al., 2016) with HPV16 being thought 

to be responsible for >90% of HPV-positive HNSCC (Marur et al., 2010). Among non-

HPV16 subtypes, HPV18 and 33 were most strongly associated with oropharyngeal 

cancer, while HPV52 was associated with oral cancer (Kofler et al., 2014). While 

HPV-related HNSCC patients constitute a unique population of patients who are 

typically younger and less likely to smoke and drink, they enjoy significantly better 

outcomes with current standard therapies better than that their HPV-negative 

counterparts, 2-year overall survival of 94% compared to 58% (Fakhry et al., 2008).  

In addition to differences in their response to treatment, HPV-negative and HPV-

positive HNSCC have very different expression patterns in two of the most well 

documented tumour suppressors, p53 and p16. p53 in HPV-negative HNSCC tends to 

be mutated and expression of p16 is very low whereas HPV-positive HNSCC contain 

wild-type p53 and overexpress p16 (Burtness et al., 2013).  

Although much research is ongoing, it is reasonable to assume that the absence of 

disruptive p53 mutations in combination with high expression of tumour suppressor 

p16 may underlie the improved patient outcome for HPV-positive HNSCC. 
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1.4 Feline OSCC as a model for Human HNSCC 
Human and feline squamous cell carcinomas share similar etiopathogenesis, 

molecular markers, tumour biology and treatment thus making FOSCC an excellent 

model for HNSCC (see Table 1-2, (Wypij, 2013)). 

Table 1-2: FOSCC as a model for HNSCC 

 

Criteria

• Similar incidence in native population

• Access to normal and cancer-bearing animals

• immune competence 

• Spontaneous tumour development

• shared environment/diet/risk exposure

• similar tumour biology and genetics

• shared molecular targets

• similar tumour microenvironment and cell-stromal interactions

• tumour heterogeneity

• similar latency period

• acquired resistance to chemotherapeutic agents

• spontaneous recurrence and metastasis

• similar prognostic factors

• similar diagnostics and cancer therapy

• multimodality treatment feasible

• serial biopsies/biospecimens feasible

• gene-expression analysis and tumour proteomics

• ability to validate biomarkers

• not constrained by traditional Phase I/II/III trial design

• veterinary trials similar in calibre yet less costly than human trials



10 

 

Cats sharing the same environment as their owners, and having meticulous grooming 

habits, may result in exposure to similar environmental chemical risk factors (Bergkvist 

et al., 2011a; Snyder et al., 2004). Similar histopathological features and biological 

behaviours also exist between human and feline HNSCC (Pang and Argyle, 2009; 

Tannehill-Gregg et al., 2006; Wypij, 2013). As in humans, spontaneous feline 

HNSCCs are aggressive, heterogeneous tumours that do not respond well to 

chemotherapeutic treatment, have high morbidity and a low survival rate (Tannehill-

Gregg et al., 2006). The metastatic rate of HNSCC in cats (13-31%) is comparable to 

human HNSCCs where 15–20% of cases develop metastases (Herring et al., 2002; 

Marur and Forastiere, 2008; Poirier et al., 2013; Sacco and Cohen, 2015). Bone 

invasion, lymph node metastasis and frequent spontaneous recurrence after therapy in 

feline HNSCC mirror the progressive behaviour of human HNSCC (Soltero-Rivera et 

al., 2014). Staging is very similar to that used for human disease and in fact, the same 

staging criteria are often used to stage feline disease (Table 1-1).  

Overexpression of EGFR is common in human HNSCC and has likewise been found in 

feline HNSCC together with a high degree of homology between feline and human 

EGFR, especially in the ATP binding pocket (Bergkvist et al., 2011b). High EGFR 

expression levels in feline HNSCC were detected in vivo (Rathore et al., 2014). An 

inverse correlation between EGFR expression and overall survival time (OST) in 

humans with HNSCC was reported (Ferrarotto and Gold, 2014) and in felines with 

FOSCC (Bergkvist and Yool, 2011). Gefitinib, an EGFR inhibitor, has been found have 

similar effects on cell migration and proliferation in human and feline HNSCC cell 

lines and both develop resistance to treatment with gefitinib (Bergkvist et al., 2011a; 

Pang et al., 2012).  

In addition to EGFR, many other molecules frequently overexpressed in HNSCC have 

also been found to be overexpressed in FOSCC (see Table 1-3) (Giuliano et al., 2016; 

Gray et al., 2016; Supsavhad et al., 2016; Wypij, 2013; Tannehill-Gregg et al., 2006). 

Those associated with cell proliferation and growth include receptor tyrosine kinase 

ERBB2, nuclear protein ki67, oncogenic transcription factor Fra-1, oncogene c-Myc, 

cell cycle regulator Cyclin D1, and inflammation enzyme COX2. Expression levels of 

tumour suppressor protein p53 was also found to be similar between HNSCC and 

FOSCC. 
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Table 1-3: Similarities and differences between HNSCC and FOSCC 

 

  

Criteria HNSCC FOSCC

Overexpression of molecular markers:

EGFR � �

ERBB2 � �

VEGF � �

COX2 � �

Ki67 � �

FRA1 � �

c-Myc � �

Cyclin D1 � �

Tumour biology:

Rate of metastatis to lymph nodes 15-20% 13-33%

Local bone invasion � �

Frequent spontaneous recurrence after therapy � �

Survival rate 50% (5 year) 10% (1 year)

Genetic:

Combined overall genetic homology 90% 90%

Expression of p53 20-40% 30%

Low intensity of p16 staining 48% 42%

Survival rate 50% (5 year) 10% (1 year)
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Although there are many similarities between human and feline disease, the 

relationship between HPV infection and SCC is distinctly different between humans 

and cats. The occurrence of papillomavirus DNA has been frequently detected in 

feline cutaneous SCC but not in FOSCC (Munday et al., 2008, 2009). Despite a high 

intensity of p16 immunostaining (an indicator of papillomavirus infection in HNSCC) 

being found in a small proportion (14%) of FOSCC biopsies no papilloma viral capsid 

DNA was detected in the p16-positive samples (Supsavhad et al., 2016). As such, 

unlike HNSCC, there appears to be no evidence indicative of a causal relationship 

between papillomavirus infection in cats and development of FOSCC (Munday et al., 

2009).  

There are many pathophysiologic and genetic similarities between non-HPV-related 

HNSCC and FOSCC and suggests the latter to be a potential valuable model for 

translational research on novel drug, genetic, nanoparticle, and interventional 

therapies.  

1.5 Use of cancer cell lines as a model for in vivo disease 
Cancer cell lines are frequently used as a model for in vivo disease. There are many 

valid reasons as to why this practice is so common but the limitations of extrapolating 

the results of research conducted in this way should always be considered when 

drawing conclusions about the primary disease in question.  

Much of what we know about cancer today has been made possible by the use of cell 

lines in research and they offer several advantages over primary cells. Cancer cell lines 

are cost effective, easy to use, provide an unlimited supply of material and bypass 

ethical concerns associated with the use of animal and human tissue. They also 

provide a homogeneous population which is important for reproducibility and also 

eliminates some of the variables that could affect reliability of results. There are a large 

number and variety of cell lines available, they are easily and quickly accessible, and 

relatively easy to grow and maintain.  
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Conversely, there are many disadvantages to using cell lines. Unlike cell lines, many 

tumours are heterogeneous in nature and contain many different cell types that 

communicate with each other and provide a rich and diverse microenvironment 

(Meacham and Morrison, 2013). Cell lines are derived from a subset of tumour cells 

and it is very unlikely that they will be representative of every cell type that was 

present in the primary tumour. Effects seen in cell lines may then not be applicable to 

different cell types in the same tumour. Genotype and phenotype can drift over 

passages particularly in cells that have been passages thousands of times (van Staveren 

et al., 2009) – this could render the cells unrepresentative of the original tumour. The 

cell culture environment is very different to that occurring in vivo.  

There is no supporting microenvironment, no blood supply and no fluctuations in 

growth factors, hormones and other molecules that would normally occur if the cells 

were growing in a tumour environment (Ferreira et al., 2013). In addition, the culture 

environment itself can change gene expression. The impact of these limitations is only 

just beginning to be understood and there is much focus on developing models that 

will be more representative of tumour growth and progression in situ.  

Despite this, cell lines have a definite place in cancer research, particularly for 

screening experiments, early stage and molecular or cellular research and provide a 

vital first step in the pathway to understanding disease process.  
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1.6 Dysregulation of growth factors in cancer 
Normal cell growth is tightly regulated through activation of cellular signal 

transduction pathways. Growth factors and their receptors play a fundamental role in 

the communication between outside the cell surface and the inside compartments 

(Schlessinger and Lemmon, 2006). The human epidermal growth factor receptor 

(ErbB/HER) family comprises four closely related receptors: epidermal growth factor 

receptor (EGFR; HER-1, and ERBB1), human EGFR-2 (HER-2 and ERBB2), HER-3, and 

HER-4, which are transmembrane glycoproteins containing an extracellular ligand 

binding domain and an intracellular receptor tyrosine kinase (RTK) domain. 

Dysregulation of ErbB/HER pathways by overexpression or constitutive activation can 

promote tumour processes including angiogenesis and metastasis and is associated 

with poor prognosis in many human malignancies (Baba et al., 2012). In addition, it is 

well recognized that members of ErbB/HER share remarkable homology in their TK 

domains, but are distinct in their extracellular and COOH-terminal domains making 

them imminently targetable in drug therapy (Klapper et al., 1999).  

1.6.1 EGFR in cancer 

EGFR is a 170 kDa transmembrane glycoprotein, which consists of an extracellular 

ligand-binding domain, a hydrophobic transmembrane domain involved in 

interactions between receptors within the cell membrane, and an intracellular domain 

that serves as the site of protein kinase activity (Morgillo et al., 2007). 

In normal EGFR activation, ligand binding causes dimerisation, which induces the 

activation of the tyrosine kinase domain and leads to autophosphorylation of the 

receptor. This results in recruitment of a wide range of adaptor proteins and signalling 

complexes, and activates the ras–mitogen-activated protein kinase (MAPK)–

extracellular signal-regulated kinase (ERK), signal transducers and activators of 

transcription (STATs), and phospholipase C gamma (PLC-γ) pathways (Hynes and 

Lane, 2005; Rogers et al., 2005). These potent oncogenic signalling cascades affect 

gene transcription. Amplification of EGFR in cancer promotes the activation of 

downstream prosurvival signalling pathways. These include the RAS–RAF–MEK–

MAPK/ERK, PI3K–AKT, SRC and Janus kinase (JAK)–signal transducer and activator of 

transcription 3 (STAT3) pathways. Activation of these pathways result in increased cell 

survival, proliferation, invasion and metastasis (see Figure 1-3). 
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Figure 1-3: EGFR signalling pathways in cancer. Amplification of EGFR in cancer promotes the activation of 
downstream prosurvival signalling pathways. These include the RAS–RAF–MEK–MAPK/ERK, PI3K–AKT, 
SRC and Janus kinase (JAK)–signal transducer and activator of transcription 3 (STAT3) pathways. Activation 
of these pathways promotes survival, proliferation, invasion and metastasis.  

EGFR is a receptor tyrosine kinase that is frequently aberrantly expressed in epithelial 

tumours. Amplification of EGFR is commonly thought of as the main mechanism by 

which EGFR signalling is increased in many types of cancer. Other mechanisms 

include activating EGFR mutations, decreased levels of phosphatase, increased 

coexpression of receptor ligands, such as transforming growth factor a (TGFα) and 

amphiregulin, and heterodimerisation with HER2 and/or the other members of the ERB 

receptor family, as well as interaction with heterologous receptor systems (Ciardiello 

and Tortora, 2003).  
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Two decades ago EGFR was the first receptor to be proposed as a target for cancer 

therapy (Mendelsohn, 1997). Much research has been ongoing since then and has 

contributed to our knowledge of the molecular biology of EGFR including elucidation 

of intrinsic and acquired mutations. As a result, a range of novel therapeutics targeting 

EGFR are in development, and study of the mechanisms and reactions of these 

molecules could help develop targets against other receptors (Scaltriti and Baselga, 

2006). 

EGFR overexpression in cancer initiates cell proliferation, invasion, metastasis and 

tumour-induced angiogenesis while reducing apoptosis making this molecule an 

obvious therapeutic target (Baba et al., 2012).  

1.7 EGFR as a therapeutic target in HNSCC 
Two primary groups of agents are currently being used, or tested, for therapeutic 

targeting of EGFR: anti-EGFR monoclonal antibodies and small molecule tyrosine 

kinase inhibitors (TKIs). Four monoclonal antibodies are actively being investigated, 

namely cetuximab, panitumumab, zalutumumab, and nimotuzumab. Each of these 

antibodies recognizes and binds the extracellular region of EGFR. TKIs that have been 

tested in HNSCC, or are undergoing evaluation, include gefitinib, erlotinib, and 

lapatinib (Johnson, 2012). 

Cetuximab is an IgG1, chimeric human/mouse monoclonal antibody that binds with 

high affinity to EGFR. Cetuximab exhibits two distinct mechanisms of action. First, 

cetuximab competitively inhibits ligand binding to EGFR, thereby inhibiting activation 

of EGFR tyrosine kinase activity and subsequent signalling. Second, binding of 

cetuximab to EGFR-expressing cells induces antibody-dependent cellular cytotoxicity 

mediated by host immune cells (Brand et al., 2011). In 2006, results were reported 

from a landmark, randomized phase III trial of HNSCC patients with locally advanced 

disease that compared cetuximab plus radiation to radiation alone (Bonner et al., 

2006). 
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The addition of cetuximab resulted in significant improvement of locoregional control 

(24 months for the combination versus 15 months for radiation alone) and overall 

survival (49.0 months versus 29 months). A more recent update from this trial 

continues to demonstrate a benefit to cetuximab inclusion (5-year survival rate of 

45.6% for the combination versus 36.4% for radiation alone) (Bonner et al., 2010). On 

the basis of this trial, the United States Food and Drug Administration approved the 

use of cetuximab in patients with locally advanced HNSCC. Thus, cetuximab is the 

first biological agent approved for use in HNSCC and represents the first major 

addition to the treatment armamentarium for this disease in several decades.  

Monoclonal antibodies (mAbs) directed against EGFR are advantageous due to their 

high specificity for their target. However, antibodies tested so far fail to substantially 

inhibit signalling derived from constitutively active EGFR (Martinelli et al., 2009). As 

mAbs act at the external domain of the receptor they rely on ligand binding activation 

so will be ineffective for internalised or constitutively active EGFR. This suggests that a 

different approach should also be investigated and that small-molecule TKIs may be of 

value in treating HNSCC. In addition, TKIs offer the advantage of being orally 

bioavailable (Brand et al., 2011; Kalyankrishna and Grandis, 2006).  

On the other hand, a significant downside of the TKIs is a lack of specificity. In 

addition to inhibiting EGFR, or HER family members, TKIs described often exhibit 

some level of cross-inhibition of other receptor or non-receptor tyrosine kinases 

(Johnson, 2012). EGFR and HER family members exhibit cross-talk with one another 

and downstream signalling pathways due to the high degree of homology between 

them.  

The cross-talk at the receptor level includes other receptor tyrosine kinases while 

cross-talk downstream affects signalling pathways such as RAS/RAF/MEK/MAPK/ERK 

and PI3K/AK that directly regulate cell survival and growth, and are critical for cancer 

initiation, progression and drug sensitivity (Yamaguchi et al., 2014).  
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Gefitinib and erlotinib exhibit some specificity for EGFR and are FDA-approved for use 

in non-small cell lung cancer. Moreover, specific activating mutants of EGFR that are 

found more frequently in lung cancer than in HNSCC have been shown to exhibit 

heightened sensitivity to gefitinib and erlotinib, thus making them particularly valuable 

for treating lung cancer (Cappuzzo et al., 2004). However in HNSCC, a phase III trial 

failed to demonstrate a benefit of adding gefitinib to methotrexate in refractory disease 

and results from a phase II trial combining gefitinib and docetaxel were disappointing 

(Argiris et al., 2013; Cohen et al., 2005).  

Despite several therapeutic EGFR inhibitors being developed that should prevent 

intracellular pathway activation many patients are refractory to EGFR inhibitor 

treatment, underscoring that simple EGFR expression is not a reliable predictor of 

response to EGFR therapy. It has since become clear that efficacy of EGFR inhibitors 

has been thwarted by treatment resistance (Beloueche-Babari et al., 2015).  

1.7.1 EGFR inhibition and drug resistance 

Resistance to EGFR-targeted therapies can be either intrinsic or acquired. Intrinsic 

resistance occurs in patients who either do not achieve stable disease or who progress 

within months after an initial clinical response despite expressing high levels of EGFR. 

Acquired resistance typically develops after patients show a significant clinical 

response over a prolonged period but this is not sustained and the disease eventually 

progresses.  

However, patients eventually develop drug resistance. Although research is at an early 

stage, resistance to EGFR-TKIs has been reported due to various mechanisms, such as 

the secondary mutation (T790M), activation of alternative pathways (c-Met, HGF, 

AXL), aberrance of the downstream pathways (K-RAS mutations, loss of PTEN), 

impairment of the EGFR-TKIs-mediated apoptosis pathway (BCL2-like 11/BIM deletion 

polymorph- ism), histologic transformation, ATP binding cassette (ABC) transporter 

effusion (Huang and Fu, 2015).  

As for HNSCC, the T790M mutation, well known to confer the resistant phenotype in 

NSCLC, is uncommon in patients with HNSCC (Hama et al., 2009) and other 

resistance mechanisms have not yet been reported consistently.  
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The majority of patients with HNSCC do appear to display acquired resistance to 

EGFR inhibitors, and the mechanisms underlying this observation are beginning to be 

understood but further work is required to elucidate the principal mechanisms so that 

more effective therapies can be developed.  

As in HNSCC, FOSCC has been reported to develop resistance to TKIs. The 

mechanism has not yet been elucidated but may be similar to those suggested for 

human disease. Investigation into one possible route of resistance, the T790M 

mutation in the ATP binding pocket of EGFR, has revealed no mutation in the 

gefitinib-resistant cells of a commonly used FOSCC cell line, SCCF1, so alternative 

mechanisms must be responsible for the resistance observed in this particular cell-line 

(Bergkvist et al., 2011a). Further research needs to be carried out to determine the 

nature of these mechanisms. 

Of interest, a growing body of evidence had linked drug resistance to epithelial-to-

mesenchymal transition (EMT) (Arumugam et al., 2009; Dave et al., 2012; Shang et al., 

2013; Singh and Settleman, 2010; Smith and Bhowmick, 2016). 

1.8 Epithelial to mesenchymal transition (EMT) 
EMT is an essential process that allows cells to develop and differentiate into 

organisms with many different organ and tissue types and is fundamental to embryonic 

development and wound repair (Thiery and Sleeman, 2006; Thiery et al., 2009). 

During EMT a series of cascades leads to a change in cell phenotype from a stationary, 

polarised, differentiated phenotype characteristic of healthy epithelial tissue to a 

migratory, de-differentiated phenotype characteristic of a mesenchymal cell (see 

Figure 1-4) which includes enhanced migratory capacity, plasticity, mobility, elevated 

resistance to apoptosis, and greatly increased production of extracellular matrix (ECM) 

components (Kalluri, 2009; Leopold et al., 2012; Savagner, 2010). 
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Figure 1-4: Epithelial to mesenchymal transition (EMT). The change from epithelial to mesenchymal cells 
is very dynamic and involves loss of cell-cell junctions, loss of baso-apical polarisation, acquisition of 
front–rear polarisation (necessary for cell migration), remodelling of intracellular architecture and 
concomitant morphology change from stable, cuboid cells to flat, spindle-shaped cells with the ability to 
migrate. 

The change from epithelial to mesenchymal cells is very dynamic and involves loss of 

cell-cell junctions, loss of baso-apical polarisation, acquisition of front–rear 

polarisation (necessary for cell migration), remodelling of intracellular architecture and 

alterations in expression level of proteins critical for defining cellular shape which 

drive the morphological change from stable, cuboid cells to flat, spindle-shaped cells 

(Savagner, 2010).  

At the molecular level, the progression of EMT is controlled by multiple signalling 

pathways and their coordinated interplay is critical for the induction of EMT responses 

(see Figure 1-5). 

One of the most studied EMT-inducing proteins is transforming growth factor-β (TGF-

β), which acts at various regulatory levels, and via SMAD/non-SMAD signalling 

(Derynck et al., 2014). TGF-β interacts with TGF-β type I/II receptors to activate 

SMAD2/3, resulting in SMA2/3/4 complex generation. The latter translocates to the 

nucleus of the cell where it interacts with transcription factors responsible for 

controlling genes favouring the EMT phenotype (Xu et al., 2009).  
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Additionally, TGF-β impacts the induction of miRNAs which are known to down-

regulate the expression of epithelial markers. Besides regulating SMAD and miRNAs, 

TGF-β induces PI3K-AKT, ERK-MAPK, p38-MAPK and JNK signalling that are also 

associated with controlling EMT progression (Zaravinos, 2015). TGF-β type 1 receptor 

mediated phosphorylation of SHCA generates a docking site for GRB2 and SOS which 

activates RAS-RAF-MEK-ERK MAPK signalling. TGF-β receptor complex-TRAF6 

interaction activates TAK1 which further induces p38 MAPK and JNK, and to 

consolidate EMT progression (Lamouille et al., 2014).  

Upon stimulation through several different growth factors (EGF, FGF, HGF and VEGF), 

receptor tyrosine kinases (RTKs) activate RAS-RAF-MEK-ERK MAPK signalling cascade. 

The activated ERK1/2-MAPK induces key transcription factors, as well as EMT 

promoting regulators of cell motility and invasion (RHO GTP-ases and S6K) (Psyrri et 

al., 2013). Wnt signalling is known to drive EMT through GSK3β inhibition and beta-

catenin stabilization. Upon its nuclear translocation, β-catenin interacts with 

transcription factors TCF-LEF and activates the EMT program (Song et al., 2010).  

RTKs or integrin induced AKT activation leads to increase in the expression of SNAI1 

via inhibition of GSK-3lβ (Zhou et al., 2004). GLI1 induces SNAI1 (Snail) expression in 

Hedgehog signalling, while SNAI2 (Slug) expression is up-regulated by the 

intracellular domain of Notch, which can lead to a decreased E-cadherin expression (a 

hallmark of EMT) (Micalizzi et al., 2010). IL6 and other inflammatory cytokines 

secreted by cancer cells promote EMT via STAT3-induced SNAI1/Snail expression 

(Yadav et al., 2011). In the tumour microenvironment, the hypoxia induced 

accumulation of HIF-1 alpha activates the expression of TWIST which again ultimately 

induces EMT (Sun et al., 2009). 

The downstream effect of many of these molecular pathways is transcriptional 

repression of E-cadherin and this has been identified as a crucial process in EMT, and 

is necessary for initiating metastatic spread (Polyak and Weinberg, 2009). E-cadherin is 

a calcium dependent cell-cell adhesion molecule that spans the membrane and binds 

epithelial cells together and by its nature, precludes cell motility, migration and hence 

metastasis and invasion (Noe et al., 2001). 
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Figure 1-5: Molecular signalling pathways in EMT. IL-6, integrins, wnt, TGFβ,	growth	factors,	sonic	
hedgehog,	notch	and	hypoxia	signalling	have	been	linked	to	induction	of	EMT	through	STAT3,	SMAD,	PI3K-AKT,	

ERK-MAPK,	p38-MAPK,	JNK	and	HIF-1	pathways	leading	to	transcriptional	induction	of	EMT	via	Snail,	Zeb,	Twist	

and	Snail2.  

In conjunction with the down-regulation of E-cadherin, EMT is characterised by the 

up-regulation of vimentin, a major intermediate filament (IF) protein that is only 

expressed in mesenchymal cells and is an organiser of a number of critical proteins 

involved in attachment, migration, and cell signalling (Ivaska et al., 2007). Vimentin is 

a widely expressed and highly conserved 57 kDa protein that is constitutively 

expressed in mesenchymal cells and is fundamental to changing the shape of 

epithelial cells into the flattened, elongated leading-trailing morphology of the 

mesenchymal cell (Mendez et al., 2010). It has been suggested that in addition to 

EMT, vimentin also has a role in tumorigenesis (Kidd et al., 2013). Vimentin is crucial 

for formation of invadopodia, which are the outgrowths from the cell body that bestow 

migration and invasion properties to the cell.  

There is evidence to suggest that the EMT pathways activated during cancer 

progression are typical of those involved in embryonic EMT and are similar in many 

ways to the changes invoked during the metastatic transformation in cancer cells. 

Much research is therefore focussed on determining how similar these two processes 

are at a molecular level (Thiery et al 2009).  
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1.9 EMT in cancer 
As metastasis is the cause of 90% of all deaths from cancer, a deeper understanding of 

the mechanisms that promote metastasis is needed (Nguyen et al., 2009). In principle, 

metastatic secondary tumours are formed by cancer cells that have left the primary 

tumour mass and travelled, mainly through blood and lymphatic vessels, to seek out 

new sites in the body where they seed new colonies. To complete this journey, cancer 

cells employ numerous strategies, all of which lead to the same goal, the 

establishment of secondary sites of tumour growth (Korpal et al 2011).  

Metastasis is comprised of a complex succession of molecular and cellular events the 

together form the invasion-metastasis cascade (Valastyan and Weinberg, 2011). The 

main steps in this cascade are: 

1) detachment from primary tumour 

2) local invasion through extracellular matrix and membranes 

3) intravasation into blood vessels 

4) survival and movement through the vasculature 

5) docking and proliferating in distant site to establish metastases  

1.9.1 Detachment from primary tumour 

Epithelial cells are strictly adhered to neighbouring cells to maintain anatomical 

integrity and detachment would normally invoke a particular type of apoptosis known 

as anoikis (Sakamoto and Kyprianou, 2010). In order to survive, metastatic cells use 

EMT to resist anoikis (Alizadeh et al., 2014). EMT enables cells to increase migratory 

and invasive capabilities through formation of invasive protrusions (invadopodia) and 

as cancer cells become metastatic, they develop an altered relationship with their 

extracellular matrix mediated by modifications in the expression of cell surface 

molecules (Haraguchi et al., 2008). On the molecular level, tumour cell dissociation 

requires loss of cell–cell adhesion which is principally mediated by transcriptional 

regulation of E-cadherin and integrin (Martin et al., 2013).  
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In most epithelial cancers, the loss of E-cadherin function results in an increase in 

expression of the mesenchymal cadherin, N-cadherin. This is known as the cadherin 

switch and results in a loss of affinity for epithelial neighbours and a gain in affinity for 

stromal cells. The cadherin switch appears to be sufficient to initiate cell migration and 

invasion (Alizadeh et al., 2014). 

1.9.2 Local invasion through ECM and basement membrane 

Local invasion requires cytoskeletal changes within the tumour cells together with 

structural and molecular transformation of the ECM. Studies have shown that 

phosphoinositide-specific phospholipase C (PLC) and PI3K signalling pathways are 

involved in chemotaxis and actin remodelling and can activate the Rho GTPase family 

including Rho, Rac, and Cdc42 (Fritsch et al., 2013).  

RhoC is a G protein/GTPase which belongs to the Rac subfamily of Rho family and it 

has been found to promote reorganization of the actin cytoskeleton, regulation of cell 

shape and attachment, and coordination of cell motility (Hakem et al., 2005). RhoC 

also plays a critical role in spatial formation of invadopodia to provoke ECM 

degradation leading to actin polymerization and subsequent membrane protrusion 

(Bravo-Cordero et al., 2012). Actin/myosin contractility driven by Rho or ROCK 

signalling is key in controlling tumour dissemination and generates pulling forces 

between the substrate and the cell that generate forward movement (Friedl et al., 

2014). Contractile cells secrete different factors, including matrix metalloprotease 9 

(MMP-9) that generate actomyosin contractile force and induce changes in the 

physical properties of the ECM to allow easier cell movement (Rodriguez-Hernandez 

et al., 2016). 

Degradation of the BM and the ECM is achieved by proteolysis effected principally by 

matrix metalloproteinases (MMPs). These, along with up-regulation of various matrix 

degradation enzymes, is affected by the EMT core regulators. Snail1 expression 

increases MT1-MMP, MT2-MMP, and MMP9 expression (Tsai and Yang, 2013). 

Recent research has also shown that MMPs have a more complex influence on cell 

migration than simple as effectors of ECM degradation and have also been found to 

modulate angiogenesis, cell signalling pathways and the inflammatory response 

(Kessenbrock et al., 2010). 
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Once invading carcinoma cells have dissolved the BM, they enter the stroma. The 

stroma contains a range of tumour-associated stromal cells, the precise composition 

being governed by the degree of tumour progression (Grivennikov et al., 2010). 

Stromal cells react to signalling issued from the tumour cells to enable further invasion 

by induction of local inflammation and this drives further malignancy in tumour cells, 

thus establishing a self-amplifying positive-feedback loop (Gocheva et al., 2010). 

1.9.3 Intravasation into the lumen of blood vessels 

Intravasation is a poorly understood process in which locally invasive tumour cells 

enter lymphatic or blood vessels. Tumour cells must invade the endothelial basal 

lamina and migrate between the endothelial cells lining the capillaries, and then 

finally disperse into the vessel lumen. Several million cells per gram of tumour can be 

shed daily into the lymphatic system or into the bloodstream, but successful metastasis 

is obtained only when these cells dock in capillary beds of distant sites (Yilmaz et al., 

2007). 

The EMT program is thought to modulate intravasation migratory and invasive 

properties of carcinoma cells to promote entry into the vasculature (Tsai and Yang, 

2013). Tumour-induced angiogenesis produces blood vessels with weak cell–cell 

junctions which permits cancer cells access to the vasculature, and this in concert 

with EMT signalling which allows tumour cells to exhibit dramatic changes in shape 

which enable them to penetrate the endothelial cell–cell junctions. Tumour cells will 

also express molecules that can assist in disrupting the endothelial barrier, such as 

VEGF and TGFβ (Weis et al., 2004). Additionally, the tumour microenvironment plays 

a part in regulation of endothelial barrier permeability. Macrophage-derived TNF-α 

has been found to facilitate intravasation and control the dynamics of tumour-

endothelial cell interactions (Zervantonakis et al., 2012). Once the endothelial barrier 

has been breached, tumour cells will migrate towards a nutrient source or will follow 

a cytokine gradient while expressing MMPs to further clear a path into the lumen of 

blood vessels (Bockhorn et al., 2007). 
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1.9.4 Survival and movement through the vasculature 

Once in the bloodstream cancer cells need to survive the inherent haemodynamic 

shear forces of the circulation and attack by immune cells of the innate immune 

system on their journey to distant sites (Valastyan and Weinberg, 2011). Circulating 

tumour cells (CTCs) are easily destroyed by these factors and it is estimated that only a 

very small proportion are successful in ultimately forming metastatic lesions - this is 

known as metastatic inefficiency (Bockhorn et al., 2007).  

To evade these potentially lethal events, CTCs have hijacked the normal blood 

coagulation machinery (Reymond et al., 2013). Platelets are the smallest circulating 

blood cells and they cluster around CTCs in response to release of thrombin and this 

protects the cancer cells from shear stress and immune surveillance. 

1.9.5 Docking and proliferating in distant sites  

After successfully surviving the hostile environment of the circulation system the CTCs 

must recognise specific target organs and extravasate into a new environment where 

they can seed and grow as secondary tumours (Mego et al., 2010). Recruited bone-

marrow-derived vascular endothelial growth factor receptor-1-positive cells were able 

to generate a pre- metastatic niche in the lungs to support initiation of metastases 

(Kaplan et al., 2005), while another study demonstrated the role of bone-marrow-

derived c-kit- positive VE-cadherin-positive endothelial progenitor cells in 

angiogenesis-mediated progression of micro-metastases to macrometastases (Gao et 

al., 2008). 

The observation that the cancer cells in metastatic lesions exhibit an epithelial 

phenotype that resembles their primary tumour site has led to speculation that the 

disseminated tumour cells may undergo a reversal of EMT, mesenchymal to epithelial 

transition (MET) to allow metastasis formation (Hugo et al., 2007). The MET cascade 

has not been observed in tumour progression, however, and the cellular and 

molecular regulators that promote MET of metastatic tumour cells remain unknown. 

Despite this, there is a possibility that the disseminated cancer cells may undergo MET 

under the influence of local microenvironments that they encounter in the 

parenchyma of the distant organ (Thiery, 2002). 
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1.9.6 EMT in cancer cells in vivo 

Despite substantial in vitro evidence, EMT has proved difficult to capture in vivo. 

There are many technical problems associated with this including EMTs inherent 

dynamic and transient nature, the difficulty in distinguishing epithelial tumour cells 

displaying a mesenchymal phenotype from non-tumour mesenchymal cells and the 

challenges associated with tracking circulating tumour cells and mapping their 

phenotype (Palen et al., 2016).  

In addition, a complete loss of epithelial and gain of mesenchymal phenotype is rarely 

seen in carcinomas in vivo. Dual expression of epithelial and mesenchymal markers is 

commonly seen and this has been referred to as partial EMT making detection of cells 

with a particular expression profile much more complex (Shibue and Weinberg, 

2017). However, in vivo evidence has been found in transgenic mouse models where 

breast cancer cells exhibited loss of E-cadherin and gain of fibronectin expression after 

induction of EMT (Trimboli et al., 2008). A further study also used transgenic mouse 

models to visualise EMT in breast cancer cells (Zhao et al., 2016). RFP-positive 

epithelial cells were observed changing to GFP-positive mesenchymal cells under the 

control of the Fsp1 (ATL1) promoter, a gate- keeper of EMT initiation.  
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If we accept that EMT is the mechanism that cancer cells use to metastasise then CTCs, 

by definition, must have gone through this process. Analysis of CTCs has been 

inconclusive. Some studies report reduction in epithelial markers and increase in 

mesenchymal markers, some report the reverse and some report finding populations of 

cells expressing both epithelial and mesenchymal markers (Tsai and Yang, 2013; Wu 

et al., 2015a; Mego et al., 2015, 2010). Given the degree of metastatic inefficiency it 

would be very interesting to determine which of these subpopulations go on to form 

metastases. When EMT markers such as twist, snail or slug, or EMT regulators, such as 

TGFβ,	are included the story is more convincing and correlates with poor response to 

treatment and worse prognosis. Expression of vimentin and twist in CTCs has been 

found to be increased in metastatic compared to early breast cancer (Kallergi et al., 

2011). Another study has found a significant correlation between mesenchymal 

phenotype with EMT markers in CTC and distant metastasis in NSCL (Wu et al., 

2015b). Serial monitoring of CTC during chemotherapy cycles has suggested an 

association between TGFβ-expressing mesenchymal CTCs with disease progression 

(Yu et al., 2013). 

As our understanding of these complexities increases, the ability to target these 

processes for therapy will offer new promise in the treatment of epithelial malignancy 

and metastasis assuming we can circumvent the hurdle of drug resistance. 
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1.10 EMT and drug resistance 
There is increasing evidence relating drug resistance of TKIs, like gefitinib, to EMT 

(Voulgari and Pintzas, 2009). 

EGFR inhibitor resistance has been associated with development of the mesenchymal 

phenotype and inhibiting EMT signalling using a TGF-ß antagonist was found to 

restore drug sensitivity in resistant cells (Huang and Fu, 2015). Gene expression 

profiling of a large panel of NSCLC cell lines was used to define a signature consisting 

of 76 genes for which expression most closely correlated with several established 

markers of EMT, including E-cadherin and vimentin. This gene expression classifier 

reliably clustered the NSCLC cell lines into either an epithelial or mesenchymal group 

and the EMT gene expression signature could be used as a predictive biomarker of 

resistance to the EGFR inhibitor erlotinib in a panel of NSCLC cell lines that were 

derived from treatment-naive patients (Byers et al., 2013).  

Epithelial but not mesenchymal phenotype has been associated with growth inhibition 

by the small molecule-EGFR-inhibitor, erlotinib, in non-small cell lung cancer 

(NSCLC) patients (Yauch, 2005). A further study found a significant correlation 

between sensitivity to gefitinib and expression of E-cadherin suggesting their predictive 

value for responsiveness to EGFR-TKIs. Transfecting or inducing E-cadherin in a 

gefitinib-resistant cell line increased its sensitivity to gefitinib and led to growth-

inhibitory and apoptotic effects that were similar to that in gefitinib-sensitive NSCLC 

cell lines (Witta, 2006). Zeb1 knockdown conferred epithelial properties to 

mesenchymal cells and rescued HNSCC from erlotinib resistance (Haddad et al., 

2009). Furthermore, forced expression of EGFR in an EMT phenotype of gefitinib-

resistant HNSCC resulted in partial restoration of gefitinib sensitivity and reversal of 

EMT (Maseki et al., 2012). 

These findings indicate that gefitinib resistance occurs simultaneously with the 

transition from EMT phenotype in HNSCC and correlates well with the previous 

assertion that EGFR activation, which drives EMT, is linked with resistance to gefitinib. 

Together these findings have enormous implications for EMT-targeted drug-resistant 

cancer therapies.  
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1.11 MicroRNAs (miRNAs) 
Recent research has revealed the existence of a class of small non-coding regulatory 

RNA species, known as microRNAs (miRNAs), which have critical functions across 

various biological processes including cell proliferation, apoptosis, differentiation, 

timing of developmental transitions, and organ development (Bonine-Summers et al., 

2007; He et al., 2005; Kuehbacher et al., 2008; Lee and Dutta, 2009; Lu et al., 2005; 

Sotiropoulou et al., 2009; Woods et al., 2007). 

Discovered in nematodes in 1993, miRNAs sculpt gene expression profiles during 

embryonic development and it is thought may regulate as many as one-third of human 

genes. miRNA genes are transcribed as primary miRNAs (pri-miRNAs) by RNA 

polymerase in the nucleus (see Figure 1-6). The long pri-miRNAs are cleaved by 

Microprocessor, which includes DROSHA and DiGeorge syndrome critical region 8 

(DGCR8), to produce the 60–70-nucleotide precursor miRNAs (pre-miRNAs). The pre-

miRNAs are then exported from the nucleus to the cytoplasm by exportin 5 and further 

processed by DICER1 to produce the mature miRNAs. One strand of the mature 

miRNA (the guide strand) is loaded into the miRNA-induced silencing complex 

(miRISC), which contains and Argonaute and other proteins, directs the miRISC to 

target mRNAs by sequence complementary binding and mediates gene suppression by 

targeted mRNA degradation and translational repression (Lin and Gregory, 2015).  

miRNA binding to the complementary target mRNA need not be perfect so this allows 

one miRNA to target multiple genes. Furthermore, their effects depends on the 

particular cell type, the pattern of gene expression and the cellular signalling pathways 

that are active in the cellular microenvironment so their effects can be diverse and 

dynamic (Bader et al., 2011). 
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Figure 1-6: Overview of miRNA biogenesis pathway. miRNA genes are transcribed as primary miRNAs (pri-
miRNAs) by RNA polymerase in the nucleus. The long pri-miRNAs are cleaved by Microprocessor, which 
includes DROSHA and DiGeorge syndrome critical region 8 (DGCR8), to produce the 60–70-nucleotide 
precursor miRNAs (pre-miRNAs). The pre-miRNAs are then exported from the nucleus to the cytoplasm by 
exportin 5 and further processed by DICER1 to produce the mature miRNAs. One strand of the mature 
miRNA (the guide strand) is loaded into the miRNA-induced silencing complex (miRISC), which contains 
and Argonaute and other proteins, directs the miRISC to target mRNAs by sequence complementary 
binding and mediates gene suppression by targeted mRNA degradation and translational repression. 
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Therefore, miRNAs are important genetic regulators and accumulating evidence 

suggests that numerous miRNAs are primary regulators of EMT and are aberrantly 

expressed in many human cancers including HNSCC (Díaz-Martín et al., 2014; Dong 

et al., 2014, 2015; Hao et al., 2014; Park et al., 2008; Zaravinos, 2015; Zhang and 

Ma, 2012). The identification of misregulated miRNAs in cellular transformation and 

maintenance of the malignant state makes them extremely attractive therapeutic 

targets with profound implications for the future of cancer therapy. 

1.11.1 The role of miRNAs EMT, cancer and drug resistance 

The evaluation and comparison of miRNAs in cancer, EMT and drug resistance can 

provide insights into their role in the transformation of innocuous epithelial cells 

towards migratory invasive phenotypes. 

Deregulation of miRNAs expression through genomic amplification, chromosomal 

deletions, point mutations and aberrant promoter methylation emerges as the main 

mechanism that triggers their loss or gain of function in human cancers. Although 

aberrantly expressed miRNAs could potentially act as cancer biomarkers, the 

identification of miRNAs that are of functionally relevant, such as in cell proliferation 

or cell invasion, might yield crucial targets for novel cancer therapy (Xia and Hui, 

2012). For example, it has been shown that most breast cancer tumours with 

inactivating germline BRCA1 mutations, as seen in 40% of families with multiple cases 

of breast cancer, also show high expression of miR-155. It has recently been shown 

that tumour suppressor BRCA1 represses miR-155 expression via epigenetic 

modification of the miR-155 promoter (Chang et al., 2011). MiR-155 is a known 

oncogenic miR (oncomir). Pathway analysis of its target genes identified likely roles in 

apoptosis, differentiation, angiogenesis, proliferation, and epithelial–mesenchymal 

transition (Mattiske et al., 2012). This indicates that cells with inactivated BRCA1 will 

be under the influence of miR-155 which could drive tumour progression while cells 

with wild-type BRCA1 will be protected from its oncogenic properties – miR-155 

could therefore be a potential therapeutic target for BRCA1-deficient tumours. 
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Let-7 has been shown to behave as a tumour suppressing miRNA and downregulation 

in various cancers has also been described. Downregulation of let-7 family members 

correlated with shorter survival in a cohort of 143 lung cancer patients, and 

overexpression of let-7 in lung adenocarcinoma cell line inhibited cell growth in vitro 

(Takamizawa et al., 2004) while downregulation of let-7d was predictive of poor 

survival in HNSCC patients (Boyerinas et al., 2010). The mechanism of tumour 

suppression by let-7 was revealed when HRas, NRas and KRas were shown to be let-7 

targets and that let-7 suppression was necessary for tumour initiation, maintenance 

and metastasis (Johnson et al., 2005b; Zhong et al., 2010). Mutant forms of the Ras 

proteins occur in certain tumours where they confer protection to cytotoxic therapies 

(Amado et al., 2008). In patients with KRas-mutated mCRC, high let-7 expression was 

predictive of better overall and progression-free survival (Ruzzo et al., 2012). 

Furthermore, let-7b together with another tumour suppressing miRNA, miR-34a, was 

found to sensitize KRAS/p53 mutant non-small cell lung cancer cells to the action of 

erlotinib. Treatment with these miRNAs, individually or in combination, resulted in 

synergistic potentiation of the anti-proliferative effects of erlotinib (Stahlhut and Slack, 

2015). 

The miR-200 family, which includes miR-200a, miR-200b, miR-200c, miR-141, and 

miR-429, is highly expressed in epithelial cells and is associated with regulation of 

EMT (Park et al., 2008). The miR-200 family plays a pivotal role in maintaining 

epithelial phenotype by keeping E-cadherin transcriptional repressors ZEB1 and ZEB2 

in check. Further analysis revealed a double negative feedback loop between the 

miR-200 family and ZEB1 and ZEB2. Specifically, miR-200 represses ZEB1/ZEB2 

expression by directly binding their 3ʹ UTRs, and ZEB1/ZEB2 inhibits miR-200 

transcription and stabilized EMT to promote cancer cell invasion (Burk et al., 2008).  

Another link in the chain of command was found when tumour suppressor p53 was 

identified as the upstream activation regulator of the miR-200 family. Subsequently, 

p53 was shown to suppress EMT by repressing the expression of ZEB1 and ZEB2 (Kim 

et al., 2011).  
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A further study found that the miR-200 family were markedly downregulated in cells 

that had undergone TGF-ß-induced EMT, and enforced expression of the miR-200 

family alone was sufficient to prevent TGF-ß-induced EMT. Inhibition of the miR-200 

was sufficient to induce EMT, and ectopic expression of miR-200 initiated 

mesenchymal to epithelial transition (MET). Consistent with their role in regulating 

EMT, expression of miR-200 was found to be lost in invasive breast cancer cell lines 

with mesenchymal phenotype. Expression of the miR-200 family was also lost in 

regions of metastatic breast cancer that lacked E-cadherin (Gregory et al., 2011).  

MiR-21 is a true oncomir and one of the most widely studied miRs due to its dramatic 

upregulation in many cancers, and ability to target the tumour suppressor PTEN and 

reduce tumour susceptibility to TKIs (Asangani et al., 2007; Zhou et al., 2010). 

Significant overexpression of miR-21 was observed in primary glioblastoma (GBM) 

specimens and cell-lines, and functional inhibition of miR-21 revealed it to be 

powerfully anti-apoptotic (Chan et al., 2005). In GBM, inhibition of miR-21 activity 

increased PTEN expression and decreased tumorigenesis, EGFR expression and AKT 

activation (Zhou et al., 2014). MiR-21 is positively regulated by EGFR in cancer cells 

as demonstrated by the finding that AG1478, an EGFR-TKI, blocked EGFR induction of 

miR-21 (Seike et al., 2009). Interestingly, oncogenic HRasG12V was sufficient to 

induce miR-21, consistent with oncogenic Ras mutants conferring resistance to EGFR-

TKIs (Amado et al., 2008). The discovery of a novel autoregulatory loop revealed that 

miR-21 is induced by tumorigenic transcription factor AP-1 in response to RAS (Talotta 

et al., 2008). The ability of miR-21 to inhibit apoptosis and sustain the activation of 

oncogenic signalling pathways led to the proposal and subsequent demonstration that 

its expression could predict and modify responses to conventional cancer therapies 

and miR-21 blockade has been found to reverse the EMT phenotype associated with 

EGFR-TKI resistance (Garofalo et al., 2012; Han et al., 2012). 
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The MiR-34 family act as tumour suppressors and are involved in p53-induced cell 

death and cell cycle arrest (Misso et al., 2014). miR-34 directly targeted cell cycle-

related proteins and c-Met in mouse embryonic fibroblast cells (He et al., 2007). In 

GBM and ovarian cancer, miR-34 expression was inversely correlated with c-Met 

expression (Corney et al., 2010). In addition, miR-34 inhibited cell invasion, 

proliferation and tumorigenesis, while c-Met overexpression partially reversed the cell 

death and cell cycle arrest induced by miR-34 (Guessous et al., 2010; Li et al., 2009). 

Importantly, c-Met was established as a miR-34 target in melanoma, lung, colon, 

breast and gastric cancer cells and miR-34 inhibited activation of c-Met, Akt, ERK, and 

impaired c-Met driven invasion (Migliore et al., 2008). These findings suggest that 

miR-34 replacement therapies might sensitize resistant tumours to EGFR-TKIs by 

suppressing c-Met expression and its activation of oncogenic signalling pathways. 

1.11.2 miRNAs as therapeutics 

There are two strategies in developing miRNA-based therapies, blocking oncogenic 

miRNAs and restoring tumour-suppressive miRNAs. Current strategies to block 

oncogenic miRNAs include anti-miRNA oligonucleotides, miRNA sponges, miRNA 

masks (target protectors) and small molecule inhibitors (Garzon et al., 2010). The anti-

miRNA antisense oligonucleotides specifically bind and inhibit endogenously 

expressed oncomirs. To increase the stability and binding affinity, many modifications 

to the chemical structure of the oligonucleotides have been developed, including the 

introduction of 20-O-methyl groups or locked nucleic acid (LNA). These constructs 

display remarkably increased thermodynamic stability and enhanced nucleic acid 

recognition. LNA nucleotides can be mixed with DNA or RNA residues in the 

oligonucleotide to increase the sensitivity and specificity and this procedure has 

proven effective in antagonized the liver-expressed miR-122 in non-human primates 

(Elmén et al., 2008).  

miRNA sponges are synthetic mRNA containing multiple tandem-binding sites to the 

endogenous miRNA of interest and are transcribed from mammalian expression 

vectors to prevent interactions between miRNA and the endogenous targets. The 

sponge can be stably expressed in mammalian cells and as with most miRNA target 

genes, a sponge’s binding sites are specific to the miRNA seed region, which allows 

them to block a whole family of related miRNAs (Ebert et al., 2007). 
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The miRNA-mask approach results in enhanced gene expression by removing 

repressive effects of a miRNA on protein translation of the target mRNA. miRNA masks 

consist of single-stranded 20-O-methyl-modified antisense oligonucleotides that are 

fully complementary to predicted miRNA binding sites in the 30-UTR of the target 

mRNA. This technology has recently been validated in a zebrafish model to prevent 

the repressive actions of miR-430 in TGF-ß signalling (Ebert and Sharp, 2010).  

Although the inhibitory approach is more commonly accepted and follows rules that 

also apply to small molecule inhibitors and short interfering RNAs (siRNA), miRNA 

replacement represents a new opportunity to explore the therapeutic potential of 

tumour suppressors There are strategies developed to restore tumour-suppressive 

miRNAs in human cancers, including synthetic miRNA precursor or miRNA mimics 

(Bader et al., 2011). Kota et al. expressed this miRNA in liver cancer cells in vitro to 

induce cell cycle arrest. Furthermore, these authors demonstrated that systemic 

administration of miR-26a in a mouse model of human hepatocellular carcinoma 

using adeno-associated virus miR-26a to target cyclins D2 and E2 resulted in the 

inhibition of cancer cell proliferation, induction of tumour-specific apoptosis and 

dramatic protection from disease progression without toxicity (Kota et al., 2009).  

Developing a miRNA mimic involves creating an RNA molecule with the ability to 

enter the silencing complex and affect the same target genes as the endogenous 

miRNA. The active endogenous miRNA comprises an B22-nucleotide, single-stranded 

RNA that functions as a guide sequence within RISC. This activity can be mimicked 

using a synthetic, single-stranded RNA molecule that contains the same sequence and 

chemistry as the mature endogenous miRNA. Consistent with results published for 

siRNAs, however, the potency of singled-stranded miRNA mimics tends to be 100–

1000-fold less compared with mimics that feature a second, complementary strand. 

Therefore, double-stranded miRNA mimics are greatly preferred to single-stranded 

mimics. The passenger strand can either be perfectly complementary to the mature 

miRNA or it can incorporate (Bader et al., 2011). 

The development of miRNA therapeutics has begun and although still in its infancy, 

the next few years promise to provide many more insights into miRNA and anti-

miRNA biology to further strengthen the enthusiasm for this new class of potential 

anti-cancer drugs. 
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1.12 Objectives 
We aim to use EGFR-inhibitor gefitinib to induce resistance in human and feline 

HNSCC cell-lines and to characterise the EMT phenotype in relation to the resistance 

status. We will also explore the invasive and migratory properties of untreated 

compared to the gefitinib-resistant human and feline cell lines in vitro and in vivo to 

determine whether resistance and/or EMT confers an advantage in terms of metastatic 

potential.  

In addition, we will investigate the mechanism for chemoresistance to gefitinib that is 

exhibited by human and feline HNSCC cell-lines. Molecular expression patterns and 

cell cycle analysis will be used to explore and compare signalling pathways that are 

activated during acquisition of resistance to gefitinib. 

Regulation of gefitinib-resistance will be examined by investigating whether common 

miRNA-mediated pathways are present in feline and human oral squamous cell 

carcinomas that drive EMT, and whether these can be identified by comparative 

miRNA sequencing. We plan to counteract the miRNA cues associated with EMT to 

see what effect this will have on EMT, cell invasion and migration in models of FOSCC 

in vivo and in vitro  

The ultimate objective of this project is to discover novel therapeutic targets that could 

improve outcome in HNSCC and FOSCC. 
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2 Materials and methods 

The materials and methods presented in this chapter are common to more than one 

procedure. Those that are specific to one chapter only are presented in that chapter. 

2.1 Imaging 

2.1.1 Cells in culture 

Cells in culture were viewed and imaged using a Carl Zeiss Axiovert 25 microscope. 

Images were processed using ImageJ (National Institutes of Health). 

2.1.2 Immunocytochemistry 

Immunocytochemistry preparations were viewed and imaged using a Carl Zeiss LMDB 

microscope. Images were processed using ImageJ (National Institutes of Health). 

2.1.3 Immunoblotting 

Immunoblotting films were scanned using HP Scanjet Pro Flatbed Scanner.  

2.1.4 Immunohistochemistry 

Immunocytochemistry preparations were viewed and imaged using a Nikon Ni-U 

microscope. 

2.2 Cell culture 

2.2.1 Cell lines 

2.2.1.1 SCCF1 (feline oral squamous cell carcinoma cell line) 

The SCCF1 cell line is a previously characterised feline cell line (Tannehill-Gregg et 

al., 2001) derived from a laryngeal squamous cell carcinoma. This cell line is known 

to develop resistance to gefitinib, express EGFR and be p53 negative (Bergkvist et al., 

2011b). The cell line was donated as frozen vials stored in liquid nitrogen at passage 

52 from Professor T.J. Rosol, College of Veterinary Medicine, The Ohio State 

University, USA.  
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2.2.1.2 SCCF1T (SCCF1 transitional – early stage acquisition of resistance to gefitinib) 

SCCF1 transitional (SCCF1T) cell line was created by passaging SCCF1 cells in 5 µM 

gefitinib-containing medium for 1-3 weeks. When this cell line was used for assays, 

the cells were treated for 14 days prior to commencement of the assay. 

2.2.1.3 SCCF1G (gefitinib-resistant SCCF1) 

A gefitinib-resistant SCCF1 cell line (SCCF1G) had been previously created by 

extensive passage of SCCF1 cells in 5 μM gefitinib-containing medium for more than 8 

months.  

2.2.1.4 SCC15 (human oral squamous cell carcinoma) 

The SCC15 cell line was obtained from ATCC, VA20108, USA. It is derived from a 

squamous cell carcinoma from the tongue of a 55-year-old male. It is a commercially 

available and well-established human squamous cell carcinoma cell line. The SCC15 

cell line is reported to have similar morphology to the SCCF1 cell line, be p53 

negative, express EGFR and to undergo EMT following induction by gefitinib and 

TGF�b1 (Basu et al., 2010; Qiao et al., 2010; Qiu et al., 2007; Tannehill-Gregg et al., 

2006). 

2.2.1.5 SCC15T (SCC15 transitional – early stage acquisition of resistance to gefitinib) 

SCC15 transitional (SCC15T) cell line was created by passaging SCC15 cells in 5 μM 

gefitinib-containing medium for 1-3 weeks. When this cell line was used for assays, 

the cells were treated for 14 days prior to commencement of the assay. 

2.2.1.6 SCC15G (gefitinib-resistant SCC15) 

A gefitinib-resistant SCC15 cell line (SCC15G) was created by passaging SCC15 cells 

in 5 μM gefitinib-containing medium for 3 months. 

2.2.1.7 SCC9 (human oral squamous cell carcinoma) 

The SCC9 cell line was obtained from ATCC, VA20108, USA. It is derived from a 

squamous cell carcinoma from the tongue of a 25-year-old male. It is a commercially 

available and well-established human squamous cell carcinoma cell line. The SCC9 

cell line is reported to have similar morphology to the SCCF1 cell line, and to undergo 

EMT following induction by gefitinib and TGF-b1 (Basu et al., 2010; Qiao et al., 

2010). 
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2.2.1.8 NMuMG (mouse mammary gland epithelial cell-line) 

The NMuMG cell line was obtained from ATCC, VA20108, USA. It is a commercially 

available mouse mammary gland epithelial cell line that readily undergoes TGF-b1-

induced EMT. It has therefore been used as a positive control for EMT induction (Basu 

et al., 2010; Boeckx et al., 2013; Miettinen et al., 1994; Piek et al., 1999; Qiao et al., 

2010; Qiu et al., 2007; Tannehill-Gregg et al., 2006).  

2.2.1.9 Resuscitation of frozen cells  

Cells were defrosted quickly in a water bath heated to 37°C before being transferred 

into Falcon tubes containing 5 ml phosphate buffered saline (PBS) and being 

centrifuged at 200xg for 5min. The supernatant was discarded and the cell pellets were 

resuspended in 8 ml of their respective media, transferred to T25 flasks, and incubated 

at 37°C/5% CO2. 

2.2.1.10 Cell culture 

All reagents were obtained from Gibco® Invitrogen, UK unless otherwise specified.  

Recipes for cell culture media are given in Appendix 7. All media were made up 

freshly in 500 ml aliquots, as required, stored at 2-8°C and used within 4 weeks.  

Recipes for all solutions and buffers are given in the Appendix 7. 

Tissue culture plastics were obtained from Becton Dickinson- Biosciences, UK (Falcon 

tubes and flow cytometer tubes), Sigma-Aldrich® (Corning® low adhesion tissue 

culture plates and pipette tips), Techno Plastic Products® AG, Switzerland (routine cell 

culture plates and flasks) and Thermo-Fischer Scientific (NUNC™ white 96-well 

plates). Eppendorf tubes were supplied by Axygene from VWR, USA, freezing 

containers (Nalgene freezing container “Mr Frosty Control Freeze”) and cryogenic 

vials were obtained from Scientific Laboratory Supplies Ltd., UK and Starlab (UK) Ltd. 

respectively. Pipettes (2-1000 µl Nichipets) were obtained from Nichiryo, Japan and 

Integra, Switzerland (Pipetteboy 1-50 ml).  
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2.2.1.11 Harvesting cells 

2.2.1.11.1 Chemical detachment (trypsinisation) 

Cell medium was removed by pipetting, and cells were washed twice in 5 ml of PBS 

before incubation at 37°C in 1-3 ml of 0.25% trypsin-EDTA until cells became 

detached, normally 5-10 min. Trypsinisation was terminated by adding at least twice 

the trypsin volume of media to the cells. 

2.2.1.11.2 Mechanical detachment (scraping) 

Cell medium was removed by pipetting and cells were washed with chilled PBS, 

scraped in 1 ml ice-cold PBS and pelleted by centrifugation at 1250 g for 3 min at 4°C. 

Supernatant was discarded and cell pellets were used immediately or snap frozen on 

dry ice and stored at -70°C.  

2.2.1.12 Passaging cells 

At first passage, the cell lines were transferred to T75 flasks. SCCF1 and NMuMg cell 

lines were routinely passaged at 90-100% confluency every 3-4 days. SCC15 cell lines 

were routinely passaged at 60-70% confluency every 5-10 days. 

Cells were trypsinized (see Chapter 2.2.1.11.1) and split as required (1:2 to 1:20) and 

seeded directly into new culture flasks with fresh media.  

2.2.1.13 Determining cell density and viability 

Cell density was determined following trypsinisation (see Chapter 2.2.1.11.1). 

Ten microlitres of cell suspension was mixed with 10 μl of trypan blue stain (see 

Appendix 7) and 10 µl of the mixture were added to the counting chamber of a 

haemocytometer and the cells were then counted. Cell density was determined as 

follows:  

1. Dilution Factor (DF)= (Volume of cell suspension + Volume of stain)/Volume 

of cell suspension 

2. Cell density (cells per ml) = Total cell count/0.1 μl x DF x 104 

3. Total number of cells = cells/ml x volume of cell suspension 
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Cell viability was calculated as the number of viable cells divided by the total number 

of cells within the grids on the haemocytometer. Cells that took up trypan blue were 

considered to be non-viable. The number of blue-stained cells and the total number of 

cells were counted. Cell viability of at least 95% was necessary for healthy log-phase 

cultures. Viability was calculated as follows: 

% viable cells = [1.00 – (Number of blue cells ÷ Number of total cells)] × 100 

2.2.1.14 Cell seeding 

Cells were seeded by adding the appropriate number of cells suspended in media to a 

flask containing the appropriate volume of media. 

2.2.1.15 Seeding density 

Cell culture vessels were seeded as in Table 2-1. 

Table 2-1: Cell seeding densities and culture vessels 

 

 

Cell Culture Vessel
Cell number 

seeded Surface Area (cm2)
Total Volume of 

Media (ml)
Volume of 0.25% 

Trypsin-EDTA

T25 0.1-1 x 10
6 25 8 2

T75 1-3 x 10
6 75 10-13 2-3

T150 1-5 x 10
6 150 18-30 3-5

10 cm plate 1-3 x 10
6 60 10 3

6-well plate 1-5 x 10
6 9 2-2.5 1-2

24-well plate 1-20 x 10
4 2 1 0.5

96-well plate 1-10 x 10
3 0.3 0.05-0.2 NA

4-well chamber 
slides 1 x 10

5 NA 0.5 NA
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2.2.1.16 Freezing cells for long term storage 

Cells were grown to near confluency, trypsinized and the total number of cells was 

determined as previously described (see Chapter 2.2.1.11.1). Cells were frozen at 

approximately 3x106 cells in 0.5 ml of freezing medium (see Appendix 7). The cell 

suspension was centrifuged at 800 g for 5 min and resuspended in the appropriate 

volume of freezing medium, aliquoted into cryovials, transferred to freezing vehicle 

and frozen to -70°C. After a minimum of 3 h, cells were transferred to liquid nitrogen 

for long-term storage. 

2.2.2 Developing gefitinib-resistant SCCF1 and SCC15 cell-lines 
(SCCF1G, SCCF1G2 and SCC15G) 

Gefitinib (Astra Zeneca, UK), an epidermal growth factor receptor tyrosine kinase 

(EGFR-TK) inhibitor, was purchased from Tocris Bioscience (UK). Ten milligrams of the 

drug were supplied in powdered form, and was made up to a 10 mM stock solution in 

100% DMSO and stored in 50	μl aliquots at -20°C.  

In order to create gefitinib-resistant SCC cell lines, the cells were passaged as 

described in Chapter 2.3.4 for a minimum of two months in media containing 5μM 

gefitinib. A gefitinib-resistant SCCF1 cell line (SCCF1G) had been previously created 

by passaging SCCF1 cells in 5μM gefitinib-containing medium for 8 months (Bergkvist 

et al., 2011a). Gefitinib-containing media was made up in 500 ml aliquots, stored at 

4°C and used within 2 weeks of preparation. 

Untreated controls for time were used in all experiments where cells were treated with 

gefitinib over a time course. 
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Figure 2-1: Process of producing gefitinib-resistant cell lines. Parent cells are cultured and passaged in 
media containing gefitinib. They are constantly exposed to gefitinib with no breaks in treatment. The cells 
that survive and grow under these conditions have acquired resistance. 

2.2.3 Induction of epithelial-to-mesenchymal transition (EMT) using 
TGF-β1 

TGF-β1 has been shown to play an important role in EMT and is commonly used to 

induce EMT in epithelial cells in culture (Dasgupta et al., 2012; Kasai et al., 2005; 

Margetts et al., 2005; Qiao et al., 2010; Valcourt et al., 2005). We had planned to use 

this property in this study to provide an additional model of EMT. 

2.2.3.1 SCCF1 cells 

SCCF1 cells were seeded onto 10 cm plates (3 x 106 cells per plate). Cells were 

allowed to reach 100% confluency and then treated with 0, 1, 2.5 or 10 ng/ml TGF-β1 

containing media for up to 12 days. Media was changed twice a week and cells were 

checked daily during the treatment period to observe any change in morphology.  
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2.2.3.2 NMuMg cells 

NMuMg cells were seeded onto 6-well plates (0.3 x 104 cells per well). Cells were 

allowed to reach 100% confluency and then treated with 0 or 10 ng/ml TGF-β1 

containing media for up to 14 days. Media was changed twice a week and cells were 

checked daily during the treatment period to observe any change in morphology.  

2.3 Immunoblotting 
Immunoblotting (western blotting) is an assay commonly used for the detection and 

characterisation of proteins. It uses antigen-antibody recognition and involves the 

solubilisation and electrophoretic separation of proteins by gel electrophoresis, 

followed by quantitative transfer and irreversible binding to nitrocellulose membrane. 

The membrane-bound target protein reacts with a specific primary antibody and a 

horseradish peroxidase-linked secondary antibody. The reaction product produces 

luminescence in proportion to the amount of protein. A sensitive sheet of X-ray film is 

placed against the membrane, and exposure to the light from the reaction creates an 

image of the antibodies bound to the blot.  

2.3.1 Harvesting and lysing cells 

All procedures were carried out on ice where possible. Cells were harvested as 

described in Chapter 2.2.1.11.2. Cells were lysed by adding 2-3 volumes of lysis 

buffer (see Appendix 7) and pipetted until no cell clumps were visible. The mixture 

was incubated on ice for 15 min, then centrifuged at 20,817 g for 15 min at 4°C. The 

supernatant was retained and used immediately or snap frozen on dry ice and stored 

at -70°C for later use. 

2.3.2 Determination of protein concentration in lysate (Bradford 
Assay) 

Two microlitres of cell lysate or 5 μl of known bovine serum albumin (BSA) protein 

standard (see Appendix 7) was added to a clear 96-well plate.  
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Two hundred microliters of Quick Start™ Bradford Dye Reagent (BioRad) was added 

to each sample and the absorbance at 595 nm was measured using inserted into the 

1420 Multilabel Counter Victor™ (Perkin Elmer, Germany) using the Wallac 1420 

Manager program (Perkin Elmer). Protein concentration was determined from a 

standard curve generated from the absorbance profile of the known BSA 

concentrations.  

Protein concentration for all samples was standardised to between 25 and 60 μg 

protein in 25 μl by addition of the relevant quantity of sample buffer (see Appendix 7). 

Samples were then heated to 95°C for 3 min to denature the proteins. 

2.3.3 SDS-Polyacrylamide gel electrophoresis  

Protein samples were resolved on denaturing SDS-polyacrylamide gels by 

electrophoresis. The SDS-polyacrylamide gels were prepared and assembled using 

Bio-Rad Protean II minigel system.  

Resolving gel (see Appendix 7) was prepared, poured, overlaid with isopropanol and 

allowed to polymerise at room temperature (approximately 20min). Stacking gel (see 

Appendix 7) was prepared and poured on top of the resolving gel. A 10-well loading 

comb was inserted into the top of the stacking gel. The gel was allowed to set at room 

temperature (approximately 20 min).  

Once set the comb was removed and the wells washed gently with water to remove 

air bubbles. The gel was placed in the running module and immersed in running 

buffer (see Appendix 7).  

Up to eight samples were loaded, one sample per well, into each gel. Two wells per 

gel were reserved to run ECL Full-Range Rainbow Molecular Weight Markers 

(Amersham, UK) to allow weight comparison of protein bands. The gel was then 

subjected to electrophoresis at 180 V at room temperature until the gel front had run 

off the bottom of the resolving gel (approximately 45 min-1 h). 

The resolved proteins were electrophoretically transferred onto nitrocellulose 

membranes (Hybond™-C, Amersham Biosciences, UK) in transfer buffer at 100V for 

60min. Nitrocellulose membranes were ink-stained with Ponceau Red (see Appendix 

7) for 5 min to visualise protein bands and ensure equal loading of samples.  
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2.3.4 Application of antibodies 

The membranes were washed in PBST for 15 min and then blocked for 1 h at room 

temperature in PBST/5% milk before being incubated overnight at 4°C with primary 

antibody (see Table 2-2) in PBST/5% milk. A separate membrane was used for each 

primary antibody. 

The membranes were washed three times for 15 min in PBST and then incubated for 

1 h at room temperature with the relevant HRP-conjugated secondary antibody (see 

Table 2-2) in PBST/5% milk.  

Table 2-2: Antibodies used for detection of proteins by immunoblotting 

 

After a further three 15 min washes with PBST the blots were developed using ECL™ 

Western Blotting Detection Reagents (GE Healthcare UK Ltd, UK) and protein bands 

were visualised by exposure to X-ray film (Hybond™-ECL™ Film, Amersham 

Biosciences). 

2.3.5 Loading control 

Each membrane was stripped and reprobed using β-actin as a loading control. 

Membranes were washed in 10 ml TBST for 5 min and incubated in Restore™ PLUS 

Western Blot Stripping Buffer (Thermo Scientific, Rockford, lL 61105 USA) for 

5�15	min at room temperature (20 ml per blot). The membranes were washed in TBST 

for 5 min and then blocked for 1 h at room temperature in PBST/5% milk.  

Antibody Supplier Dilution

Mouse monoclonal anti-e-cadherin BD Laboratories, UK 1:5000

Mouse monoclonal anti-vimentin Abcam plc., UK 1:1,000

Rabbit monoclonal anti-snail Cell Signaling Technology., USA 1:1000

Mouse monoclonal anti-β-actin Abcam plc., UK 1:5000

Polyclonal rabbit anti-mouse immunoglobulins/HRP Dako Cytomation, Denmark 1:1000

Polyclonal human anti-rabbit immunoglobulin/HRP Dako Cytomation, Denmark 1:1000

Mouse monoclonal anti-e-cadherin BD Laboratories, UK 1:5000

Mouse monoclonal anti-vimentin Abcam plc., UK 1:1000
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Membranes were then washed three times for 5 min in TBST before being incubated in 

mouse monoclonal anti-β-actin (1:5000) primary antibody in PBST/5% milk for 30 min 

at room temperature. The membranes were washed three times for 15 min in PBST 

and then incubated for 1 h at room temperature with the relevant HRP-conjugated 

secondary antibody (see Table 2-2) in PBST/5% milk.  

After a further three 15 min washes with PBST the blots were developed using ECL™ 

Western Blotting Detection Reagents (GE Healthcare UK Ltd, UK) and protein bands 

were visualised by exposure to X-ray film (Hybond™-ECL™ Film, Amersham 

Biosciences). 

2.4 Validation of antibodies in cats 
E-cadherin, vimentin, snail, AKT, p-AKT, PTEN, pPTEN and β-actin antibodies have 

been previously used in the feline cell line that we used, SCCF1 (Brown et al., 2015; 

Pang et al., 2012; Wakshlag et al., 2011). 

c-FLIP antibody has not yet been validated in felines however it exhibited a similar 

expression profile to the human cell line, and the gene sequence is orthologous with 

the human gene sequence (NCBI Resource Coordinators, 2017). 

2.5 Subcellular protein fractionation 
A Subcellular Protein Fractionation Kit for Cultured Cells (Thermo Scientific, Rockford, 

lL 61105 USA) was used to enable stepwise separation and preparation of 

cytoplasmic, membrane and nuclear protein extracts from mammalian cultured cells. 

The fractions were then subjected to immunoblotting to characterise and determine 

protein content. 

2.5.1 Harvesting cells 

All procedures were carried out on ice where appropriate. Cells were harvested and 

counted as detailed in Chapters 2.2.1.11.2 and 2.2.1.13, and 1 x 107 cells were 

transferred to a 1.5 ml Eppendorf tube. Cells were centrifuged at 800 g for 5 min at 

4°C and washed by resuspending in chilled PBS. Cell suspensions were then 

centrifuged at 800 g for 3-4 min at 4°C. Supernatant was discarded leaving cell pellet 

as dry as possible and packed cell volume (PCV) was estimated.  
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2.5.2 Extracting protein fractions 

Volume of extraction buffers was calculated based on PCV (see Appendix 7). Ice-cold 

cytoplasmic extraction buffer (CEB) was added to the cell pellet and incubated at 4°C 

for 10 min with gentle mixing. Cells were centrifuged at 800 g for 5 min. The 

supernatant (cytoplasmic extract) was immediately transferred to a clean pre-chilled 

tube on ice.  

Ice-cold membrane extraction buffer (MEB) was added to the cell pellet and vortexed 

for 5 s on the highest setting. Cells were incubated at 4°C for 10 min with gentle 

mixing. Cells were centrifuged at 2750 g for 5 min. The supernatant (membrane 

extract) was immediately transferred to a clean pre-chilled tube on ice. 

Ice-cold nuclear extraction buffer was added to the cell pellet and vortexed for 15 s on 

the highest setting. Cells were incubated at 4°C for 30 min with gentle mixing. Cells 

were centrifuged at 2750 g for 5 min. The supernatant (nuclear extract) was 

immediately transferred to a clean pre-chilled tube on ice. 

 

Figure 2-2: Subcellular fractionation procedure. Cytoplasmic extraction buffer was added to the cell pellet 
and incubated then centrifuged. The first supernatant was cytoplasmic extract. Membrane extraction 
buffer was added to the cell pellet and incubated then centrifuged. The second supernatant was the 
membrane extract. Nuclear extraction buffer was added to the cell pellet and incubated then centrifuged. 
The third supernatant was nuclear extract. 
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2.5.3 Immunoblotting of protein subfractions 

Determination of protein content was conducted as per Chapters 2.3.2-2.3.5. 

2.6 Immunocytochemistry 
Immunocytochemistry is a technique that utilises fluorescent-labelled antibodies to 

detect specific target antigens in fixed cells. This technique uses the specificity of 

antibodies to their antigen to target fluorescent dyes to specific biomolecule targets 

within a cell, and therefore allows visualisation of the location and distribution of the 

target molecule throughout the sample. 

2.6.1 Harvesting and seeding cells 

Cells were harvested, counted and seeded at 10,000 cells per well, as detailed in 

Chapters 2.2.1.11.1 and 2.2.1.13. Cells were seeded into Nunc® Lab-Tek® II 

Chamber Slides (Nunc, Roskiled, Denmark) and incubated at 37°C, 5% CO2 for 

24-48 h until cells had attached to the bottom of the chamber slide.  

2.6.2 Fixing and blocking cells 

The slides were washed with PBS and fixed by adding ice-cold acetone to each well 

for 10 min. Cells were then washed twice in ice cold PBS-Tween and then incubated 

in 10% serum (from the species from which the secondary antibody was raised in to 

block unspecific binding of the antibodies) in PBS-Tween for 1 h.  

2.6.3 Application of antibodies 

Primary antibody in 0.1% goat serum in PBS Tween 0.2% was added and the slides 

were placed in a humid chamber for 1 h at room temperature or overnight at 4°C. 

Cells were washed in three changes of PBS-Tween. 

Cells were shielded from light for subsequent procedures.  

Secondary antibody in 1% BSA was added and cells were for up to 1 h at room 

temperature. Coverslips and wells were removed and slides were washed in three 

changes of PBS. 
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Where the co-distribution of two different antigens in the same sample was examined, 

a double immunofluorescence procedure was carried out. In those cases, both primary 

antibodies and then both secondary antibodies were added simultaneously (in a 

mixture). It was ensured that each primary antibody and corresponding secondary 

antibody was for a different species. For example, rabbit antibody against antigen A, 

mouse antibody against antigen B.  

Specimens were mounted and counterstained using 4,6-diamidino-2-phenylindole 

(DAPI) nuclear stain (VECTASHIELD Antifade Mounting Medium with DAPI, Vector 

Laboratories, UK) and covered with a glass coverslip. DAPI produces a blue 

fluorescence when bound to DNA with excitation at about 360 nm and emission at 

460 nm. The edges of coverslip and slide were sealed with nail polish and left to dry at 

4°C before storing at -20°C wrapped in foil to maintain fluorescence. 

2.6.4 Immunocytochemistry controls 

Every experiment included untreated cells SCCF1 or SCC15 cells as a control. Control 

cells followed the same protocol as test cells excluding application of primary 

antibody. This controlled for background immunofluorescence. 

2.7 Live Cell Imaging 
SCCF1 cells were seeded into a T80 flask and cultured until circa 30% confluence. 

Gefitinib was added to the media (5 µM) and cells were placed in the incubator of a 

Zeiss Axio Live Cell Observer and allowed to equilibrate for 1 h. Cells were analysed 

by video time lapse inverted microscopy (Axio Observer Z1) for 14 days.  

2.8 Statistical analysis 
All experiments data presented is from three repeats. Where appropriate the statistical 

significance of differences between treatment groups was determined by applying 

Student's t-test. A p-value of <0.05 was considered significant. 
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3 Acquired resistance to gefitinib follows an EMT/MET 

trajectory in feline and human oral squamous cell 

carcinoma that mirrors invasion and metastases 

3.1 Abstract 
HNSCC is an extremely common and devastating disease with a bleak prognosis. 

Despite intensive research, survival rates have not improved over the past 30 years 

principally due to untreatable metastases that exhibit insurmountable tolerance to all 

currently available therapeutic protocols. Chemotherapeutic resistance is an enduring 

threat and recent research has indicated that EMT could be a key mechanism in 

development of acquired drug resistance and malignant transformation of epithelial 

cancers. Oral squamous cell carcinoma is an equally common disease in cats with an 

even less favourable prognosis than humans. Human and feline squamous cell 

carcinomas share similar etiopathogenesis, molecular markers, tumour biology and 

treatment thus making FOSCC an excellent model for HNSCC. 

Human and feline squamous cell carcinoma cell lines (SCC15 and SCCF1, 

respectively) develop resistance to treatment with the small molecule tyrosine-kinase 

inhibitor, gefitinib, and have displayed evidence of EMT during this process. We 

generated gefitinib-resistant versions of these cells lines to investigate the interaction 

between EMT and acquired drug resistance in oral squamous cell carcinoma.  

We demonstrated that gefitinib-resistant squamous cell carcinoma can be generated 

by long-term exposure to 5 µM gefitinib in a feline (SCCF1) and human (SCC15) cell 

line. We found that acquisition of resistance was biphasic and consisted of an acute 

phase where cells demonstrated a definite shift from an epithelial to a transitory 

mesenchymal phenotype (M+) that peaked at around 2 weeks of treatment. This was 

quickly followed by partial reversion to a sustained EMT/MET hybrid morphology 

(E+/M+) with a paradoxical e-cadherin+/vimentin+ phenotype associated with chronic 

resistance.  
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Functionally the acute and chronic resistant cells demonstrated increased invasiveness 

in vitro and in vivo, compared to the untreated SSC cells, that was commensurate with 

the extent of mesenchymal transition. The M+ cells in the acute phase of acquiring 

resistance demonstrated significantly more invasiveness than the E+/M+ chronically 

resistant cells. Our results suggest that the acquisition of resistance follows an 

EMT/MET trajectory with the EMT phase being representative of invasion and the MET 

phase of metastases. Further research needs to be conducted to elucidate the 

mechanisms involved in these dynamic transitions with the ultimate aim of developing 

a therapeutic agent that will prevent development of metastatic disease by targeting 

the dangerous combination of EMT and chemoresistance. 

3.2 Introduction 
HNSCC of the head and neck (HNSCC) is the sixth most common cancer worldwide 

and has a particularly poor prognosis. Despite recent advances in cancer research and 

biology, the prognosis of HNSCC remains bleak with the median survival of patients 

with persistent, recurrent or metastatic disease being less than 12 months (Grisanti et 

al., 2014). Oral squamous cell carcinoma is an equally common disease in cats with 

an even less favourable prognosis than humans (Wypij, 2013). Human and feline 

squamous cell carcinomas share similar etiopathogenesis, molecular markers, tumour 

biology and resistance to treatment thus making FOSCC an excellent model for 

HNSCC (Bergkvist and Yool, 2011; Bergkvist et al., 2011b, 2011b, 2011a; Pang et al., 

2012; Supsavhad et al., 2016; Tannehill-Gregg et al., 2006; Wypij, 2013). 

One of the principal culprits in the high rates of loco-regional recurrence is thought to 

be resistance to chemotherapy (Govindan et al., 2015). Chemoresistance is often 

accompanied by epithelial–mesenchymal transition (EMT) in concert with increased 

invasion and metastasis (Singh and Settleman, 2010; Witta, 2006). EMT is fundamental 

to embryonic development and allows normally static epithelial cells to detach from 

their colony and migrate by reducing intercellular adhesion and initiating cytoskeletal 

changes that facilitate orchestrated movement of individual or groups of cells (Thiery 

et al., 2009).  
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EMT can be characterised by a decrease in the epithelial marker e�cadherin and an 

increase in the mesenchymal marker vimentin. Accumulating evidence points to a 

critical role of EMT-like events during malignant transformation whereby existing 

mechanisms crucial to development and repair are harnessed and used to endow 

invasive and metastatic properties to the incipient cancer cell (Kalluri, 2009).  

Epidermal growth factor receptor (EGFR) has been implicated in the pathogenesis of 

HNSCC and is overexpressed in up to 90% of cases (Kalyankrishna and Grandis, 

2006). We have previously demonstrated that EGFR is widely expressed in FOSCC 

with increasing expression being correlated with poorer prognosis (Bergkvist et al., 

2011b; Looper et al., 2006). Targeting EGFR using small molecule tyrosine kinase 

inhibitors (TKI) such as gefitinib induces chemoresistance in preclinical HNSCC and in 

vitro FOSCC models (Bergkvist et al., 2011a; Erjala, 2006; Maseki et al., 2012). EMT 

phenotypes have been reported in HNSCC and FOSCC cell lines undergoing 

resistance to chemotherapy (Erjala, 2006; Pang et al., 2012).  

The aim of this study was to use EGFR-inhibitor gefitinib to induce resistance in 

human and feline HNSCC cell-lines, to characterise the EMT phenotype in relation to 

the resistance status in both species and to compare the responses between species. 

The invasive and migratory properties of the untreated compared to the gefitinib-

resistant cell lines of both species in vitro and in vivo would be explored to determine 

whether resistance and/or EMT conferred an advantage in terms of metastatic 

potential. Ultimately, we hope to elucidate novel therapeutic targets in relation to this 

potentially destructive combination of EMT and chemoresistance. 
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3.3 Materials and methods 

3.3.1 Gefitinib sensitivity assay 

Sensitivity to gefitinib was assessed via a cell proliferation assay. Cell proliferation was 

measured using the CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(Promega, UK). The assay is colorimetric and is based on the addition of a tetrazolium 

compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an electron-coupling reagent 

(phenazine ethosulfate; PES), which forms a stable solution (AQueous One Solution) in 

culture medium. The tetrazolium compound (MTS) is then bioreduced by the viable 

cells to formazan, a coloured substance, which is soluble in culture medium and 

absorbance at 490 nm is directly proportional to the number of living cells in culture. 

Rates of proliferation could be compared between treatment groups and cell lines 

using this method.  

3.3.1.1 Cell harvesting and seeding 

Cells were harvested and counted as detailed in Chapters 2.2.1.11.1 and 2.2.1.13. 

Cells were seeded into 96-well plates at 1,500 cells/well and allowed to attach 

overnight at 37°C/5% CO2 before being exposed to treatment.  

3.3.1.2 Measuring absorbance 

Absorbance was measured at 24 h, 48 h and 72 h by adding 20	μl of AQueous One 

Solution to each well containing 100	μl medium and incubating at 37°C/5%CO2 for 

1-4h. Absorbance at 490 nm was then recorded using the Perkin Elmer 1420 

Multilabel Counter Victor3™ plate reader and Wallac 1420 Manager programme. 

Comparison of absorbance was used to compare cell proliferation. 

3.3.2 Wound closure assay 

The wound closure assay is an easy, low-cost and well-developed method to study 

cell migration, cell proliferation and wound healing in vitro. A wound is created in a 

confluent layer of adherent cells and the wound field is observed and measured as the 

wound heals. This facilitates comparison of wound healing or cell migration between 

different treatments and can give an indication of migratory ability and any effects on 

that property.  
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Cells were passaged and counted as previously described (Chapters 2.2.1.12 and 

2.2.1.13). SCCF1 and SCCF1G cells were seeded at high density into 6-well plates and 

allowed to reach confluency (usually after 24 hours). A wound was then created with 

a 1 ml pipette tip in the monolayer as previously described (Liang et al., 2007). 

Following the creation of the scratch, the medium was removed and the wells were 

washed with 2 ml PBS per well until all floating cells were removed and a clean, sharp 

edge of cells could be visualised in all wells by phase contrast light microscopy.  

 

 

Figure 3-1: Procedure for wound closure assay. Cells were seeded at high density into 6-well plates and 
allowed to reach confluency (usually after 24 h). A wound was then created with a 1 ml pipette tip in the 
monolayer. Following the creation of the scratch, the medium was removed and the wells were washed 
with 2 ml PBS per well until all floating cells were removed and a clean, sharp edge of cells could be 
visualised in all wells by phase contrast light microscopy. The cells were photographed using the 10x 
objective at 0, 12 and 24 h following treatment. The wounded area was outlined in permanent marker on 
the lid for each well so that the same area could be photographed at every time point. The gap width was 
then measured at ten different points for each photograph and the mean was determined for each time 
point. The mean was expressed as a percentage of gap width at 0 h and migratory ability compared 
between untreated and resistant cells. 
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The cells were photographed using the 10x objective at 0, 12 and 24 h following 

treatment. The wounded area was outlined in permanent marker on the lid for each 

well so that the same area could be photographed at every time point. The gap width 

was then measured at ten different points for each photograph and the mean was 

determined for each time point. The mean was expressed as a percentage of gap width 

at 0 h and migratory ability compared between untreated and resistant cells. 

3.3.3 Immunoblotting 

Cells were harvested by mechanical scraping at 4°C then lysed in urea lysis buffer (7 

M urea, 0.1 M DTT, 0.05 % Triton X-100, 25 mM NaCl, 20 mM Hepes pH 7.5). Equal 

amounts of protein were separated by SDS polyacrylamide gel electrophoresis, 

transferred to Hybond-C nitrocellulose membrane (Amersham Pharmacia Biotech, UK) 

and hybridised to an appropriate primary antibody and HRP-conjugated secondary 

antibody for subsequent detection by ECL (Amersham Pharmacia Biotech, UK). See 

Chapter 2.3 for a detailed protocol. 

3.3.4 Subcellular protein fractionation 

A Subcellular Protein Fractionation Kit for Cultured Cells (Thermo Scientific, Rockford, 

lL 61105 USA) was used to enable stepwise separation and preparation of 

cytoplasmic, membrane and nuclear protein extracts from mammalian cultured cells. 

The fractions were then subjected to immunoblotting to determine protein content. For 

detailed protocol see Chapter 2.5. 

3.3.4.1 Harvesting cells 

All procedures were carried out on ice where appropriate. Cells were harvested and 

counted as detailed in Chapters 2.2.1.11.2 and 2.2.1.13, and 1 x 107 cells were 

transferred to a 1.5 ml Eppendorf tube. Cells were centrifuged at 400 g for 5 min at 

4°C and washed by resuspending in chilled PBS. Cell suspensions were then 

centrifuged at 400 g for 3-4 min at 4°C. Supernatant was discarded leaving cell pellet 

as dry as possible and packed cell volume (PCV) was estimated.  
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3.3.5 Immunocytochemical analysis 

Cells were harvested with trypsin/EDTA, counted and seeded at 1x105 cells per well 

into 4-well Nunc® Lab-Tek® II Chamber Slides (Nunc, Roskiled, Denmark) and 

incubated at 37°C, 5% CO2 for 24-48 h. Cells were fixed in acetone, hybridised to an 

appropriate primary antibody and fluorescent secondary antibody (see Table 3-1). 

Specimens were mounted and counterstained using 4,6-diamidino-2-phenylindole 

(DAPI) nuclear stain (VECTASHIELD Antifade Mounting Medium with DAPI, Vector 

Laboratories, UK). Fluorescence was visualized using a Leica LMDB microscope. See 

Chapter 2.6 for a detailed protocol. 

Table 3-1: Antibodies used for detection of EMT-associated proteins  

 

3.3.6 Detachment assay  

Cells were seeded into T80 flasks to obtain 75% confluence at time of trypsinisation. 

The detachment assay was performed at least 24 h after seeding. Cells were washed 

with phosphate buffered saline and trypsinized (2.5% Trypsin-EDTA; Life 

Technologies, Carlsbad, CA, U.S.A.) at 37°C. The number of detached cells was 

determined after 5 min, and the total number of cells per plate was determined after 

complete trypsinisation. One flask was used for each time point, and each experiment 

was performed at least three times independently.  

3.3.7 Live cell imaging 

SCCF1 cells were seeded into a T80 flask and cultured until circa 30% confluence. 

Gefitinib was added to the media (5 µM) and cells were placed in the incubator of a 

Zeiss Axio Live Cell Observer and allowed to equilibrate for 1 h. Cells were analysed 

by video time-lapse inverted microscopy (Axio Observer Z1) for 14 days.  

 

Antibody Supplier Dilution

Mouse monoclonal anti-e-cadherin BD Laboratories, UK 1:100

Mouse monoclonal anti-vimentin Abcam plc., UK 1:200

Rabbit monoclonal anti-snail Cell Signaling Technology., USA 1:50

Goat anti-mouse IgG H&L (Alexa Fluor® 488) ThermoFisher Scientific, UK 1:500

Goat anti-rabbit IgG H&L (Alexa Fluor® 568) ThermoFisher Scientific, UK 1:500
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3.3.8 In vitro invasion assay 

Cultrex® 96 Well BME Cell Invasion Assay, Catalogue No 3455-096-K (Trevigen, Inc., 

USA) was used to assess in vitro invasion potential. The Cultrex® BME Cell Invasion 

Assay is a 96-well microplate-based assay consisting of basement membrane extract 

(BME) and a simplified 96-well Boyden chamber with an 8μm pore polyethylene 

terephthalate (PET) membrane coated with the extracellular matrix. Detection of cell 

invasion is quantified using an acetomethoxyl derivative of calcein (calcein-AM). 

Calcein-AM is internalised by the cells, and intracellular esterases cleave the 

acetomethylester (AM) moiety to generate free calcein. Free calcein fluoresces 

brightly, and this fluorescence may be used to quantify the number of cells that have 

migrated or invaded. 

 

Figure 3-2: Invasion assay components. A) Cells were seeded into the 96-well plate. B) Each well had an 
internal chamber with a membrane separating the top section from the bottom section. C) Cells in media 
were placed in the upper chamber. Basement membrane extract coated the separating membrane. Media 
was placed in the lower chamber. Invasive cells migrated through the membrane from the upper to the 
lower chamber and were visualised and counted there. 

3.3.8.1 Assay preparation and cell seeding 

The membrane of each invasion chamber was coated with 50 μl of BME Solution (see 

Appendix 7) and incubated overnight at 37°C/5% CO2. 

Cells were harvested using Trypsin/EDTA 0.05% and resuspended in medium at 

1 x 106 cells/ml. The coating solution was aspirated and 50 μl of cells was added to 

each well of the invasion chamber and 150 μl of medium was added to the lower 

chamber below the membrane. The microplate was incubated for 72 h. 



60 

 

3.3.8.2 Measuring absorbance 

Each upper chamber was aspirated, taking care not to puncture the membrane, and 

washed with 100 μl of wash buffer (see Appendix 7). Each well of the lower chamber 

was aspirated and washed with 200 μl wash buffer. Twelve microlitres of calcein-AM 

solution was added to 10 ml of cell dissociation solution and 100 μl was added to 

each well of the lower chamber prior to incubation for 1 h.�Absorbance at 520 nm 

was recorded using the Perkin Elmer 1420 Multilabel Counter Victor3™ plate reader 

and Wallac 1420 Manager program. 

3.3.9 Chick chorioallantoic membrane (CAM) assay  

The chick chorioallantoic membrane (CAM) assay has long been used as an in vivo 

model for the study of tumour behaviour. The assay is conducted within the protected 

environment of a developing chick embryo and is particularly useful because of the 

ready availability of fertilised eggs and the ease of access to a fully functioning 

membrane. Rejection of the grafted cells is minimised due to the natural 

immunodeficiency of the chick embryo. Moreover, the CAM assay allows rapid 

vascularisation and development of grafted tumour cells in an in vivo 

microenvironment. 

3.3.9.1 Eggs 

Fertilised NovoGen Brown chicken eggs were obtained from the Roslin Institute’s 

National Avian Research Facility (NARF), Roslin, UK on the day of laying. Eggs were 

incubated in a MultiQuip Incubator at 37 °C with 60% humidity.  
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3.3.9.2 Preparing eggs for xenograft 

On Day 3 of chick embryo development, each egg was marked on the dorsal aspect of 

the shell with a permanent marker pen to ensure consistent orientation during the 

assay. The egg surface was wiped with ethanol. Two small holes were made with 

scissors, one at the sharp end and one on the dorsal surface of each egg. Clear plastic 

sticking tape was secured over these holes. Using a needle and syringe, 2-3 ml of 

albumen was extracted through the hole at the sharp end of the egg. The resulting 

reduction in albumen volume within the egg resulted in the upper chorioallantoic 

membrane dropping away from the dorsal aspect of the inner shell thus allowing the 

membrane to be easily accessible during the subsequent grafting and harvesting 

procedures. 

3.3.9.3 Grafting and incubating cells 

A 10-15 mm hole was cut through the dorsal aspect of the eggshell with scissors and 

approximately 2 ml of albumen were replaced. Two-three drops of antibiotic solution 

were added (10% penicillin/streptomycin) and the hole was covered over with clear 

plastic sticking tape. The eggs were then incubated at 37 °C with 60% humidity until 

Day 7 of chick embryo development. 

On Day 7, cells to be grafted were harvested (see Chapter 2.2.1.11.1) and 

resuspended in a 1:2 mix of media:matrigel matrix (Corning Life Sciences, USA) at a 

concentration of 1x106 cells per 50 μl of mix.  

Each egg was removed from the incubator and the adhesive taped peeled back to 

allow access to the pre-cut hole in the dorsal aspect of the shell. A sterile 

polypropylene ring, 10 mm in diameter, was placed on the exposed CAM to contain 

the cells after grafting. Fifty microlitres of cell suspension in media/matrigel matrix was 

pipetted onto the CAM within the confines of the ring. Two-three drops of antibiotic 

solution were added (10% penicillin/streptomycin) and the hole was resealed with the 

adhesive tape. The xenografted eggs were incubated at 37 °C with 60% humidity for 6 

days until Day 13 of chick development. 
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Figure 3-3: Chick chorioallantoic assay. The chick chorioallantoic membrane (CAM) assay has long been 
used as an in vivo model for the study of tumour behaviour. The assay is conducted within the protected 
environment of a developing chick embryo and is particularly useful because of the ready availability of 
fertilised eggs and the ease of access to a fully functioning membrane. A hole is made in the dorsal 
surface of each egg. Cells to be studied are grafted onto the exposed CAM through the dorsal hole in the 
shell. Cells are incubated for the desired length of time. The CAM and tumour is harvested and analysed 
for invasion through the CAM. 

3.3.9.4 Harvesting grafted cells 

On Day 13 of chick development, each egg was removed from the incubator and the 

adhesive taped peeled back to allow access to the pre-cut hole in the dorsal aspect of 

the shell. The existing hole was widened by cutting sufficient shell away to allow 

complete removal of the dorsal aspect. The embryo was carefully removed from the 

egg, decapitated and discarded. The grafted cells were located within the 

polypropylene ring and the cells, ring and CAM immediately under the ring, including 

a margin of at least 5mm, were collected and submerged in a formalin-filled specimen 

pot.  

3.3.9.5 Tissue fixation 

Samples remained in formalin for 24-48 h to allow fixation. Each sample was then 

trimmed, the plastic ring removed and the remaining tissue was submerged in metal 

moulds containing molten agar.  
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3.3.9.6 Tissue processing 

Once the tissue was fixed, it was processed so that it was adequately supported for 

cutting into sections. The tissue was dehydrated, cleared and then infiltrated with 

medium to enable sectioning. Paraffin wax is the most common medium used 

for immunostaining.  

After fixation, tissue was rinsed in PBS until the fixative is completely removed. Tissue 

was then dehydrated using ethanol (see Table 3-2). 

Table 3-2: Sequence of tissue dehydration steps  

 

Ethanol was exchanged with xylene (see Table 3-3). 

Table 3-3: Sequence of ethanol replacement with xylene  

 

 
Xylene was exchanged with paraffin in a vacuum oven set for 54-58°C (see Table 3-4).  

Solution Incubation time 

50% Ethanol 10 min

70% Ethanol 10 min

80% Ethanol 10 min

95% Ethanol 10 min

100% Ethanol 10 min

100% Ethanol 10 min

100% Ethanol 10 min

Solution Incubation time 

2:1 Ethanol:Xylene 10-15 min

1:1 Ethanol:Xylene 10-15 min

1:2 Ethanol:Xylene 10-15 min

100% Xylene 10-15 min

100% Xylene 10-15 min

100% Xylene 10-15 min
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Table 3-4: Sequence of xylene replacement with paraffin  

 

Tissue was then embedded in fresh paraffin. Tissue blocks were then trimmed and 

4 μm sections were cut and mounted onto glass microscope slides. 

3.3.9.7 Immunostaining 

Before proceeding with the staining protocol, the slides must 

be deparaffinised and rehydrated. Incomplete removal of paraffin can lead to poor 

staining of the section. 

3.3.9.8 Deparaffinisation  

Slides were deparaffinised by washing in a sequence of solutions (see Table 3-5). 

Table 3-5: Sequence of deparaffinisation 

 

 

Solution Incubation time 

2:1 Xylene:Paraffin 30 min

1:1 Xylene:Paraffin 30 min

1:2 Xylene:Paraffin 30 min

100% Paraffin 1-2 h

100% Paraffin 1-2 h

Solution Incubation time

Xylene 3 min

Xylene 3 min

1:1 Xylene:Ethanol: 3 min

100% Ethanol 3 min

100% Ethanol 3 min

100% Ethanol 3 min

95% Ethanol 3 min

70% Ethanol 3 min

50% Ethanol 3 min
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Slides were placed in running cold tap water to rinse off ethanol. 

The slides were kept in the tap water until antigen retrieval was performed. At no time 

from this point onwards should the slides be allowed to dry. Drying out could cause 

non-specific antibody binding and high background staining. 

3.3.9.9 Antigen retrieval 

Formalin fixation forms protein cross-links that mask the antigenic sites in tissue 

specimens, thereby giving weak or false negative staining for immunohistochemical 

detection of certain proteins. An antigen-retrieval step using proteinase K was carried 

out to break the protein cross-links, thereby unmasking the antigens in the formalin-

fixed and paraffin embedded tissue sections, and thus enhancing staining intensity of 

antibodies. 

Sections were rinsed in distilled water then covered with Proteinase K Solution (see 

Appendix 7) and incubated for 30 minutes at room temperature in humidified 

chamber.  

3.3.9.10 Application of primary antibody and blocking 

Sections were rinsed in PBS Tween 20 for 2x2 min then incubated with the primary 

antibody for 1 h at room temperature or overnight at 4ºC (see Table 3-6). 

Sections were rinsed in PBS Tween 20 for 2x2 min then blocked with Dako REAL™ 

Peroxidase-Blocking Solution (Dako Cytomation, Denmark) for 10min at room 

temperature.  

Table 3-6: Antibodies used for detection of proteins by immunohistochemistry 

 

 

Antibody Supplier Dilution Type

Monoclonal Mouse Anti-Human 
Cytokeratin Clone MNF116

Dako Cytomation, Denmark 1:50 Primary

Dako REAL™ EnVision™/HRP 
Mouse (ENV) 

Dako Cytomation, Denmark Neat Secondary
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3.3.9.11 Application of secondary antibody 

Sections were rinsed with PBS Tween 20 for 3x2 min then incubated with the 

secondary antibody for 40 min at room temperature (see Table 3-6). 

3.3.9.12 Haematoxylin and eosin staining  

Sections were incubated in diaminobenzidine (DAB) Substrate Buffer (Dako 

Cytomation, Denmark) for 10 min at room temperature and counterstained with 

haematoxylin and eosin (H&E) (see Table 3-7).  

Table 3-7: Sequence for haematoxylin and eosin staining and dehydration 

 

Sections were mounted with mounting medium (Dako CoverStainer for H&E, Dako, 

Cytomation, Denmark). 

 

Solution Incubation time

Harris haematoxylin solution 8 min

Running water 5 min

Acid alcohol solution 30 s

Running water 1 min

Ammonia water 3 min

Running water 5 min

95% Ethanol 10 dips

Eosin-phloxine B solution 1 min

50% Ethanol 3 min

95% Ethanol 5 min

100% Ethanol 5 min

100% Ethanol 5 min

100% Ethanol 5 min
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3.4 Results 

3.4.1 EMT cannot be induced using TGF-β1 in feline squamous cell 
carcinoma cell-line SCCF1  

Despite repeated attempts and extensive optimisation, we were unsuccessful in 

inducing EMT using TGF-β1 in the SCCF1 cells despite our method being validated 

using mouse mammary cell line NMuMg. As such, we decided that TGF-β1-induced 

EMT would not be a viable model for SCCF1 and so concentrated solely on gefitinib-

induced EMT. 

3.4.2 Gefitinib-resistant squamous cell carcinoma cell lines can be 
generated by long-term exposure to 5 µM gefitinib 

3.4.2.1 Gefitinib causes reduction in cell proliferation 

Exposure to 5 µM gefitinib had a profound effect on proliferation in previously 

untreated SCCF1 and SCC15 cells but had no effect on proliferation in treated cells 

(SCCF1G and SCC15G) (Figure 3-5A). Absorbance at 72 h indicated that proliferation 

in untreated cells was reduced by more than 90% compared to the long-term treated 

equivalents in both feline and human cells. This confirmed that continuous treatment 

with 5 µM gefitinib for >8 weeks resulted in gefitinib-resistance in the human and 

feline squamous cell carcinoma cell lines (SCC15 and SCCF1 respectively).  

3.4.2.2 Gefitinib delays wound closure 

Gefitinib exposure at 5 µM delayed wound closure in untreated (SCCF1 and SCC15) 

compared to gefitinib-resistant (SCCF1G and SCC15G) cells (Figure 3-5B and C). Gap 

width in both resistant cell lines was significantly less than untreated equivalents by 

24 h.  
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C

 

 

Figure 3-4: Generation of gefitinib-resistance cell lines. A) Exposure to 5 µM gefitinib had a profound 
effect on proliferation in previously untreated SCCF1 and SCC15 cells but had no effect on proliferation in 
treated cells (SCCF1G and SCC15G) This confirmed that continuous treatment with 5 µM gefitinib for >8 
weeks resulted in gefitinib-resistance in the human and feline squamous cell carcinoma cell lines (SCC15 
and SCCF1 respectively). B) and C) Gefitinib exposure at 5 µM delayed wound closure in untreated (SCCF1 
and SCC15) compared to gefitinib-resistant (SCCF1G and SCC15G) cells. Gap width in both resistant cell 
lines was significantly less than untreated equivalents by 24 h. ! bars show standard deviations. 
***=p<0.001, **=p<0.01, *=p<0.05. 

3.4.3 Gefitinib resistance confers an epithelial/mesenchymal hybrid 
phenotype. 

Human and feline SCC cell-lines had a characteristic epithelial morphology of regular 

polyhedrons growing in a contiguous manner with a typical ‘cobble-stone’ 

appearance, well-defined cell membranes and minimal extracellular space (Figure 

3-5). The gefitinib-resistant cells were generally larger, with granular cytoplasm and a 

more heterogenic morphology; some were elongated, amorphous or irregularly stellate 

whereas others were more cuboidal with varying degrees of asymmetry.  
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Figure 3-5: In vitro cellular morphology of untreated and resistant feline and human phenotypes. 
Human and feline SCC cell-lines had a characteristic epithelial morphology of regular polyhedrons 
growing in a contiguous manner with a typical ‘cobble-stone’ appearance, well-defined cell 
membranes and minimal extracellular space. The gefitinib-resistant cells were generally larger, with 
granular cytoplasm and a more heterogenic morphology; some were elongated, amorphous or 
irregularly stellate whereas others were more cuboidal with varying degrees of asymmetry. 

3.4.4 Paradoxical e-cadherin+/vimentin+ phenotype of gefitinib-
resistant SCC cells is not consistent with EMT. 

We detected expression of e-cadherin and vimentin in untreated and gefitinib-resistant 

human and feline SCC cells by immunoblotting (see Figure 3-6). The molecular weight 

of e-cadherin is 120 kDa and vimentin is 53.5 kDa, bands corresponding to these 

weights were detected when blots were probed with e-cadherin or vimentin antibody, 

respectively. Loading control blots detected bands corresponding to the molecule 

weight of β-actin (43.5 kDa). Untreated SCC15 and SCCF1 cells expressed e-cadherin 

strongly and vimentin weakly consistent with an epithelial phenotype. Expression of 

mesenchymal marker vimentin was significantly up-regulated in the gefitinib-resistant 

SCC15G and SCCF1G cells. However, somewhat surprisingly, given their 

mesenchymal-like morphology, we found that e-cadherin expression was not down-

regulated in the gefitinib-resistant cells. 
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C  

 

D 

  

Figure 3-6: Acquisition of gefitinib resistance alters the expression pattern of molecular markers 
of EMT e-cadherin and vimentin. A) and B) Untreated SCC15 and SCCF1 cells expressed e-
cadherin strongly and vimentin weakly consistent with an epithelial phenotype. Expression of 
mesenchymal marker vimentin was significantly up-regulated in the gefitinib-resistant SCC15G 
and SCCF1G cells. However, somewhat surprisingly, given their mesenchymal-like morphology, 
we found that e-cadherin expression was not down-regulated in the gefitinib-resistant cells. C) 
and D) In untreated cells (SCCF1) the majority of e-cadherin was present in the membrane 
fraction with only a small proportion being present in the cytoplasmic fraction (approximately 
10%). In gefitinib resistant cells (SCCF1G) a significantly larger proportion of e-cadherin was 
present in the cytoplasmic fraction (approximately 33%) compared to the membrane fraction 
Error bars show standard deviations, ***=p<0.001. 
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3.4.5 E-cadherin is translocated from the membrane to the cytoplasm 
in gefitinib-resistant SCC cells 

We detected bands in the region of the blot that corresponded to the molecular weight 

of e-cadherin (120 kDa) when probed with e-cadherin antibody. Loading control blots 

detected bands corresponding to the molecule weight of β-actin (43.5 kDa). In 

untreated cells (SCCF1) the vast majority of e-cadherin was present in the membrane 

fraction with only a small proportion being present in the cytoplasmic fraction 

(approximately 10%). In gefitinib resistant cells (SCCF1G) a significantly larger 

proportion of e-cadherin was present in the cytoplasmic fraction (approximately 33%) 

compared to the membrane fraction (see Figure 3-6).  

3.4.6 Acquisition of finite gefitinib-resistance is a lengthy process 
that follows an EMT/MET-type metamorphosis 

Tending the human and feline SCC15 and SCCF1 cells as they acquired resistance to 

gefitinib gave rise to the intriguing observation that morphological transformation was 

not linear but appeared to be biphasic. A highly mesenchymal phenotype emerged 

during the first few weeks of exposure to gefitinib which was followed by an apparent 

partial reversion to a hybrid epithelial/mesenchymal morphology that we have seen in 

established gefitinib-resistant cells. To explicate that exact sequence of morphological 

change in relation to duration of treatment, we mapped the cells from initiation of 

treatment through the full spectrum of treatment-related changes until full resistance 

was established, a process that appeared to last 6-8 weeks. 

By the end of the first week of treatment the majority of cells had died and the 

surviving cells were larger, more heterogeneous and elongated with non-contiguous 

growth and a very mesenchymal appearance (Figure 3-7). This highly mesenchymal 

phenotype was apparent until 2-3 weeks into treatment and was immediately followed 

by a second wave of cell death where a further 50-75% of cells died. The surviving 

cells had a hybrid morphology somewhere between the epithelial morphology of 

naïve cells and the mesenchymal-like morphology seen during early treatment and by 

week 4 were establishing new colonies and exhibiting rapid growth. The hybrid 

morphology and continued rapid growth was sustained over subsequent weeks with 

no further transformation and appeared to exemplify the phenotype of long-term 

resistance to gefitinib. This pattern occurred in both the feline and human cells. 
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Figure 3-7: Morphological and molecular signature of development of resistance to treatment with gefitinib in feline and human oral squamous cell carcinoma showing 
biphasic transition. A) SCCF1 and B) SCC15 cells showing changing morphology over a 6-week course of treatment with gefitinib. A highly mesenchymal phenotype was 
apparent after 1 week immediately followed by a second wave of cell death where a further 50-75% of cells died. The surviving cells had a hybrid morphology somewhere 
between the epithelial morphology of naïve cells and the mesenchymal-like morphology seen during early treatment and by week 4 were establishing new colonies and 
exhibiting rapid growth. The hybrid morphology and continued rapid growth was sustained over subsequent weeks with no further transformation  
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3.4.7 Expression pattern of EMT molecular markers mirrored the 
morphological changes and was consistent with EMT quickly 
followed by partial reversion to an E/M hybrid. 

We detected bands in the regions of the blot corresponding to the molecular weight of 

e-cadherin (120 kDa), vimentin (53.5 kDa) and snail (29 kDa) when probed with the 

relevant antibodies. Loading control blots detected bands corresponding to the 

molecule weight of β-actin (43.5 kDa) (see Figure 3-8). Untreated SCCF1 cells 

displayed a typical epithelial molecular signature of e-cadherin+/vimentin-, as 

determined by immunoblotting. After 1 week of treatment e-cadherin remained largely 

unchanged but vimentin expression had significantly increased. Week 2 saw a definite 

shift toward expression of a mesenchymal molecular signature: e-cadherin expression 

had weakened and vimentin had strengthened considerably. Continued treatment 

resulted in e-cadherin and vimentin expression shifting back towards the epithelial end 

of the EMT spectrum although both vimentin remained significantly increased and e-

cadherin was significantly decreased by week 6. Snail expression, a transcription 

factor associated with EMT (Cano et al., 2000), was significantly upregulated from 

week 4 and more strongly expressed by week 6. The changing expression pattern of 

molecular markers of EMT correlated with the changing cellular morphology (Figure 

3-9).  

Untreated SCC15 cells also displayed a typical epithelial molecular signature, but had 

a higher baseline level of vimentin compared to the feline cells (see Figure 3-10). 

Week 2 saw a shift toward expression of a more mesenchymal molecular signature: e-

cadherin weakened and vimentin strengthened. Snail expression was also invoked at 

this timepoint. Continued treatment with gefitinib resulted in continued upregulation 

of snail and vimentin whereas e-cadherin expression increased but did not attain pre-

treatment levels. E-cadherin, vimentin and snail expression were all significantly 

different from untreated cells from week 2 of gefitinib treatment. 
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Figure 3-8: Expression pattern of EMT molecular markers mirrored the morphological changes 
and was consistent with EMT quickly followed by partial reversion to an E/M hybrid – SCCF1 
cells. A) and B) Untreated SCCF1 cells displayed e-cadherin+/vimentin. At 1 week e-cadherin 
remained largely unchanged but vimentin expression had significantly increased. Week 2 saw 
decrease in e-cadherin +ve expression and vimentin had strengthened. Continued treatment 
resulted in e-cadherin and vimentin expression becoming more epithelial again. Snail 
expression, was upregulated from week 4 and strongly expressed by week 6. Error bars show 
standard deviations, ***=p<0.001, **=p<0.01, *=p<0.05. 
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 Figure 3-9: Timeline of correlation between cell morphology and expression of molecular 
markers of EMT in SCCF1 cells.A) Cell morphology B) Expression of molecular markers. This 
shows that as morphology changed, the molecular markers of EMT also changed. Untreated 
SCCF1 cells displayed a typical epithelial morphology and a molecular signature of e-
cadherin+/vimentin-. After 1 week of treatment e-cadherin remained largely unchanged but 
vimentin expression had significantly increased – this correlated with the cells appearing more 
mobile and amorphous. Week 2 saw a definite shift toward expression of a mesenchymal 
molecular signature: e-cadherin expression had weakened and vimentin had strengthened 
considerably – this correlated with cells with the most mesenchymal morphology, highly mobile 
and more elongated. The resistant phenotype, visible from week 4, correlated with upregulation 
of snail expression, upregulation of e-cadherin and slight down-regulation of vimentin. 
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Figure 3-10: Expression pattern of EMT molecular markers mirrored the morphological changes and was 
consistent with EMT quickly followed by partial reversion to an E/M hybrid – SCC15 cells. A) and B) 
Untreated SCC15 cells also displayed a typical epithelial molecular signature, but had a higher baseline 
level of vimentin compared to the feline cells. Week 2 again saw a shift toward expression of a more 
mesenchymal molecular signature: e-cadherin weakened and vimentin strengthened. Snail expression was 
also invoked at this timepoint. Continued treatment with gefitinib resulted in continued upregulation of 
snail and vimentin whereas e-cadherin expression increased but did not attain pre-treatment levels. Error 
bars show standard deviations, ***=p<0.001, **=p<0.01, *=p<0.05. 
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Figure 3-11: Molecular expression of E-cadherin in SCCF1 cells acquiring resistance to gefitinib. E-
cadherin (green) and DAPI (blue). A) Negative control in SCCF1 cells showed no detection of E-cadherin. B) 
E-cadherin localized to the cell membranes in the untreated cells (SCCF1) with heavier expression at cell 
junctions. C) +2 weeks treatment with gefitinib. It was more diffusely distributed in transitioning cells 
(SCCF1T) and was predominantly cytoplasmic. D) >6 weeks treatment with gefitinib. E-cadherin then re-
established its localization to the cell membranes in the resistant cells (SCCF1G). 
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Figure 3-12: Molecular expression of vimentin in SCCF1 cells acquiring resistance to gefitinib. Vimentin 
(green) and DAPI (blue). A) Negative control in SCCF1 cells showed no detection of vimentin. B) Vimentin 
expression was seen in a very small proportion of untreated cells (SCCF1). C) +2 weeks treatment with 
gefitinib. Vimentin was upregulated in transitioning cells (SCCF1T). D) >6 weeks treatment with gefitinib. 
Vimentin was upregulated in resistant cells (SCCF1G).  
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Figure 3-13: Molecular expression of snail in SCCF1 cells acquiring resistance to gefitinib. Snail (red) and 
DAPI (blue). A) Negative control in SCCF1 cells showed no detection of snail. B) A very low level of snail 
expression was seen in the untreated cells (SCCF1). C) +2 weeks treatment with gefitinib. Snail was more 
heavily expressed in transitioning cells (SCCF1T) and was cytoplasmic with perinuclear clustering. D) >6 
weeks treatment with gefitinib. Snail was upregulated in resistant cells (SCCF1G) and was obvious 
throughout the cytoplasm. 
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Figure 3-14: Molecular expression of e-cadherin in SCC15 cells acquiring resistance to gefitinib. E-
cadherin (green) and DAPI (blue). A) Negative control SCC15 cells showed no detection of e-cadherin. B) 
E-cadherin localized to the cell membranes in the untreated cells (SCC15) with heavier expression at cell 
junctions. C) +2 weeks treatment with gefitinib. It was more diffusely distributed in transitioning cells 
(SCC15T) and was predominantly cytoplasmic. D) >6 weeks treatment with gefitinib. E-cadherin then re-
established its localization to the cell membranes in the resistant cells (SCC15G).  

 

100 µm 100 µm

100 µm 100 µm

A B

C D



 

83 

 

 

Figure 3-15: Molecular expression of vimentin in SCC15 cells acquiring resistance to gefitinib. Vimentin 
(green) and DAPI (blue). A) Negative control SCC15 cells showed no detection of vimentin. B) Vimentin 
expression was seen in a very small proportion of untreated cells (SCC15). C) +2 weeks treatment with 
gefitinib. Vimentin expression was upregulated in transitioning cells (SCC15T). D) >6 weeks treatment with 
gefitinib. Vimentin expression was upregulated in resistant (SCC15G) cells.  
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Figure 3-16: Molecular expression of snail in SCC15 cells acquiring resistance to gefitinib. Snail (red) and 
DAPI (blue). A) Negative control SCC15 cells showed no detection of snail. B) A very low level of snail 
expression was seen in the untreated cells (SCC15). C) +2 weeks treatment with gefitinib. Snail was 
upregulated in the transitioning cells (SCC15T) with expression tending to concentrate around the 
nucleus. D) >6 weeks treatment with gefitinib. Snail was also upregulated in resistant cells (SCC15G) with 
more extensive expression reaching further into the cytoplasm. 

Immunocytochemistry was performed at three time points: pre-treatment (SCCF1 and 

SCC15); transitional phase 2 weeks following treatment (SSCF1T and SCC15T) and in 

resistant cells at 8 weeks of treatment (SCCF1G and SCC15G) to evaluate the 

expression of key epithelial and mesenchymal markers. We used suffixes T and G to 

denote these distinct phases in the cell lines (SCCF1 and SCC15) that we were testing 

i.e. SCCF1T and SCC15T indicated the transitory phase while SCCF1G and SCC15G 

indicated the long term resistant phase.  

Expression of EMT markers visualized using immunocytochemistry (Figure 3-11 to 

Figure 3-16) correlated well with changes identified using protein immunoblotting. 
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E-cadherin localized to the cell membranes in the untreated cell lines (SCCF1 and 

SCC15) with heavier expression at cell junctions consistent with its role as an 

intercellular adhesion molecule in epithelial cells. It became more diffusely distributed 

in transitioning cells (SCCF1T and SCC15T) and was predominantly cytoplasmic 

consistent with a loss of its function as an adhesion molecule, and then re-established 

its localization to the cell membranes in the resistant cells (SCCF1G and SCC15G), 

albeit at a reduced expression level than in untreated cells.  

Vimentin expression was seen in a very small proportion of untreated cells (SCCF1 and 

SCC15) and was upregulated in transitioning cells (SCCF1T and SCC15T) and resistant 

(SCCF1G and SCC15G) cells. Widespread distribution of vimentin was apparent 

throughout the cytoplasm in transitioning cells whereas expression tended to be more 

focussed in the perinuclear area of resistant cells. 

Similarly, Snail was upregulated in the transitioning and resistant cell lines with 

expression tending to concentrate around the nucleus in the transitioning cells with 

more extensive expression reaching further into the cytoplasm being apparent in the 

resistant cells.  

The next step was to establish whether these two different phenotypes were also 

functionally different in relation to invasiveness and metastatic potential. 

3.4.8 Transitioning and resistant cells have higher detachment 
capacity than untreated cells 

Untreated cells were much more adherent than transitioning and resistant cells. 

Transitioning cells were least adherent of all cell types (Table 3-8).  

Table 3-8: Cell detachment assay 

SD = Standard deviation, ***=p<0.001. 

% of cells detached after 5 min

Cell line Untreated ± SD Transitioning ± SD Resistant ± SD

SCCF1 21 ± 2 98 ± 8*** 52 ± 4***

SCC15 29 ± 3 99 ± 7*** 48 ± 5***
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3.4.9 Increased motility and invasion potential is demonstrated by 
transitioning and resistant SCCF1 and SCC15 cells in vitro 

The in vitro invasion assay revealed that invasiveness was significantly increased in 

transitioning and resistant cells of both species and was indeed related to the degree of 

mesenchymal transition (Figure 3-17). 

For SCCF1, 27% of the untreated cells invaded through the membrane compared to 

85% of the transitioning and 51% of the resistant cells. For SCC15, 11% of the 

untreated cells, 42% of the transitioning and 33% of the resistant cells invaded 

through the membrane. Cells that were transitional, and were at their most 

mesenchymal, were approximately 3.5 times more invasive than their untreated 

counterparts and approximately 1.5 times more invasive than the E/M hybrid resistant 

cells.  

 

 

Figure 3-17: In vitro invasion assay showing increased invasion potential in SCCF1 and SCC15 cells 
during the process of acquisition of resistance to gefitinib. Transitioning and resistant cells were significantly 

more invasive than untreated SCCF1 and SCC15 cells. In addition, transitioning cells were more invasive than 
resistant cells. Error bars give SD. *** = p-value<0.001 
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3.4.10 Live cell imaging demonstrates phenotypic change 
associated with acquisition of resistance to treatment with 
gefitinib. 

3.4.10.1 Untreated SCCF1 cells 

Live cell imaging (see Appendix 7.5) showed that untreated cells exhibited typical 

epithelial growth at a consistent rate. Individual cells formed cell islands which 

proliferated and eventually joined in a confluent sheet of cells that were in close 

contact. Confluence was reached in a T70 flask in circa 5 days. Cells were passaged 

and continued to grow in the same manner throughout the 14-day experiment. 

3.4.10.2 Treated SCCF1 cells 

The growth pattern of the cells in gefitinib-containing media was very different to 

those that were untreated, as viewed in the Live Cell Imager (see Appendix 7.5). Cell 

growth pattern and phenotype were initially similar to untreated cells but after a few 

days the cells began to change. Granules began to appear in the cytoplasm, 

particularly surrounding the nucleus. This feature was apparent until the end of the 

experiment and is also seen consistently in the long term resistant cells in culture and 

is one of the particular hallmarks of the resistant SCCF1G and SCC15G phenotype.  

Cells began to deteriorate and die. Much cellular debris and areas unpopulated by 

cells are apparent from circa days 5-8. Single cells then emerge on circa Day 8-10 that 

have survived the gefitinib treatment that has killed the vast majority of their cohort. 

These cells take a while to establish but eventually begin to proliferate relatively 

tentatively until circa day 12-13. Proliferation then increases exponentially and an 

incredible and remarkable wave of resistant cells is seen engulfing the smaller colonies 

of cells. These highly energetic and motile cells are quickly confluent but continue to 

migrate and move within the confines of the flask.  
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3.4.11 Acquisition of gefitinib resistance confers increased in 
vivo invasion potential in SCCF1 and SCC15 cells in the chick 
chorionic allantoic membrane (CAM) assay. 

The feline and human untreated and resistant cell grafts had formed visible solid 

tumours on the CAM by Day 6. There were no visible tumours on the CAMs that had 

been grafted with transitioning cells. The tumours were lentiform in shape and were 

white in colour, possibly indicating a lack of vascularisation.  

Sections taken from the fixed graft sites demonstrated that the transitioning and 

resistant cells were more invasive than the untreated cells (see Figure 3-18 and Figure 

3-19). Transitioning cells appeared to be the most invasive and the majority of grafted 

cells appeared to have breached the ectodermal chorionic epithelium basement 

membrane and were invading the underlying intermediate mesoderm, leaving very 

little tumour mass on the surface of the CAM. The resistant cells were also invasive but 

to a lesser extent, with the majority still growing as tumour mass on the surface of the 

CAM and a smaller proportion having invaded through the upper membrane. There 

was very little invasion of untreated cells. 
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Figure 3-18: In vivo invasion assay 
showing increased invasion 
potential in SCCF1 cells during the 
process of acquisition of resistance 
to gefitinib. Tumour cells labelled 
with cytokeratin appear brown, 
CAM: Chorioallantoic membrane; 
NITC: Non-invading tumour cells; 
ITC: Invading tumour cells. A) 
Untreated cells, SCCF1. B) 
Transitioning cells, +2 weeks 
treatment with gefitinib, SCCF1T.  
C) Resistant cells, >6 weeks 
treatment with gefitinib, SCCF1G. 

Sections taken from the fixed graft 
sites demonstrated that the 
transitioning and resistant cells 
were more invasive than the 
untreated cells. Transitioning cells 
appeared to be the most invasive 
and the majority of grafted cells 
appeared to have breached the 
ectodermal chorionic epithelium 
basement membrane and were 
invading the underlying 
intermediate mesoderm, leaving 
very little tumour mass on the 
surface of the CAM. The resistant 
cells were also invasive but to a 
lesser extent, with the majority still 
growing as tumour mass on the 
surface of the CAM and a smaller 
proportion having invaded through 
the upper membrane. There was 
very little invasion of untreated 
cells. 
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Figure 3-19: In vivo invasion assay 
showing increased invasion 
potential in SCC15 cells during the 
process of acquisition of resistance 
to gefitinib. Tumour cells labelled 
with cytokeratin appear brown, 
CAM: Chorioallantoic membrane; 
NITC: Non-invading tumour cells; 
ITC: Invading tumour cells. A) 
Untreated cells, SCC15. B) 
Transitioning cells, +2 weeks 
treatment with gefitinib, SCC15T.  
C) Resistant cells, >6 weeks 
treatment with gefitinib, SCC15G. 

Sections taken from the fixed graft 
sites demonstrated that the 
transitioning and resistant cells 
were more invasive than the 
untreated cells. Transitioning cells 
appeared to be the most invasive 
and the majority of grafted cells 
appeared to have breached the 
ectodermal chorionic epithelium 
basement membrane and were 
invading the underlying 
intermediate mesoderm, leaving 
very little tumour mass on the 
surface of the CAM. The resistant 
cells were also invasive but to a 
lesser extent, with the majority still 
growing as tumour mass on the 
surface of the CAM and a smaller 
proportion having invaded through 
the upper membrane. There was 
very little invasion of untreated 
cells. 
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3.5 Discussion 
Much research has been directed at creating a new generation of therapeutics to target 

molecules that are aberrantly expressed in HNSCC such as EGFR (Bergkvist and Yool, 

2011; Ciardiello and Tortora, 2003; Kalyankrishna and Grandis, 2006). Despite 

promising initial clinical responses with EGFR TKIs, long-term treatment has proved no 

more effective than established chemotherapy regimes due to acquisition of 

chemoresistance (Brockstein, 2012). Development of resistance to gefitinib, an EGFR-

TKI, has been demonstrated in vitro in human HNSCC cell lines (Erjala, 2006; 

Frederick et al., 2007; Maseki et al., 2012) and in a feline OSCC cell line in our lab 

(Bergkvist and Yool, 2011). More recently, EMT has been found to play a critical role 

in the development of acquired resistance to gefitinib in HNSCC (Maseki et al., 2012). 

We further explored this relationship in our feline cell line and have demonstrated that 

FOSCC cells also undergo an apparent EMT as they develop acquired resistance to 

EGFR-targeted therapy. This demonstrates that EMT is a key process in the biology of 

OSCC and that therapies targeting EGFR are likely to fail unless the mechanisms of 

acquired drug resistance linked to EMT can be overcome.  

The feline cell line that had undergone an EMT-like change during development of 

resistance to gefitinib (SCCF1) was used as a basis for this project. We selected a 

human HNSCC cell line (SCC15) because it displayed similar morphology and growth 

pattern and had also been reported to develop resistance to gefitinib (Basu et al., 

2010). The feline cell line originated from a laryngeal SCC whereas the human cell 

line originated from a tongue SCC (ATCC, 2016; Tannehill-Gregg et al., 2006). There 

is some evidence to suggest that anatomical site of SCC affects prognosis in vivo 

humans in particular between pharyngeal compared to oral and laryngeal sites (Freier 

et al., 2003; Li et al., 2015).  
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Although interesting, this is almost impossible to translate to molecular changes that 

may occur in vitro as the many confounding factors such as microenvironment, time to 

diagnosis and risk factor exposure are all affected by the anatomical site but are not 

present in a cell culture system. There is no similar research in cats as yet so the effect 

of site of tumour is not known. By far the most important predictor of outcome for 

HNSCC currently is HPV status and both of our cell lines were HPV-negative (Fakhry 

et al., 2008; Kreimer et al., 2005; Vu et al., 2010).  

We demonstrated that gefitinib resistance can be conferred to the SCCF1 and SCC15 

cells by continuous exposure to gefitinib. We found that novel exposure to gefitinib 

inhibited cell proliferation in naive cells whereas resistant cells proved unaffected.  

Not only were the gefitinib resistant cells functionally different to untreated cells but 

the process of acquisition of resistance affected a change in morphology. Although not 

consistent with full mesenchymal transformation, there was a definite shift towards the 

mesenchymal end of the EMT spectrum, and appeared to represent a hybrid 

epithelial/mesenchymal phenotype. Likewise, the expression profiles of molecular 

markers were paradoxical and indicative of a mixed epithelial/mesenchymal 

phenotype. 

We used two methods for measuring expression of molecular markers - 

immunoblotting and immunofluorescence. Both of these methods are used routinely in 

laboratories to detect proteins in cell lysates and have proved highly specific, 

repeatable and sensitive. Despite many advantages, they are prone to producing false 

positive results and are both labour intensive and costly. We optimised our protocols 

over many repetitions to minimise the chance of false positives. In addition, the 

similarity in results that we found between both methods provided an additional level 

of validation. During immunoblotting we used individual membranes to detect our 

proteins of interest to avoid any antibody loss that can occur if the membranes are 

stripped and reprobed (Krajewski et al., 1996). We were able to use the stripping and 

reprobing technique to detect our loading control due to the strong, consistent 

signalling of β-actin, although the potential loss of some	antibody should be 

considered when interpreting the results.  



 

93 

 

Of particular interest was the sustained expression of epithelial marker e-cadherin that 

was evident in the resistant cells after immunoblotting. If EMT had occurred, we would 

have expected e-cadherin to be down-regulated in our resistant cells but this was not 

the case.  

There is evidence to suggest that enhanced internalization of junctional proteins (such 

as e-cadherin) can precede malignant transformation. This type of molecular 

relocation would not be detected using a standard immunoblotting approach as the 

whole cell lysate is assayed rather than separate intracellular fractions. Results from 

immunoblotting the fractionated resistant cells was indeed consistent with the possible 

internalization of e-cadherin and could account for the morphological changes that 

we have seen in the membrane of the resistant cells. We did see double banding of 

e�cadherin in the fractionation experiment that we had not seen in the whole cell 

immunoblotting. Double banding can be due to technical artefacts or as true variants 

of the protein of interest. Given that we did not see these bands when whole cell 

lysates of the same cell lines were assayed it can be reasonably assumed that the 

bands seen in the fractionation experiment is due to a technical artefact. The double 

banding was seen in the untreated and the resistant cells and did not appear to affect 

the conclusions that we were able to draw from the experiment.  

Results from immunocytochemistry supported this to some extent although detailed 

information on specific intracellular locations of protein could have been obtained 

using confocal microscopy rather than a standard fluorescent microscope – this could 

be considered in future studies. Internalisation of e-cadherin and ubiquitination for 

lysosomal degradation has been reported as an important mechanism contributing to 

invasion and metastasis in epithelium-derived tumours.  
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While resistance was being acquired we had observed a sequence of morphological 

changes that were highly suggestive of a biphasic response beginning with EMT-like 

changes quickly followed by a partial reversion to a more mixed 

epithelial/mesenchymal morphology that was sustained long-term in the resistant cells. 

When we mapped the EMT molecular markers during these changes we found that 

when the cells looked highly mesenchymal during early acquisition they also 

expressed high levels of mesenchymal markers and low levels of epithelial markers. 

Likewise, when the morphology reverted to an epithelial/mesenchymal mix, the 

molecular markers reflected this.  

Our results show that acquisition of gefitinib resistance in feline and human squamous 

cell carcinoma cell lines SCCF1 and SCC15 in relation to EMT is more complex than 

previously reported. The EMT phenotype is actually only the first phase in the 

resistance journey rather than the finite endpoint and acquisition of resistance begins 

with this process and sees the emergence of a highly invasive mesenchymal 

phenotype. Continued exposure to gefitinib beyond this phase drives the cells through 

the mesenchymal phenotype and onwards towards the more stable, hybrid E/M 

phenotype resembling an incomplete MET that we have seen in our cells after long-

term exposure to gefitinib. It is surely this latter phenotype that exemplifies the true 

resistant state rather than the transitory mesenchymal phenotype that is apparent 

during early exposure.  
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During EMT, cell adhesion molecules are downregulated and migratory molecules 

upregulated to facilitate increased cell motility – this combination is thought to 

increase invasive properties. The detachment capacity of the cells is directly correlated 

to the efficacy of the cell adhesion molecules and our findings showed that the 

transitioning cells were the least adherent phenotype and so should have the highest 

invasion potential – this correlated well with the reduced expression of adhesion 

molecule e-cadherin that was found in the transitioning phenotype and also with the 

upregulation in vimentin, which is instrumental in the internalisation of cell adhesion 

molecules and results in reduced adhesion capacity in effected cells. In contrast, the 

untreated cells were highly adherent, undoubtedly a function of the high level of 

expression and the membranous locale of e-cadherin that we had found in this cell 

population and the low expression of vimentin, together these would imply a relatively 

reduced invasion potential. The adherence of the resistant cells was somewhere 

between that of the untreated and transitioning cells. This would fit with our findings 

that a significant proportion of e-cadherin molecules had been internalised and hence 

not able to act as adherins. This is almost certainly linked to up-regulation of the snail, 

an e-cadherin repressor and facilitator of e-cadherin destruction and internalisation 

(Cano et al., 2000). The increased expression of vimentin would also have a negative 

effect on adhesion effectiveness in these cells. This could in turn imply that the 

invasion potential of resistant cells was less than the transitioning cells but more than 

the untreated cells. These findings were seen in both species to a similar degree.  

It should be noted that we have based our characterisation of EMT on expression of a 

relatively small panel of markers – e-cadherin, vimentin and snail. A more extensive 

panel would have made the characterisation more robust but these molecular markers 

are commonly used as indicators of the epithelial or mesenchymal nature of cells and 

the process of EMT. In addition, these molecular markers were looked at in 

conjunction with many other parameters and were not the sole end-point of our 

research.  
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The live cell imaging gave a fascinating insight into the development of gefitinib 

resistance in real-time and the phenotypic and behavioural changes associated with 

this phenomenon. Of particular interest in relation to potential therapeutic intervention 

was the apparent fragility of the newly resistant cells. They took a relatively long time 

to establish and were single cell or small cell colonies that did not proliferate and were 

quite static for a number of days before the wave of highly proliferative and mobile 

resistant cells became apparent. It would be really interesting to target this particular 

window with an additional therapeutic that could potential prevent resistance being 

acquired and the resultant clinical significance of this process. 

When tested in vitro and then in vivo, invasiveness did appear to correlate strongly 

with the degree of mesenchymal transition, the more mesenchymal the cell, the more 

invasive it appeared to be. The in vitro invasion assay we used was a commonly used 

validated, commercially available kit based on a modified Boyden chamber approach 

to measure cell migration through a layer of basement membrane extract. Despite its 

widespread use it does have limitations. It is labour intensive and costly, it uses a large 

number of cells and is said to have poor reproducibility. Our cells grew readily and 

quickly so we always had a readily available supply. This allowed us to perform many 

repetitions using large numbers of cells thus minimising the likelihood of 

inter-experimental variability. Our in vivo assay involved grafting tumour cells onto 

the CAM of fertilised chicken eggs. The CAM assay has many advantages over other in 

vivo tumour growth assays – it is highly repeatable, has good embryo survival rate, 

uses relatively easy methodology, does not require sterility and is reliable. Limitations 

are few but include numbers of cells and infection.  
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The effect was striking and was obvious in both species. Transitioning cells appeared 

to be the most invasive and the majority of grafted cells appeared to have breached 

the ectodermal chorionic epithelium basement membrane and were invading the 

underlying intermediate mesoderm, leaving very little tumour mass on the surface of 

the CAM, which explains why there was no visible tumour for these particular grafts. 

The resistant cells were also invasive but to a lesser extent, with the majority still 

growing as tumour mass on the surface of the CAM and a smaller proportion having 

invaded through the upper membrane. There was very little invasion of untreated 

cells. The association between mesenchymal phenotype and invasion is not new but 

the subsequent transition towards a hybrid E/M phenotype and the reduction in 

invasive potential in fully resistant cells compared to early resistance has not been 

previously reported and could have significant implications for therapeutic strategy 

and treatment regimes in the clinic.  

Although there is much evidence to support the hypothesis that EMT is an important 

feature in acquired drug resistance (Arumugam et al., 2009; Dave et al., 2012; Maseki 

et al., 2012; Shang et al., 2013; Singh and Settleman, 2010; Smith and Bhowmick, 

2016) there is little evidence to suggest that EMT is a transient first step in the process. 

Our research shows that metamorphosis begins within days of treatment with gefitinib 

and that the ‘mesenchymal’ phenotype becomes apparent very quickly, with cells 

exhibiting the most extreme version of this phenotype within 1-3 weeks. As much 

research has focussed on the process of EMT in relation to resistance, the endpoint of 

such work has been the emergence of the mesenchymal phenotype, which occurs 

over a relatively short time period (approximately two weeks) rather looking at events 

that occur over a longer timeframe thereby missing the second phase of the resistance 

transition back towards a more epithelial phenotype again. 
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In vivo however, it has long been postulated that EMT is only half the picture in 

relation to cancer morbidity and mortality. It is well recognised that the majority of 

cancer deaths are the result of metastases that are resistant to treatment (Fidler, 2002). 

For epithelial tumours to successfully metastasise they must migrate away from the 

primary tumour site, invade and penetrate through basement membrane, travel via the 

blood or lymphatic system, re-emerge at a distant site and form macrometastases. It is 

clear that the cellular and molecular basis of tumour metastasis is a highly orchestrated 

multistep biological process that will almost certainly not be the result of a single 

phenomenon such as EMT, regardless of the complexity of this process. It is far more 

likely that a series of interlinked and interdependent molecular events and pathways 

drive the diverse and complicated mechanisms of tumour cell expansion and 

recolonisation.  

If we retrace the EMT story back to its origins in embryogenesis we see that the 

developing embryo uses EMT to mobilise cells and usher them to novel, distant sites to 

begin the process of organogenesis (Chakrabarti et al., 2012). The heretofore migratory 

mesenchymal-like cells must then re-establish epithelial characteristics to allow new 

organs and tissues to become established and grow in situ. This process has been 

referred to as mesenchymal to epithelial transition (MET) and is in essence the reverse 

of EMT (Hugo et al., 2007).  

As EMT has been hijacked by the tumour to allow expansion and mobilisation it is not 

totally unexpected that the next stage in the embryonic cascade, MET, has also been 

usurped and used to generate metastases in a similar way that the embryo generates 

new organs (Lamouille et al., 2013; Thiery and Sleeman, 2006; Yilmaz et al., 2007).  

Our research goes some way towards corroborating this theory by providing evidence 

that acquisition of resistance to gefitinib is associated with an EMT followed by a 

partial reversion to a mesenchymal/epithelial hybrid phenotype that is remarkably 

similar to the postulated process of metastatic diseases seen in vivo (Alizadeh et al., 

2014; Bill and Christofori, 2015; Geiger and Peeper, 2009).  
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It then follows that the EMT we have seen in early resistance in our cells represents 

invasion and migration whereas the MET-like events seen in chronic resistance 

represent the mechanism for formation of distant metastatic colonies. This is further 

demonstrated by our in vitro invasion assay and in vivo CAM assay results which 

indicated that the cells that have undergone EMT in the first phase of acquisition of 

resistance (SCCF1T and SCC15T) are significantly more invasive than the untreated 

(SCCF1 and SCC15) and the chronically resistant cells (SCCF1G and SCC15G), and 

that the latter two cells types are functionally fairly alike.  

As previously discussed, the process of metastases comprises a series of phenotypic 

and functional changes that permit cells to be released from the primary tumour, 

migrate through the circulatory system and then recolonise at a distant site. If our 

findings represent a true model of this process, we would expect that tumour cells 

migrating through the blood would be similar to the transitional mesenchymal 

phenotype that we see in early resistance (SCCF1T and SCC15T).  

Circulating tumour cells (CTCs) have been the focus of much research in recent years 

and there is a growing body of evidence supporting their pivotal role in cancer 

progression. Multiple head and neck cancer (HNSCC) studies have shown that the 

presence of CTCs is prognostic of decreased survival in the short term with long term 

studies underway (McMullen et al.; Wu et al., 2016) while other studies indicate more 

variable results and suggest that detection of CTCs depends on the technique applied, 

time of collection and the clinical stage of the patient (Kulasinghe et al., 2015).  

Characterisation of CTCs is in its infancy and is fraught with technical difficulties 

however a handful of studies have managed to report EMT status in these maverick 

cells. In liver, nasopharyngeal, breast, colon, gastric cancer, or non-small-cell lung 

cancer (NSCLC) three EMT subpopulations have been identified and characterised as 

epithelial (E+) CTCs, biphenotypic epithelial/mesenchymal (E+/M+) CTCs and (M+) 

mesenchymal CTCs - these three subpopulations are strikingly similar to the three 

different EMT phenotypes that we describe in relation to development of resistance i.e. 

untreated cells (epithelial), early resistance (mesenchymal) and chronically resistant 

cells (epithelial/mesenchymal).  
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In addition, the M+ CTCs were more commonly found in patients in metastatic stages 

of the disease rather than in early disease (Hristozova et al., 2011; Wu et al., 2015a). A 

further study provided evidence of EMT in circulating breast cancer cells, again citing 

a mixed population of CTCs but finding an association between prevalence of M+ 

CTCs and disease progression in a longitudinal study. In addition, flux between M+ 

and E+ populations of cells was noted in one patient while development of resistance 

to treatment: a high proportion of M+ CTCs was present before treatment, which 

switched to a high proportion of E+ CTCs following an initial response to standard 

chemotherapy, however the proportion of M+ CTCs increased as resistance developed 

and disease progressed (Yu et al., 2013).  

As yet, there does not appear to be much published work identifying EMT status in 

HNSCC CTCs. However EGFR status has been characterised in HNSCC CTCs and 

expression appears to be negative or lower than expected (Grisanti et al., 2014; Wu et 

al., 2015a). This is particularly relevant to our research as gefitinib is an EGFR inhibitor 

and therefore can only inhibit cells that are EGFR positive. If only a small proportion of 

our cells were EGFR negative, it could explain why they were able to survive gefitinib 

treatment and go on to proliferate and repopulate when exposed to gefitinib long term. 

However, previous research in our laboratory has shown that gefitinib-resistant cells 

still utilise EGFR for proliferation and survival so rather than being EGFR negative the 

resistant cells must have found an alternative mechanism for activating EGFR in place 

of tyrosine kinase (Bergkvist et al., 2011a).  

There is evidence that withdrawal of gefitinib results in partial reversal of EMT and the 

resistant phenotype in the SCCF1 cell line (unpublished data from our laboratory). If 

this finding is extrapolated to the clinic, it could indicate that pulsatile treatment of 

gefitinib could confer improved response over continuous treatment as this would 

allow tumour cells to revert to a less resistant and perhaps more responsive phenotype 

between doses. In support of this theory, a recent clinical trial of pulsatile high dose 

treatment of gefitinib in NSCLC increased medial progression-free survival by 33% 

over conventional treatment with a similar TKI, erlotinib (Zhu et al., 2016).  
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It was unclear whether the emergence of a drug-resistant subpopulation of cells in 

response to treatment with gefitinib was the result of selection of an existing resistant 

subpopulation or whether a small proportion of the cells acquired resistance through 

initiation of treatment. There was a small number of cells in the untreated population 

that expressed e-cadherin and vimentin and it is possible that these cells exhibited 

intrinsic resistance and formed the basis of new resistant population. This could be 

tested in the future by cell sorting for vimentin +ve and vimentin –ve populations and 

then subjecting both to gefitinib treatment – this should result in only the vimentin +ve 

populations surviving.  

Irrespective of EMT classification or drug-resistant status, there appears to be a 

remarkable scope for cancer cell plasticity in response to internal and external stimuli. 

The process of EMT in this context has been widely researched and reported as if it 

were a defined protocol of events that is strictly adhered to and repeatedly followed 

however it is far more likely that the intricacies and interplay between the many 

intracellular proteins follows a highly specific but highly reactive set of pathways and 

cascades that can be initiated by particular challenges or conditions that the cell 

encounters. This is welcome news as once the mechanisms for treatment resistance 

are elucidated the inherent plasticity of the cell can be used to initiate reversal of the 

oncogenic cascade with the ultimate goal being a return to normalcy.  
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3.6 Conclusions 
In conclusion, we demonstrated that gefitinib-resistant squamous cell carcinoma cell 

lines can be generated by long-term exposure of SCCF1 feline cell line and SCC15 

human cell line to 5 µM gefitinib. We found that acquisition of resistance was biphasic 

and consisted of an acute phase where cells demonstrated a definite shift from an 

epithelial to a transitory mesenchymal phenotype (M+) that peaked at around 2 weeks 

of treatment. This was quickly followed by partial reversion to a sustained EMT/MET 

hybrid morphology (E+/M+) with paradoxical e-cadherin+/vimentin+ phenotype that 

was associated with chronic resistance. Subsequent analysis revealed translocation of 

e-cadherin from membrane to cytoplasm in resistant cells that could render the 

molecule inactive. Functionally the acute and chronic resistant cells demonstrated 

increased invasiveness in vitro and in vivo compared to the untreated SCC cells that 

was commensurate with the extent of mesenchymal transition. The M+ cells in the 

acute phase of acquiring resistance demonstrated significantly more invasiveness than 

the E+/M+ chronically resistant cells.  

Our results suggest that the acquisition of resistance follows an EMT/MET trajectory 

with the EMT phase being representative of invasion and the MET phase being 

representative of metastases. Further research needs to be conducted to elucidate the 

mechanisms involved in these dynamic transitions with the ultimate aim of developing 

a therapeutic agent that will prevent development of metastatic disease by targeting 

the dangerous combination of EMT and chemoresistance. 
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4 Gefitinib resistance facilitates inhibition of apoptosis 

in association with activation of AKT and 

downregulation of PTEN 

4.1 Abstract 
EGFR is expressed at high levels in the majority of epithelial malignancies including 

HNSCC and FOSCC. Activation of EGFR leads to activation of intracellular signalling 

pathways that regulate cell proliferation, invasion, angiogenesis, and metastasis 

making it an attractive target for anticancer therapy. Gefitinib targets EGFR by 

competitive binding to the adenosine triphosphate (ATP) binding pocket on the 

tyrosine kinase domain of EGFR, inhibiting downstream signalling pathways and 

resulting in decreased cell survival. A common mechanism used by cells to evade 

chemotherapy is inhibition of apoptosis by activating pro-survival pathways such as 

PI3K/AKT which is part of the downstream signalling pathway of EGFR. 

The aim of this study was to determine the mechanism for resistance to EGFR-inhibitor 

gefitinib that is exhibited by human and feline HNSCC cell-lines. Immunoblotting, 

immunocytochemistry and flow cytometry were used to explore and compare 

molecular expression patterns and cell cycle in human and feline untreated, resistant 

and transitioning cell lines.  

In conclusion, we have found that the major anti-apoptotic PI3K/AKT pathway is 

activated in transitioning and resistant cells of both species following treatment with 

gefitinib as demonstrated by upregulation of AKT, pAKT and c-FLIP together with 

inactivation of PTEN by phosphorylation. We postulate that activation of this pathway 

could occur via an EGFR-dependent non-autologous Src-transphosphorylation and this 

forms the major mechanism of resistance in the SCCF1 and SCC15 cells. Activation of 

the PI3K/AKT pathway also results in a pro-survival advantage and a possible increase 

in cellular lifespan in transitioning and resistant cells. 
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Our results suggest that monotherapy with gefitinib will not be successful due to the 

intrinsic redundancy in cellular proliferation and survival mechanisms. A multimodal 

approach targeting auto and transphosphorylation of EGFR would likely be more 

successful in producing effective treatment of human and feline head and neck cancer. 

4.2 Introduction 
One of the defining features of cancer is unfettered growth and tumour formation 

resulting from dysregulation of control mechanisms. Normal cell growth is tightly 

regulated through activation of cellular signal transduction pathways, and growth 

factors and their receptors play a fundamental role in these communications. EGFR is 

a transmembrane glycoprotein containing an extracellular ligand binding domain and 

an intracellular receptor tyrosine kinase (RTK) domain (Scaltriti and Baselga, 2006). 

Upon ligand binding, EGFR undergoes a conformational change that facilitates 

dimerisation followed by autophosphorylation and activation of the RTK domain. 

Activation of EGFR leads to activation of intracellular signalling pathways that regulate 

cell proliferation, invasion, angiogenesis, and metastasis (Ciardiello and Tortora, 

2003). 

EGFR is expressed at high levels in the majority of epithelial malignancies including 

HNSCC and FOSCC making it an attractive target for anticancer therapy (Baba et al., 

2012; Bergkvist et al., 2011b). Gefitinib targets EGFR by competitive binding to the 

adenosine triphosphate (ATP) binding pocket on the tyrosine kinase domain of EGFR, 

inhibiting downstream signalling pathways and resulting in decreased cell survival 

(Cohen et al., 2003). A common mechanism used by cells to evade chemotherapy is 

inhibition of apoptosis by activating pro-survival pathways such as PI3K/AKT (Fenton 

et al., 2012; Psyrri et al., 2013; West et al., 2002).  

The PI3K pathway (see Figure 4-1) is involved in cell proliferation, growth, survival, 

invasion and migration. PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate 

(PIP2) at the inositol ring 3’ position, converting PIP2 to PIP3; PIP3 recruits AKT to the 

plasma membrane where AKT is activated by phosphorylation. Phosphorylated AKT 

activated mTORC1 which goes on to inhibit apoptosis (Majumder et al., 2004). 
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Figure 4-1: The PI3K/AKT/mTOR pathway. The PI3K pathway is involved in cell proliferation, growth, 
survival, invasion and migration. PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) at the 
inositol ring 3’ position, converting PIP2 to PIP3; PIP3 recruits AKT to the plasma membrane where AKT is 
activated by phosphorylation. Phosphorylated AKT activated mTORC1 which goes on to inhibit apoptosis. 

Another common mechanism of chemoresistance is loss of tumour suppressor 

phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (Bianco et al., 

2003; Kokubo et al., 2005). PTEN performs a number of tumour suppressor functions 

including suppression of cell migration and maintenance of genomic stability by 

blocking the phosphorylation of PIP2 thereby inhibiting the PI3K/AKT pathway (Fenton 

et al., 2012).  

The aim of this study was to investigate the mechanism for resistance, in relation to 

apoptosis, to EGFR-inhibitor gefitinib that is exhibited by human and feline HNSCC 

cell-lines. Molecular expression patterns and cell cycle analysis will be used to 

explore differential pathway analysis in the hope that novel therapeutic targets will be 

elucidated to combat chemoresistance and increase efficacy of current treatment 

regimens for human and feline head and neck cancer. 
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4.3 Materials and methods 

4.3.1 Immunoblotting 

Cells were harvested by mechanical scraping at 4°C then lysed in urea lysis buffer (7 

M urea, 0.1 M DTT, 0.05 % Triton X-100, 25 mM NaCl, 20 mM Hepes pH 7.5). Equal 

amounts of protein were separated by SDS polyacrylamide gel electrophoresis, 

transferred to Hybond-C nitrocellulose membrane (Amersham Pharmacia Biotech, UK) 

and hybridised to an appropriate primary antibody and HRP-conjugated secondary 

antibody for subsequent detection by ECL (Amersham Pharmacia Biotech, UK). See 

Chapter 2.3 for a detailed protocol. 

4.3.2 Immunocytochemical analysis 

Cells were harvested with trypsin/EDTA, counted and seeded at 1x105 cells per well 

into 4-well Nunc® Lab-Tek® II Chamber Slides (Nunc, Roskiled, Denmark) and 

incubated at 37°C, 5% CO2 for 24-48 h. Cells were fixed in acetone, hybridised to an 

appropriate primary antibody and fluorescent secondary antibody (see Table 4-1 for 

details of antibodies used). Specimens were mounted and counterstained using 4,6-

diamidino-2-phenylindole (DAPI) nuclear stain (VECTASHIELD Antifade Mounting 

Medium with DAPI, Vector Laboratories, UK). Fluorescence was visualized using a 

Leica LMDB microscope. See Chapter 2.6 for a detailed protocol. 

Table 4-1: Antibodies used for detection of proteins in cells during acquisition of gefitinib-resistance  

 

Antibody Supplier Dilution

Rabbit monoclonal anti-AKT Abcam plc., UK 1:200

Rabbit monoclonal anti-pAKT Abcam plc., UK 1:200

Rabbit monoclonal anti-PTEN Abcam plc., UK 1:500

Rabbit monoclonal anti-P-PTEN Abcam plc., UK 1:100

Rabbit polyclonal anti-c-FLIP Abcam plc., UK 1:200

Goat anti-mouse IgG H&L (Alexa Fluor® 488) ThermoFisher Scientific, UK 1:500

Goat anti-rabbit IgG H&L (Alexa Fluor® 568) ThermoFisher Scientific, UK 1:500
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4.3.3 Cell cycle analysis 

Propidium iodide (PI) is a fluorescent dye, which stains DNA by intercalation. The 

amount of PI staining is proportional to the amount of DNA in a cell. PI incorporation 

is measured by flow cytometry. Cellular DNA content changes depending on the stage 

of the cell cycle and this can be used to categorise cells as they grow, divide and 

apoptose (see Figure 4-2). Actively dividing eukaryote cells pass through a series of 

stages known collectively as the cell cycle: two gap phases (G1 and G2); an S (for 

synthesis) phase, in which the genetic material is duplicated; and an M phase, in 

which mitosis partitions the genetic material and the cell divides. In G1 phase 

metabolic changes prepare the cell for division, at a certain point - the restriction point 

- the cell is committed to division and moves into the S phase. In the S phase, DNA 

synthesis replicates the genetic material. Each chromosome now consists of two sister 

chromatids. G2 phase is where metabolic changes assemble the cytoplasmic materials 

necessary for mitosis and cytokinesis. In M phase a nuclear division (mitosis) followed 

by a cell division (cytokinesis) occurs. The period between mitotic divisions - that is, 

G1, S and G2 - is known as interphase. If cells are not actively dividing they can be in 

G0 phase or can be arrested (A) (Ahsan et al., 2009). 

4.3.3.1 Harvest and fix cells 

Cells were harvested (see Chapter 2.2.1.11.1), centrifuged and resuspended in 50 μl 

wash buffer (see Appendix 7). Cold absolute ethanol was added drop wise while 

vortexing. Cells were left to fix overnight at 4°C. 

4.3.3.2 Staining cells 

Ethanol was removed by pelleting cells at 10,621 g for 5 min and aspirating 

supernatant. Cells were resuspended in 100	μl PBS and vigorously pipetted to break up 

the cells. An additional 1 ml of PBS was added, centrifuged and supernatant was 

removed. The PBS wash was repeated. Fifty microlitres of RNase (100 μg/ml) was 

added and cells were incubated at room temperature for 15 min. 

Two hundred microlitres of 50 mg/ml propidium iodide staining solution (see 

Appendix 7) was added and pipetted vigorously to ensure cell resuspension. The 

stained samples could then be stored for up to one week at 4°C. 
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Figure 4-2: DNA quantity in relation to stage of cell cycle. Cellular DNA content changes depending on the 
stage of the cell cycle and this can be used to categorise cells as they grow, divide and apoptose. Actively 
dividing eukaryote cells pass through a series of stages known collectively as the cell cycle: two gap 
phases (G1 and G2); an S (for synthesis) phase, in which the genetic material is duplicated; and an M 
phase, in which mitosis partitions the genetic material and the cell divides. In G1 phase metabolic changes 
prepare the cell for division, at a certain point - the restriction point - the cell is committed to division and 
moves into the S phase. In the S phase, DNA synthesis replicates the genetic material. Each chromosome 
now consists of two sister chromatids. G2 phase is where metabolic changes assemble the cytoplasmic 
materials necessary for mitosis and cytokinesis. In M phase a nuclear division (mitosis) followed by a cell 
division (cytokinesis) occurs. The period between mitotic divisions - that is, G1, S and G2 - is known as 
interphase. If cells are not actively dividing they can be in G0 phase or can be arrested (A). 
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Figure 4-3: Graphical representation of normal cell cycle when analysed by cytometry. This histogram is 
what would typically be seen when analysing a normal population of cells. There is generally a high peak 
in the G0/G1 phase, and a lower peak in the G2/M phase joined by a small number of cells in the S phase. 

4.3.3.3 Flow cytometry 

Cells were analysed by flow cytometry using BD LSRFortessa Cell Analyzer (BD 

Biosciences) collecting 25,000 events per sample. The BD LSRFortessa is an air-cooled 

multi-laser bench top flow cytometer using fixed-alignment lasers that transmit light 

through a flow cell to configurable detector arrays. These detectors collect and 

translate the resulting fluorescence signals into electronic signals. Cytometer 

electronics convert these signals into digital data. 
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4.3.3.4 Cell cycle stage determination 

Digital data generated by the BD LSRFortessa was analysed using the Cell Cycle 

Platform of FlowJo Single Cell Analysis Software, (FlowJo LLC, USA.). This gives each 

sample a graphical representation of cell cycle stage based on percentage of total cells 

and the proportion of cells in each stage (Figure 4-3). 

4.3.4 Subcellular protein fractionation 

A Subcellular Protein Fractionation Kit for Cultured Cells (Thermo Scientific, Rockford, 

lL 61105 USA) was used to enable stepwise separation and preparation of 

cytoplasmic, membrane and nuclear protein extracts from mammalian cultured cells. 

The fractions were then subjected to immunoblotting to characterise and determine 

protein content. For detailed protocol see Chapter 2.5. 

4.4 Results 

4.4.1 Gefitinib resistance is associated with activation of the 
AKT/pAKT pathway 

We detected bands in the regions of the blot corresponding to the molecular weight of 

AKT and pAKT (56 kDa) when probed with those antibodies. Loading control blots 

detected bands corresponding to the molecule weight of β-actin (43.5 kDa). 

Visualisation of protein expression via immunoblotting demonstrated significant 

upregulation of AKT and pAKT in the transitioning and resistant cells of both species 

(Figure 4-4). In feline cell-lines, upregulation was more pronounced in the resistant 

(SCCF1G) compared to the transitioning cells (SCCF1T) whereas in human cells pAKT 

upregulation was more pronounced in the resistant cells but AKT upregulation was 

more obvious in the transitioning cells (SCC15T). Basal levels of AKT and pAKT were 

higher in the human untreated cells than the feline untreated cells.  
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Figure 4-4: Activation of AKT and pAKT in transitioning and resistant cells demonstrated by 
immunoblotting. Visualisation of protein expression via immunoblotting demonstrated significant 
upregulation of AKT and pAKT in the transitioning and resistant cells of feline (A and B) and human (C. D) 
cell-lines. In feline cell-lines, upregulation was more pronounced in the resistant (SCCF1G) compared to 
the transitioning cells (SCCF1T) whereas in human cells pAKT upregulation was more pronounced in the 
resistant cells but AKT upregulation was more obvious in the transitioning cells (SCC15T). Basal levels of 
AKT and pAKT were higher in the human untreated cells than the feline untreated cells. Error bars show 
standard deviations ***=p<0.001. 
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Figure 4-5: Upregulation of AKT in transitioning and resistant SCCF1 cells demonstrated by 
immunocytochemistry. AKT (red) and DAPI (blue). A) Negative control in SCCF1 cells showed no detection 
of AKT. B) There was very little expression of AKT in untreated cells (SCCF1). C) +2 weeks treatment with 
gefitinib. There was increased expression of AKT in transitioning cells (SCCF1T). D) >6 weeks treatment 
with gefitinib. There was increased expression of AKT in resistant cells (SCCF1G). Where present, AKT 
expression was localised around the nucleus. 
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Figure 4-6: Upregulation of pAKT in transitioning and resistant SCCF1 cells demonstrated by 
immunocytochemistry. pAKT (red) and DAPI (blue). A) Negative control in SCCF1 cells showed no 
detection of pAKT. B) Very little pAKT was seen in untreated cells (SCCF1). C) +2 weeks treatment with 
gefitinib. Upregulation of pAKT was seen in transitioning cells (SCCF1T). D) >6 weeks treatment with 
gefitinib. pAKT expression was more pronounced in the resistant cells (SCCF1G). Expression could been 
see in small foci throughout the cytoplasm.  
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Figure 4-7: Upregulation of AKT in transitioning and resistant SCC15 cells demonstrated by 
immunocytochemistry. AKT (red) and DAPI (blue).A) Negative control in SCC15 cells showed no detection 
of AKT. B) AKT was expressed at a low level in untreated cells (SCC15). C) +2 weeks treatment with 
gefitinib. There was increased expression of AKT in transitioning cells (SCC15T). D) >6 weeks treatment 
with gefitinib. There was increased expression of AKT in resistant cells (SCC15G). Where present, AKT 
expression was localised around the nucleus. 
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Figure 4-8: Upregulation of pAKT in transitioning and resistant SCC15 cells demonstrated by 
immunocytochemistry. pAKT (red) and DAPI (blue). A) Negative control in SCC15 cells showed no 
detection of pAKT. B) There was a low level of pAKT expression in untreated cells (SCC15). C) +2 weeks 
treatment with gefitinib. Upregulation of pAKT was seen in transitioning cells (SCC15T), D) >6 weeks 
treatment with gefitinib. Upregulation of pAKT was seen in the resistant cells (SCC15G). Expression was 
apparent in small perinuclear foci. 

Upregulation of AKT and pAKT was confirmed by immunocytochemistry (Figure 4-5 to 

Figure 4-8). The patterns of upregulation visualised by immunocytochemistry in the 

transitioning and resistant cells of both species were comparable to those 

demonstrated by immunoblotting.  

In feline cell-lines upregulation of AKT was more pronounced in the resistant 

(SCCF1G) compared to the transitioning cells (SCCF1T) with very little expression in 

untreated cells (SCCF1). Where present, AKT expression was localised around the 

nucleus. Upregulation of pAKT was also more prominent in the resistant than 

transitioning cells but expression could been see in small foci throughout the 

cytoplasm. Again, there was very little expression in the untreated cells. 
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In human cells more AKT was expressed in the transitional cells (SCC15T) then the 

resistant cells (SCC15G). pAKT levels were similar in transitional and resistant cells. 

AKT and pAKT were both localised around the nucleus. In untreated cells, there was a 

low but obvious level of expression of both these proteins; AKT expression was 

perinuclear (as in transitioning and resistant cells) whereas pAKT was cytoplasmic in 

contrast to the perinuclear expression seen in treated cells. 

4.4.2 Upregulation of AKT is associated with loss of PTEN in 
gefitinib-resistant cells 

PTEN was downregulated in both the feline and human transitional and resistant cells 

compared to the untreated cells (Figure 4-9 and Figure 4-11). In feline cells, PTEN 

expression was almost completely suppressed in resistant cells but continued to be 

expressed in the transitional cells albeit at a much lower level than untreated cells. In 

the human cells, PTEN expression was almost completely knocked down in the 

transitional and resistant cells.  

Phosphorylated PTEN (Figure 4-10 and Figure 4-12) was found to be upregulated in 

transitional and resistant cells of both species. Resistant cells appeared to be more 

affected than transitional cells  
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Figure 4-9: PTEN is downregulated in transitional and resistant SCCF1 cells. PTEN (red) and DAPI (blue).  
A) Negative control in SCCF1 cells showed no detection of PTEN. B) PTEN was heavily expressed in 
untreated cells (SCCF1). C) +2 weeks treatment with gefitinib. PTEN was downregulated in the feline 
transitional (SCCF1T). D) >6 weeks treatment with gefitinib. PTEN was downregulated in the feline 
resistant cells (SCCF1G). 
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Figure 4-10: pPTEN is upregulated in transitional and resistant SCCF1 cells. pPTEN (red) and DAPI (blue). 
A) Negative control in SCCF1 cells showed no detection of PTEN. B) pPTEN was expressed at very low 
levels in in untreated cells (SCCF1). C) +2 weeks treatment with gefitinib. pPTEN was upregulated in the 
feline transitional cells (SCCF1T). D) >6 weeks treatment with gefitinib. pPTEN was more strongly 
upregulated in resistant cells (SCCF1G). 
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Figure 4-11: PTEN is downregulated in transitional and resistant SCC15 cells. PTEN (red) and DAPI (blue). 
A) Negative control in SCC15 cells showed no detection of PTEN. B) PTEN was heavily expressed in 
untreated cells (SCC15). C) +2 weeks treatment with gefitinib. PTEN was downregulated in the transitional 
cells (SCC15T). D) >6 weeks treatment with gefitinib. PTEN was downregulated in resistant cells (SCC15G). 
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Figure 4-12: pPTEN is upregulated in transitional and resistant SCC15 cells. pPTEN (red) and DAPI (blue). 
A) Negative control in SCC15 cells showed no detection of pPTEN. B) pPTEN was expressed at low levels 
in untreated cells (SCC15). C) +2 weeks treatment with gefitinib. pPTEN was upregulated in the 
transitional cells (SCC15T). D) >6 weeks treatment with gefitinib. pPTEN was more strongly upregulated in 
resistant cells (SCC15G). 
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Figure 4-13: c-FLIP is upregulated in transitional and resistant SCCF1 cells. c-FLIP (red) and DAPI (blue). A) 
Negative control in SCCF1 cells showed no detection of c-FLIP. B) c-FLIP was expressed at low levels in 
untreated feline cells (SCCF1). C) +2 weeks treatment with gefitinib. c-FLIP expression was upregulated in 
the feline transitioning cells (SCCF1T). D) >6 weeks treatment with gefitinib. c-FLIP expression was 
upregulated in resistant cells (SCCF1G). Localisation of c-FLIP was predominantly perinuclear. 

  

100	µm

100 µm 100 µm

100 µm 100 µm

A B

C D



 

123 

 

 

 

Figure 4-14: c-FLIP is upregulated in transitional and resistant SCC15 cells. c-FLIP (red) and DAPI (blue). 
A) Negative control in SCC15 cells showed no detection of c-FLIP. B) c-FLIP was expressed at low levels in 
untreated human cells (SCC15). C) +2 weeks treatment with gefitinib. c-FLIP expression was upregulated 
in the transitioning cells (SCC15T). D) >6 weeks treatment with gefitinib. c-FLIP expression was 
upregulated in the resistant cells (SCC15G). Localisation of c-FLIP was predominantly perinuclear. 
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4.4.3 Upregulation of anti-apoptotic protein c-FLIP correlates with 
upregulation of AKT and loss of PTEN 

c-FLIP expression was upregulated in the feline and human transitioning and resistant 

cells. Expression pattern was broadly similar to AKT expression levels with more 

obvious expression being seen in the transitioning human cells and resistant feline 

cells (Figure 4-13 and Figure 4-14). c-FLIP was expressed at a low level in untreated 

feline and human cells. Localisation of c-FLIP was predominantly perinuclear in all 

cell-lines except for the feline untreated cells where it was more cytoplasmic. 

4.4.4 Cell cycle arrested at G0/G1 in transitioning and resistant cells 

Analysis of the feline (see Figure 4-15) and human cells (see Figure 4-16) revealed 

changes in the cell cycle related to gefitinib resistance status. G0/G1 peaks were 

higher for the transitioning and resistant cells than for the untreated cells in both 

species. Consequently, the S phase and the G2 peaks were lower for the transitional 

and resistant cells than untreated cells. The changes were more prominent in the 

resistant cells and slightly less so in the transitional cells.  

Untreated feline cells had a distinct peak in the sub-G0/G1 region, this peak was 

absent in resistant cells and much reduced in transitional cells and was not apparent in 

any of the human cell lines. 
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Figure 4-15: Cell cycle analysis of feline cells. A) Untreated cells; B) Transitioning cells and C) Resistant cells. Analysis of the feline cells revealed changes in the cell cycle 
related to gefitinib resistance status. G0/G1 peaks were higher for the transitioning and resistant cells than for the untreated cells in both species. Consequently, the S phase 
and the G2 peaks were lower for the transitional and resistant cells than untreated cells. The changes were more prominent in the resistant cells and slightly less so in the 
transitional cells. Untreated feline cells had a distinct peak in the sub-G0/G1 region, this peak was absent in resistant cells and much reduced in transitional cells. 
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Figure 4-16: Cell cycle analysis of SCC15 cells. A) Untreated cells; B) Transitioning cells and C) Resistant cells. Analysis of the human cells revealed changes in the cell cycle 
related to gefitinib resistance status. G0/G1 peaks were higher for the transitioning and resistant cells than for the untreated cells in both species. Consequently, the S phase 
and the G2 peaks were lower for the transitional and resistant cells than untreated cells. The changes were more prominent in the resistant cells and slightly less so in the 
transitional cells.  
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Quantification of the cytometer data allowed statistical analysis of the data and 

allowed graphical representation based on proportions of cells in each phase (Table 

4-2, Table 4-3 and Figure 4-17). 

Table 4-2: Analysis of SCCF1 cell cycle 

 

Results of three independent experiments, ***=p<0.001, **=p<0.01, *=p<0.05.  

Table 4-3: Analysis of SCC15 cell cycle 

 

Results of three independent experiments, **=p<0.01, *=p<0.05.  

For feline cell-lines, the proportion of untreated cells in the sub-G0/G1 stage was 

significantly greater than the transitioning and resistant cells. For both species, there 

was a significantly greater proportion of transitional and resistant cells in the G0/G1 

stage compared to their untreated counterparts. Percentage of cells in S-phase and G2 

stage was lower in transitional and resistant cells than in untreated cells. 

Phase of cell 
cycle

% mean and 95% confidence intervals

Untreated 
(SCCF1)

Transitional 
(SCCF1T)

Resistant 
(SCCF1G)

sub-G0/G1 13.2 (10.1-16.3) 5.94** (5.01-6.87) 3.82** (3.14-4.50)

G0/G1 52.5 (48.5-56.5) 83.9*** (80.8-87.0) 77.4*** (74.8-80.0)

S 21.9 (19.5-24.3) 4.09*** (1.60-6.58) 13.7** (10.1-17.3)

G2 11.1 (9.0-13.2) 5.26* (4.21-6.31) 1.27** (-0.04-2.58)

> G2 0.05 (0.03-0.07) 0.10 (0.07-0.13) 0.12 (0.03-0.21)

Phase of cell 
cycle

% mean and 95% confidence intervals

Untreated 
 (SCC15)

Transitional 
(SCC15T)

Resistant 
(SCC15G)

sub-G0/G1 1.88 (1.24-2.52) 3.25 (2.20-4.30) 2.40 (1.80-3.00)

G0/G1 48.6 (42.5-54.7) 71.3** (68.9-73.8) 77.0** (74.2-79.8)

S 25.3 (21.3-29.3) 15.2** (13.7-16.7) 12.8** (10.2-15.5)

G2 15.8 (12.6-19.0) 7.83* (6.47-9.19) 6.48** (5.29-7.67)

> G2 6.58 (4.82-8.34) 0.98** (0.92-1.04) 0.58** (0.42-0.74)
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Figure 4-17: Graphical representation based on proportion of cells in each phase of the cell cycle.Results 
of three independent experiments. A) Feline cell lines, B) Human cell lines. For feline cell-lines, the 
proportion of untreated cells in the sub-G0/G1 stage was significantly greater than the transitioning and 
resistant cells. For both species, there was a significantly greater proportion of transitional and resistant 
cells in the G0/G1 stage compared to their untreated counterparts. Percentage of cells in S-phase and G2 
stage was lower in transitional and resistant cells than in untreated cells.  
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4.5 Discussion 
Activation of the PI3K/AKT pathway is a commonly reported consequence of 

administration of many types of chemotherapeutic agents (Abrahão et al., 2013; Bjerke 

et al., 2014; Bussink et al., 2008; Engelman et al., 2005). The PI3K/AKT pathway is 

one of the major anti-apoptotic pathways in cells and is normally activated in 

response to growth factors or other extra-cellular signals (Downward, 2004). Within 

this pathway, AKT, also known as Protein Kinase B, is the principal mediator and 

controlling influence, and is often dysregulated in drug-resistant HNSCC and 

implicated in contributing to malignant behaviour via its role in anti-apoptotic 

signalling (Gopal et al., 2010; Psyrri et al., 2013). Activation of AKT is crucial to this 

process and is thought to be critically dependent on its phosphorylation (Mahajan and 

Mahajan, 2014). Full activation of AKT requires phosphorylation of two critical amino 

acid residues, threonine 308 by PDK1 and serine 473 by mTORC2. For this to occur, 

AKT is recruited to the cell membrane which induces a structural change that 

facilitates phosphorylation of the residues. Activated AKT goes on to inhibit apoptosis 

and to increase cell proliferation by inactivating multiple pro-apoptotic factors and 

tumour suppressors (Liu et al., 2014).  

We demonstrated upregulation of AKT and pAKT in the transitioning and resistant 

cells of both species. In human cells, the expression pattern suggests that AKT is 

initially upregulated while the cells are transitioning and becomes activated later 

during the process of acquisition of long term resistance. In feline cells activation 

occurs earlier in the resistance process and AKT is already phosphorylated during the 

transitional phase and activation status is maintained long term. Although AKT is 

upregulated in transitioning and resistant cells, it is also expressed at very low levels in 

untreated cells – in feline cells the majority exists in the activated (phosphorylated) 

form whereas there was a more even split between AKT and pAKT in human untreated 

cells. This implies that the SCC cells do use the PI3K/AKT pathway but that it is not a 

major mechanism for cell proliferation and survival.  
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Previous research has shown upregulation of EGFR in HNSCC (Baba et al., 2012; 

Cassell and Grandis, 2010; Chen et al., 2004; Kalyankrishna and Grandis, 2006) and 

in FOSCC (Bergkvist et al., 2011b, 2011a; Tannehill-Gregg et al., 2006; Wypij, 2013). 

EGFR has a critical role in cell proliferation and survival and would appear to be a 

dominant pathway for cancer progression in epithelial tumours such as SCC and 

hence is the target for gefitinib (Baba et al., 2012; Bergkvist and Yool, 2011; Cassell 

and Grandis, 2010; Kalyankrishna and Grandis, 2006). However, if gefitinib blocked 

the EGFR signalling pathway, it is feasible that the cell would abandon EGFR and 

utilise an alternative growth factor receptor and associated survival and proliferation 

pathways. This would result in increased expression of AKT and pAKT as we have 

seen, and could provide a mechanism for resistance. However previous work in our 

laboratory has demonstrated that this is not the case and that resistant feline cells 

(SCCF1G) still rely on EGFR for cell proliferation and survival (Bergkvist et al., 2011a). 

So, if tyrosine kinase phosphorylation is being blocked by gefitinib how is EGFR still 

exerting an influence on cell proliferation and survival? 

EGFR is one of the family of human epidermal growth factor receptors (HER). 

Signalling functions are activated by dimerisation of EGFR monomers, ATP binding 

and phosphorylation of the cytoplasmic domain. Homo- and heterodimerisation and 

auto- or transphosphorylation can occur within and between HER family members. 

There is also evidence that EGFR engages in crosstalk with other receptors and can 

instigate transphosphorylation between other classes of receptors such as G protein–

coupled receptors (GPCRs) and insulin-like growth factor 1 receptors (IGF1R) 

(Kalyankrishna and Grandis, 2006).  

Dimerisation and phosphorylation of EGFR leads to the activation of several 

intracellular proliferation and survival signalling pathways, including MAPK (ERK), 

PI3K/AKT, PLCγ, and EGFR-STAT3-Bcl-XL (Grandis and Sok, 2004). All of these 

pathways have been implicated in contributing to the malignancy of HNSCC where 

EGFR is aberrantly activated (Johnson, 2012; Siddiquee and Turkson, 2008; Wheeler 

et al., 2010b; D’Amato et al., 2014; Mazumdar et al., 2015).  
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The specific pathway that is activated is dependent on whether the receptor is auto- or 

transphosphorylated and which tyrosine residue is phosphorylated on the EGFR 

cytoplasmic tail (Figure 4-18). The MAPK (ERK) and PLCγ pathways require 

autophosphorylation whereas PI3K/AKT and EGFR-STAT3-Bcl-XL require Src-

dependent phosphorylation (Nyati et al., 2006). 

 

Figure 4-18: Phosphorylation of specific tyrosine residues will result in activation of specific signalling 
pathways. The specific pathway that is activated is dependent on whether the receptor is auto- or 
transphosphorylated and which tyrosine residue is phosphorylated on the EGFR cytoplasmic. The MAPK 
(ERK) and PLCγ pathways require autophosphorylation whereas PI3K/AKT and EGFR-STAT3-Bcl-XL require 
Src-dependent transphosphorylation. 

Src is a non-receptor protein tyrosine kinase that has been implicated in many cancers 

and contributes to tumorigenesis, tumour progression, and metastases. Activation of 

Src can occur through a variety of mechanisms and is frequently a critical event in 

tumour progression. When combined with overexpression of EGFR, Src can 

phosphorylate tyrosine residues 845 and 1101 and will result in activation of the 

EGFR-STAT3-Bcl-XL and PI3K/AKT or signalling pathways (Summy and Gallick, 2003).  
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Taking our findings into account, we propose the following scenario: EGFR is 

overexpressed in untreated SCC15 and SCCF1 cells. Abundance of EGFR monomers 

results in homodimerisation and autophosphorylation. Autophosphorylation 

preferentially activates the MAPK (ERK) and/or PLCγ pathways to propagate cell 

proliferation and survival. We then subject the SCCF1 and SCC15 cells to treatment 

with gefitinib. Gefitinib inhibits ligand-induced autophosphorylation of EGFR by 

blocking the ATP pocket thereby blocking phosphorylation of all tyrosine residues 

except Y845 and Y1101. This causes as transient increase in cell death while the 

intracellular machinery adapts to this challenge. EGFR autophosphorylation is 

competitively blocked but the receptor is not downregulated (Bergkvist et al., 2011a) 

and is therefore available for non-autologous phosphorylation by Src at residues Y845 

or Y1101. Src phosphorylates EGFR and causes activation of PI3K/AKT and/or EGFR-

STAT3-Bcl-XL cell survival and proliferations pathways. Cell growth resumes and 

gefitinib resistant cell lines are generated. Alternative phosphorylation of EGFR by src 

as a mechanism of resistance has been recognised in gefitinib-resistant breast cancer 

and NSCLC (Mueller et al., 2008; Ochi et al., 2014) and in erlotinib-resistant HNSCC 

(Stabile et al., 2013). 

This mechanism of resistance to gefitinib has been reported in non-small cell lung 

cancer (NSCLC) and gall bladder adenocarcinoma but not in HNSCC or FOSCC (Ono 

et al., 2004; Qin et al., 2006; Yoshida et al., 2010) although a similar mechanism 

involving c-Src activation stimulating c-Met has been reported in erlotinib-resistant 

head and neck cancer (Stabile et al., 2013). Erlotinib is another ATP competitive small 

molecule tyrosine kinase inhibitor of EGFR used to treated NSCLC. Other mechanisms 

of resistance to TKIs involving mutation to the EGFR gene, such as the T790 mutation, 

are common in other cancers such as NSCLC (Brand et al., 2011; Engelman et al., 

2005; Huang and Fu, 2015) but are extremely rare in HNSCC (Cassell and Grandis, 

2010). The tyrosine kinase region of feline EGFR from SCCF1 was sequenced in our 

laboratory and no mutations were found (Bergkvist et al., 2011). 
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In addition to activation of AKT we also saw downregulation of phosphatase and 

tensin homolog (PTEN) and upregulation of phosphorylated PTEN in the transitioning 

and resistant groups of both species. PTEN is a known tumour suppressor that 

negatively regulates the PI3K pathway to modulate cell growth and its loss is 

associated with increased cell proliferation in many cancers (Kokubo et al., 2005).  

PTEN downregulation in concert with upregulation of AKT has been reported in 

gefitinib-resistant NSCLC and breast cancer cell lines and it has been suggested these 

changes can occur independent of receptor tyrosine kinase inputs and can therefore 

bypass any inhibition of EGFR by TKIs (Bianco et al., 2003). Reduced erlotinib 

sensitivity, reduced apoptosis and increased invasive characteristic have been reported 

in lung cancer cell lines when PTEN was downregulated and Akt and ERK pathways 

were activated (Shen et al., 2016). Clinically, low PTEN expression levels were 

correlated with poor EGFR-TKI sensitivity and overall survival in 51 NSCLC patients 

(Sos et al., 2009).  

We detected increase expression of phosphorylated PTEN in our SCCF1 and SCC15 

transitioning and resistant cells so it would thus seem reasonable to assume that 

phosphorylation of PTEN was linked with acquisition of resistance and activation of 

the PI3K/AKT pathway. Phosphorylated PTEN shows reduced catalytic activity and 

membrane affinity and undergoes conformational compaction likely resulting in 

inactivation and inability to carry out normal tumour suppressive functions (Bolduc et 

al., 2013). Inactivation of PTEN by phosphorylation has been reported in retinal 

pigment epithelium and gastric carcinogenesis, (Lee et al., 2011; Vazquez et al., 2001; 

Yang et al., 2015; Song et al., 2012). Inactivation of PTEN in our transitioning and 

resistant cells would allow phosphorylation of PIP2 and activation of AKT and could 

provide another method of acquisition of gefitinib resistance. There is evidence that 

p53 is involved in the regulation of PTEN their interaction has a role in control of 

apoptosis (Stambolic et al., 2001). A p53 binding site has been found on PTEN and it 

is known that binding of p53 to PTEN protects against degradation (Freeman et al., 

2003). As our cell lines are p53 negative, the loss of p53 could be responsible for 

inactivation of PTEN via phosphorylation, which would subsequently lead to 

degradation.  
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Another shield in the defence against gefitinib is upregulation in cellular FLICE 

(FADD-like interleukin-1-converting enzyme)-inhibitory protein (c-FLIP) that we saw 

in the transitioning and resistant cells of both species. c-FLIP inhibits death receptor-

induced apoptosis by binding to FADD (Fas-associated death domain protein) and 

pro-caspase-8. Upregulation of c-FLIP has been found in many different tumour types 

and is particularly associated with inhibition of chemotherapy-induced apoptosis 

whereas down-regulation can restore apoptosis triggered by chemotherapeutic agents 

(Safa and Pollok, 2011). Although other markers of apoptosis are more commonly 

used (e.g. caspases, annexin V and DNA fragmentation), c-FLIP was particularly 

relevant for our research as it has been found to coordinate with PI3K in activating the 

MAPK/ERK signalling pathway in Jurkat cells. Furthermore, upregulation of PTEN 

eliminated the stimulatory effect of c-FLIP on ERK activation (Fang et al., 2004). If the 

reverse of this is also true, this could indicate that inactivation of PTEN, as was seen in 

our transitioning and resistant cells, could ameliorate the ability of c-FLIP to reactivate 

the MAPK/ERK signalling pathway that was silenced by gefitinib binding to EGFR. 

Cell cycle analysis gave us our first real species difference in response to gefitinib. Cell 

cycle analysis by flow cytometry quantifies the amount of DNA in each cell, using the 

fluorescent marker propidium iodide, and equates this to stage of cell cycle given that 

DNA quantity fluctuates in relation to mitosis. One of the major benefits of using flow 

cytometry to analyse cell cycle is the large number of cells that can be quantified 

individually in a very short time. The ability of evaluate each and every cell that 

passes through the laser beam and then producing a set of highly correlated data is 

unique to flow cytometry. The limitations to this technique are related to the cost and 

calibration of the equipment necessary to allow flow to be performed well. Our 

instruments are highly used and thoroughly maintained. The training and assistance in 

using them is exceptional and has generated results that we consider to be reliable and 

robust. 
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The distinct sub-G0/G1 peak that we observed in the untreated feline cells (SCCF1) 

but not in the transitioning or resistant cells was absent in any of the human cells. 

Presence of a peak in this part of the cell cycle is a clear indication of apoptosis and 

this peak was obvious in each of our repetitions (Brown et al., 2010; Johnson et al., 

2005a; Mandal et al., 2006). Given that all other inter-species findings were similar 

there was no obvious reason for this difference although the very low baseline levels 

of AKT and pAKT and high baseline level of PTEN seen in the untreated SCCF1 cells 

could partially responsible.  

Bearing in mind that all changes that we had seen in protein expression in the 

transitioning and resistant cells were consistent with increase in cell survival and 

proliferation and decrease in apoptosis (see Chapter 3.5), the increase in the 

proportion of these cells in the G0/G1 stage of the cell cycle analysis was somewhat 

contradictory. Arrest in G0/G1 is often associated with cellular quiescence, non-

proliferation and apoptosis (Chen et al., 2009; Johnson et al., 2005a; Lu et al., 2008a). 

In addition MAPK pathway inhibitors have been reported to effectively induce G1-

phase cell cycle arrest combined with apoptosis (Beaumont et al., 2016). In our cells 

this was not the case, we had seen an increase in the percentage of cells in G0/G1 

together with a decrease in apoptosis and an increase in pro-survival and proliferative 

pathways.  

Despite much research linking the PI3K pathway with survival and proliferation, there 

have been reports of a more enigmatic AKT expression that will promote senescence-

like growth arrest under the influence of various factors including the cellular 

environment as well as the duration and extent of its activation (Miyauchi et al., 

2004). There have also been reports of cell cycle arrest being utilised as a drug 

resistance mechanism. Emergence of resistance in response to arrest in G0/G1 has 

been used in melanoma cells to escape chemotherapy targeted towards proliferative 

cells and results in a drug-tolerant phenotype that primes the cell for development of 

permanent resistance mechanisms and reactivation of proliferative signalling 

(Beaumont et al., 2016). Similar results have also been seen in studies on human 

lymphocytes where chemotherapy-driven apoptosis was only induced in proliferating 

cells (Roos et al., 2004).  
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When considering that the mode of action of gefitinib is to reduce cell proliferation by 

targeting EGFR, an increase in cells in the G0/G1 phase of the cycle could be regarded 

as an indicator of efficacy assuming that the cells subsequently apoptose. However, 

this is not the case in our transitioning and resistance cells where we see an increase 

in quiescent cells despite a concomitant decrease in apoptosis that probably occurs as 

a direct result of AKT activation. Rather than a blanket increase in cell proliferation 

and survival that is commonly reported when the PI3K/AKT pathway is activated we 

could be seeing a more specific effect focussing on increased cell survival rather than 

increased cell proliferation.  

This would fit very well with our observation that the transitioning and resistant cells 

grow more slowly than untreated cells, as indicated by the length of time between 

passages and the increase in cell size that we see in these cells compared to the 

untreated cells (data not shown). Although there are obviously other factors involved 

in cell size and shape, an increase in cellular lifespan should result in larger cells 

merely due the length of time available for growth per cell. Activation of PI3K/AKT 

pathway has been associated with increased cell survival in dendritic cells and AKT 

deficiency led to decreased dendritic cell survival (Park et al., 2006). PI3K/AKT 

signalling also plays a pivotal role in neutrophil survival. Neutrophils use activation of 

PI3K/AKT to temporarily lengthen their intrinsically short lifespan to ensure their 

viability as they migrate from the bloodstream into inflamed tissues (McCracken and 

Allen, 2014; Rane and Klein, 2009).  

4.6 Conclusions 
In conclusion, we have found that the major anti-apoptotic PI3K/AKT pathway is 

activated in transitioning and resistant cells of both species as demonstrated by 

upregulation of AKT, pAKT and c-FLIP together with inactivation of PTEN by 

phosphorylation. We postulate that activation of this pathway occurs via an EGFR-

dependent non-autologous Src-transphosphorylation and this forms the major 

mechanism of resistance in the SCCF1 and SCC15 cells. Activation of the PI3K/AKT 

pathway also results in a pro-survival advantage and a possible increase in cellular 

lifespan in transitioning and resistant cells. 
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Our results suggest that monotherapy with gefitinib will not be successful due to the 

intrinsic redundancy in cellular proliferation and survival mechanisms. A multimodal 

approach targeting auto and transphosphorylation of EGFR would likely be more 

successful in producing effective treatment of human and feline head and neck 

cancer. 
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5 miR-107, miR551b and miR574 are differentially 

expressed in gefitinib-resistance human and feline 

cell-lines  

5.1 Abstract 
The majority of patients with HNSCC present with advanced-stage disease (stage III to 

IVB). Despite aggressive, site-specific multimodality therapy, a significant proportion 

of patients will develop disease recurrence due to development of chemotherapeutic 

resistance. MicroRNAs (miRNAs) are a group of regulatory master molecules and are 

increasingly being linked to dysregulating pathways in cancer, in particular through 

EMT and chemoresistance mechanisms, making them attractive therapeutic targets. 

In the present study, comprehensive miRNA expression profiles of our untreated, 

transitioning and gefitinib-resistant feline and human cell lines were obtained by next 

generation sequencing. After processing the samples, inferred expression levels were 

contrasted between the cell lines to identify miRNAs that were differentially expressed. 

The most significant differentially expressed miRNAs were selected for transfection of 

corresponding miRNA mimics or inhibitors. Expression profiles of relevant proteins 

were then assessed by immunocytochemistry.  

Three miRNAs were found to be differentially expressed in both gefitinib-resistant 

human and feline cell lines: miR-107 was downregulated, and miR-551b and miR-574 

were upregulated. These microRNAs provide potential therapeutic targets in the fight 

against drug resistance in head and neck cancer although much further research needs 

to be conducted to elucidate the complex network of interactions that may be affected 

by targeting these powerful regulatory molecules. 
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5.2 Introduction 
Recent research has revealed the existence of a class of small non-coding regulatory 

RNA species, known as microRNAs (miRNAs), which have critical functions across 

various biological processes including cell proliferation, apoptosis, differentiation, 

timing of developmental transitions, and organ development (Bonine-Summers et al., 

2007; He et al., 2005; Kuehbacher et al., 2008; Lee and Dutta, 2009; Lu et al., 2005; 

Sotiropoulou et al., 2009; Woods et al., 2007).  

Discovered in nematodes in 1993, miRNAs sculpt gene expression profiles during 

embryonic development and it is thought that miRNAs may regulate as many as one-

third of human genes ((Du and Zamore, 2005). miRNAs biogenesis occurs when RNA 

polymerase II or III produces a pri-miRNA that is cleaved by Drosha–DGCR8 (Pasha) 

in the nucleus. The resulting precursor hairpin, the pre-miRNA, is exported from the 

nucleus by Exportin-5–Ran-GTP. In the cytoplasm, the RNase Dicer, together with the 

RNA-binding protein TRBP, cleaves the pre-miRNA hairpin to its mature length of 22-

27 nucleotides. The functional strand of the mature miRNA is loaded together with 

Argonaute (Ago2) proteins into the RNA-induced silencing complex (RISC), where it 

guides RISC to silence target mRNAs through mRNA cleavage, translational repression 

or deadenylation (Du and Zamore, 2005). 

Most importantly, accumulating evidence suggests that numerous miRNAs are primary 

regulators of EMT and are aberrantly expressed in many human cancers (Du and 

Zamore, 2005; Lee and Dutta, 2009; Polyak and Weinberg, 2009; Sotiropoulou et al., 

2009; Waldman and Terzic, 2009). In particular, expression of the certain miRNAs has 

been associated with the epithelial phenotype of cancer cells while being completely 

absent in mesenchymal cancer cell lines. 

There is also increasing research pinpointing key miRNAs associated with gefitinib 

resistance (Gao et al., 2014; Garofalo et al., 2012; Ge et al., 2014; Kitamura et al., 

2014). Although their involvement in this process is now incontrovertible, the study of 

specific pathways they affect and the mechanisms of action are still just beginning. In 

addition it is becoming clear that miRNAs can be useful biomarkers for predicting 

chemoresistance so could have a place in the future in personalised medicine (Allen 

and Weiss, 2010).  
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This, together with the relatively few species of miRNAs, makes miRNAs a very 

attractive target for developing cancer therapeutics. It is hoped that cancer cell growth 

can be controlled by manipulating miRNAs via synthetic miRNA mimics or inhibitors 

(Lee and Dutta, 2009). The development of miRNA therapeutics has begun and, 

although still in its infancy, the next few years promise to provide many more insights 

into miRNA and anti-miRNA biology to further strengthen the enthusiasm for this new 

class of potential anti-cancer drugs. 

The aim of this study was to investigate whether common miRNA-mediated pathways 

are present in feline and human oral squamous cell carcinomas that drive EMT or 

chemoresistance and to identify these by comparative miRNA sequencing. We then 

tried to counteract the miRNA cues associated with EMT to see what effect this would 

have on EMT and resistance molecular markers to test their potential as future 

therapeutic targets for human and feline head and neck cancer. 

5.3 Materials and methods 

5.3.1 miRNA analysis 

The miRNA analysis comprised three phases: RNA isolation, miRNA sequencing and 

bioinformatics. We isolated the RNA from cell samples but the sequencing and 

bioinformatics were outsourced. The sequencing was performed by the Genetics Core, 

Edinburgh Clinical Research Facility, Crewe Road, Edinburgh EH4 2XU. The 

bioinformatics were performed by Fios Genomics, Nine Edinburgh Bioquarter, 9 Little 

France Road, Edinburgh EH16 4UX.  

5.3.1.1 RNA isolation 

In order to perform subsequent miRNA analysis, sequencing and comparison, total 

RNA was isolated from the cell lines. 

5.3.1.1.1 Harvesting cells 

Cells were harvested (see Chapter 2.2.1.11.1), resuspended in media, transferred to an 

RNase-free 15 ml tube and centrifuged at 300 g for 5 min at 4°C. Supernatant was 

removed completely and the cell pellet was used immediately or frozen and stored 

at -70°C. 
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5.3.1.1.2 Homogenisation 

For frozen or fresh cell pellets, 1 ml RNA-Bee RNA Isolation Reagent was added 

directly onto the cell pellet and cells were lysed by repeatedly pipetting. The resultant 

homogenate was transferred to an RNase-free 1.5 ml tube. 

5.3.1.1.3 Phase separation 

To isolate RNA from the homogenate, 0.2 ml chloroform was added, the tube was 

capped and shaken vigorously for 15-30 seconds, stored on ice for 5 min and 

centrifuged at 12,000 g for 15 min at 4°C. 

Following centrifugation, the sample forms the lower blue phenol-chloroform phase, 

interphase and the upper colourless aqueous phase. RNA remains exclusively in the 

colourless aqueous phase whereas DNA and proteins are in the interphase and 

organic phase. 

5.3.1.1.4 RNA precipitation 

The aqueous phase was transferred to a fresh RNase-free 1.5 ml tube and 0.5 ml of 

isopropanol added. Samples were stored for 5-10 min at room temperature and 

centrifuged at 12,000 g for 5 min at 4°C.  

RNA precipitate formed a white pellet at the bottom of the tube.  

5.3.1.1.5 RNA wash 

The supernatant was removed and the RNA pellet washed once by adding 1 ml 75% 

ethanol and vortexing to dislodge the pellet from the bottom of the tube. Samples were 

centrifuged for 5 min at 7,500 g at 4°C. 

5.3.1.1.6 RNA solubilisation 

The RNA pellet was air-dried for 5-10 min ensuring that the pellet did not dry out 

completely as it would decrease solubility. The RNA was dissolved in 50	μl RNase-

free water by pipetting repeatedly.  
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5.3.1.1.7 UV absorption of RNA isolates to determine quantity and 

purity 

To determine RNA quantity and purity the UV absorption of the sample was measured 

using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific Inc, USA). RNA 

has a maximum absorption at 260 nm and RNA concentration was determined for 

each sample by measuring the optical density (A260) at that wavelength - every 1.0 

unit of density equates to 40μg/ml of RNA.  

Absorption was also measured at 280 nm (A280) and 230 nm (A230). The A260/A280 

ratio is an indication of the level of protein contamination in the sample. Pure RNA 

has an A260/A280 ratio of 2.1, however values between 1.8-2.0 are considered 

acceptable for many protocols. In addition to protein contaminants, RNA preparations 

can also contain contaminants such as guanidine salts and phenol (used in the RNA 

isolation protocol). A high peak at A230 indicates contamination with either of these. 

The ideal A260/A230 ratio is greater than 1.5. 

Absorption was measured by pipetting 1 μl of sample directly onto the measurement 

pedestal of the Nanodrop 2000. A measurement column was then drawn between the 

ends of two optical fibres to establish the measurement path. The absorbance was 

measured and recorded using the preset programs for RNA measurements that 

automatically read the optical density at 230, 260, and 280 nm and calculated the 

concentration of the RNA and A260/A280 and A260/A230 ratios. RNA isolates were 

deemed acceptable if the A260/A280 absorbance ratio was within the range 1.6-2.1. 

5.3.1.2 miRNA sequencing 

This was carried out at the Genetics Core, Edinburgh Clinical Research Facility, 

Edinburgh, UK 
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5.3.1.2.1 Bioanalysis of RNA isolates to determine quantity and quality 

The Agilent 2100 Bioanalyzer was used to further determine the quantity and quality 

of RNA isolates with reference to subsequent NGS. The Agilent 2100 Bioanalyzer uses 

a voltage gradient and electrophoresis to separate charged molecules, in this case 

RNA, by size. The RNA chip contains an interconnected set of microchannels that is 

used for separation of nucleic acid fragments based on their size as they are driven 

through it electrophoretically. Dye molecules intercalate into RNA strands and these 

complexes are detected by laser-induced fluorescence and data is translated into gel-

like images (bands) and electropherograms (peaks). An RNA 6000 ladder standard is 

run on every chip used as a reference for data. The analyser measures the sizes of the 

RNA bands and determines an RNA Integrity Number (RIN) to standardise between 

RNA samples. The RIN number is calculated based on a combination of different 

features that contribute information about the RNA integrity to provide a more robust 

universal measure. RIN values of >7 were deemed acceptable. 

The Agilent RNA 6000 Nano Kit was used to prepare the samples for analysis on the 

Agilent 2100 Bioanalyzer.  

5.3.1.2.2 Next generation sequencing 

Sequencing of the RNA isolates was carried out at the Genetics Core, Edinburgh 

Clinical Research Facility. The Ion Torrent™ next-generation sequencing system was 

used. Ion Torrent™ technology uses a semi-conductor chip (Ion PI™ Chip) to capture 

chemical information and translate it into digital information. The system detects the 

change in pH that occurs when a hydrogen ion (H+) is released as a by-product of 

nucleotide incorporation and uses this to identify the sequence of the RNA samples.  
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The RNA samples were enriched for small RNA (Ion Total RNA-Seq Kit v2) using 

magnetic beads to bind and remove large RNA and then to bind and elute the small 

RNA. This was assessed for quantity and quality of small RNA using the Agilent Small 

RNA kit and to determine the input amount for library construction. Ten nanograms of 

each small RNA-enriched sample was hybridised and ligated overnight before reverse-

transcription and purification and size-selection of the resulting cDNA. The cDNA was 

then ligated to Ion-compatible barcoded adapters and then amplified (16 cycles); 

adapter-ligated library was then purified and size- selected to provide barcoded small 

RNA libraries for each sample. The cDNA was clonally amplified on the Ion Sphere™ 

particles by emulsion PCR. The Ion Sphere™ particles coated with template were 

deposited in the chip wells by centrifugation and the sequencing run was conducted. 

Pools of 4 samples were brought together for template preparation and sequencing.  

During the sequencing run, the chip was flooded with one of the four DNA 

nucleotides. If the nucleotide was a match it was incorporated into the DNA, a 

hydrogen ion was released and the pH decreased. An ion sensitive layer beneath the 

wells recognized the change in pH and converted it to voltage. If the next nucleotide 

that flooded the chip was not a match, the pH did not change and no voltage change 

was recorded. If two identical bases on the DNA strand were incorporated, the pH 

change was double, the voltage was double, and the chip recorded two identical 

bases. The process was repeated every 15 seconds with a different nucleotide washing 

over the chip and happened simultaneously in millions of wells. 

Each Ion PI™ Chip produced 60-80 million reads, and we used one chip for 4 

samples, so each sample had 15-20 million reads. 

Once the sequencing run was complete, the data generated was run through signal 

processing and base calling algorithms that produced the DNA sequences associated 

with individual reads. The data was saved as BAM/FASTQ files for subsequent 

bioinformatic analysis. 

5.3.1.3 Bioinformatics 

The bioinformatic analysis of the miRNA sequencing files was conducted by Fios 

Genomics, Edinburgh Bioquarter, Edinburgh UK.  



 

149 

 

5.3.1.3.1 RNAseq Preprocessing 

Raw data were processed to generate a matrix and counts using Bcbio-nextgen. This is 

a python toolkit providing best-practice pipelines for fully automated high throughput 

sequencing analysis. The pipeline consists of the following individual steps:  

• Cutadapt to remove adapter sequences. 

• Tophat2 to align RNA-seq reads to a reference genome in order to identify 

exon-exon splice junctions. 

• FeatureCounts to count the number of reads mapping to each genomic feature. 

• Cufflinks to assemble transcripts and estimate their abundances. 

• QC was performed using fastqc and RNA-SeQC. 

After aligning the data and counting the number of reads mapping to each feature in 

the genome annotation, feature counts were subsetted to include only those mapping 

to miRNAs (based on information in the cat or human genome annotation). 

Subsequently, all miRNAs were removed from the data set in cases where no reads 

mapped to any sample. 

Identified feline miRNA genes and targets were linked and mapped through the 

human genome to enable downstream pathway enrichment. 

5.3.1.3.2 Quality control 

The samples used in the experiment were profiled for a total of 701 genes. A total of 

11 samples were QC analysed using the ArrayQualityMetrics package in Bioconductor 

Kauffmann, & Huber 2010). Samples were scored (outliers identified) on the basis of 3 

parameters (maplot, boxplot, heatmap). 

A sample was classified as an outlier if it failed two or more of the objective 

ArrayQualityMetrics parameters. 
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5.3.1.3.3 Confounding factors 

The factors in the experimental design were assessed for confounding factors. The 

assessment was performed using pair-wise univariate associations between all 

combinations of factors. The statistical tests utilised depends on the property of the 

factors: for an association between two categorical factors, a chi-squared test was 

used; for an association between a categorical and a continuous factor, ANOVA was 

used; for an association between two continuous factors, a Spearman correlation test 

was used. In all cases, the resulting p-value was transformed as -log10(p) before being 

visualised in the confounding factors heatmap. 

5.3.1.3.4 Normalisation 

The raw read counts, were transformed using Voom and then quantile normalised 

(Law et al 2014). This results in expression measures (summarised intensities) in log 

base 2. Statistical analysis was subsequently performed using empirical Bayes from the 

limma R package (Bioconductor, USA). 

5.3.1.3.5 Statistical hypothesis testing 

Normalised data provide the input for statistical hypothesis testing, in which we seek 

to identify genes that are statistically significantly different between sample groups, i.e. 

differences that are unlikely to be due to chance. We are also interested in the degree 

of difference, i.e. the fold-change.  

In the output, the fold-changes (logFC) are given as log2 values, with a positive logFC 

representing up-regulation, and a negative logFC indicating down-regulation. For each 

comparison (e.g. A-B, which is the same as 'A relative to B'), the first group (A) is the 

numerator, while the second group (B) is the denominator. Thus, a positive logFC for 

the comparison 'A-B' indicates up-regulation in A relative to B. 
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Three comparisons, manually chosen to explore the data, were undertaken using 

linear modelling. Subsequently, empirical Bayesian analysis was applied (including 

vertical (within a given comparison) p-value adjustment for multiple testing, which 

controls for false discovery rate). For each comparison, the null hypothesis was that 

there was no difference between the groups being compared. The Bioconductor 

package limma was used. The gene lists which result are fully annotated (see the 

references section for more details), and are sorted in order of decreasing significance. 

5.3.1.3.6 Outputs from the statistical comparisons 

The primary output from the statistical analysis was a set of fully annotated (when 

available) lists of genes differentially expressed in the comparison of interest with 

associated significance statistics and fold changes.  

As a passing caveat, the most statistically significant genes may not have a large fold 

change. Conversely, it is frequently the case that large fold changes are not statistically 

significant, primarily due to the variances of those genes being comparatively great. 

Although subsequently other methods may confirm the large fold change values, the 

statistics attached to the latter genes just do not support there being a statistically 

significant difference. 

5.3.1.3.7 Functional analysis of significant genes 

An overview of the underlying biological changes occurring within each comparison 

can be obtained by functional enrichment analysis. Although there is always a degree 

of overlap between functional annotations from different sources, each set has 

information/applications not available in the others, and thus it is generally beneficial 

to consider more than one. This was performed from two perspectives, namely Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway (Kanehisa and Goto, 2000; 

Kanehisa et al., 2014) and Gene Ontology (GO) Consortium terms (The Gene 

Ontology Consortium, 2015).  

The level of statistical significance for functional analysis was chosen to be the most 

stringent level at which 1% of the genes, on average, were significant. For the current 

dataset, raw p-value <0.01 was appropriate for the comparisons performed. 
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5.3.1.3.8 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

analysis 

miRNAs were annotated based on their experimentally verified target genes from 

miRTarBase {Chou 2015}. Target genes on the array may have been annotated as 

being a member of a KEGG pathway {Kanehisa 2000; Kanehisa 2014}. Fios Genomics 

holds a commercial Service Provider licence of the KEGG resource.  

Significant miRNAs with raw p<0.01 from each comparison were analysed for 

enrichment of target gene KEGG pathway membership using a hypergeometric test 

(Drǎghici et al., 2003). The hypergeometric test uses sampling without replacement and 

is often used to identify sub-populations that are over- or under-represented in a 

sample. Enrichment (p<0.05) was assessed for up- and down-regulated genes 

separately. 

5.3.1.3.9 Gene Ontology (GO) terms 

The Gene Ontology (GO) project is a collaborative effort to address the need for 

consistent descriptions of gene products in different databases. The GO project has 

developed three structured controlled vocabularies (ontologies) that describe gene 

products in terms of their associated biological processes, cellular components and 

molecular functions in a species-independent manner. The use of GO terms by 

collaborating databases facilitates uniform queries across them. The controlled 

vocabularies are structured so that they can be queried at different levels: for example, 

you can use GO to find all the gene products in the human genome that are involved 

in signal transduction, or you can zoom in on all the receptor tyrosine kinases. It 

should be noted that not all GO terms assigned to a given gene are manually attached; 

many are inferred from electronic annotation (IEA). Although rigorous thresholds are 

typically applied before assignment, the caveat remains. 
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miRNAs were annotated based on their experimentally verified target genes from 

miRTarBase. Each target gene on the array may have been annotated with GO terms 

from any or all of the three ontologies. Within any grouping of genes, chosen on any 

given criterion (e.g. statistical significance), one can assess, using a hypergeometric 

test referred to previously, whether any of the GO terms attached to the chosen genes 

are over-represented relative to the ‘universe’ of genes, and hence associated terms, 

that are present on the array. Significant miRNA with raw p<0.01 from each 

comparison were analysed for target gene enrichment of GO terms across all three 

GO ontologies using a hypergeometric test. Enrichment (p<0.05) was assessed for up- 

and down-regulated genes separately. 

5.3.1.3.10 Congruence analysis  

Congruence analysis was performed by evaluating the level of overlap between sets 

based both on features as well as pathways and processes (GO/KEGG). Calculations of 

significant overlaps were based on a hypergeometric test. Gene-level comparisons 

were performed based on unique gene symbols. Any fold-changes for duplicated gene 

symbols were averaged. A statistical significance level of p>0.05 was applied. 

5.3.2 Functional analysis of selected miRNAs  

Comparative bioinformatics was used to identify ten key miRNAs that were 

significantly up- or downregulated in the gefitinib-resistant and/or transitioning cell 

lines compared to the untreated parental cell lines.  

The effects of inhibiting expression of the upregulated miRNAs and of mimicking 

expression of downregulated miRNAs were assessed in vitro using the associated 

miRNA mimics (MISSION® microRNA Mimics, Sigma-Aldrich®, UK) and inhibitors 

(MISSION® microRNA Inhibitors, Sigma-Aldrich®, UK). 

The mimics and inhibitors were based on human sequences given in miRBase as 

feline sequences are unknown (Griffiths-Jones et al., 2006). Given that miRNAs are 

highly conserved between species, particularly in disease states, we were able to use 

these in both the human and feline cell lines (Lu et al., 2008b).  
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5.3.2.1 Transfection of miRNA mimics/inhibitors 

Transfection is the process of deliberately introducing nucleic acids, in this case RNA, 

into cells using a transfection agent. Lipofectamine® RNAiMax Reagent (Invitrogen, 

ThermoFisher Scientific, UK) was used as it has already proved successful in these 

cell-lines.  

 

Figure 5-1: Transfection procedure.  

RNA is introduced to the cell via a lipid complex and released inside the cell to begin protein production. 

-ve miRNA +ve miRNA/Lipid 
complex surface

+ve cell membrane

+

+ve liposome

Liposome fuses with 
cell membrane

Transfected miRNA becomes integrated into 
protein production process within cell
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5.3.2.1.1 Preparation of reagents 

Lipofectamine® RNAiMAX Reagent was diluted in Opti-MEM® Reduced Serum 

Medium (ThermoFisher Scientific, UK) (see Appendix 7 for details). The miRNA 

inhibitors and mimics were diluted in Opti-MEM® Reduced Serum Medium. Diluted 

Lipofectamine® RNAiMAX Reagent was added to the diluted miRNAs to make 

miRNA-lipid complexes (see Table 5-1). This last step was performed within each well 

of a 96-well plate.  

Table 5-1: Dose levels of miRNA mimics/inhibitors 

 

5.3.2.1.2 Transfection procedure 

Cells from SCCF1, SCCF1T, SCCF1G, SCC15, SCC15T and SCC15G were grown and 

harvested and counted as in Chapter 2.2.1.10 and 2.2.1.11.1.  

Transfection complexes were prepared as in Chapter 5.3.2.1. Ten microliters of 

transfection complex were added per well in a 96-well plate and incubated at room 

temperature for 5 min. To this, 4 x 104 cells were added. In this way, cells from each 

squamous cell carcinoma cell line was transfected with each miRNA inhibitor/mimic 

in triplicate.  

miRNA Type

Dose level per well 

(nM)

miRNA34a	 inhibitor 50

miRNA375 inhibitor 50

miRNA574 inhibitor 50

miRNA551B inhibitor 50

miRNA218-2 mimic 10

miRNA181d mimic 10

miRNA1-1 mimic 10

miRNA96 mimic 10

miRNA130b mimic 10

miRNA107 mimic 10
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Silencer™ GFP (eGFP) siRNA was used as a positive control and to calculate 

transfection efficiency and MISSION® miRNA Negative Control 1 was used as a 

negative control. Transfection efficiency was assessed by counting the number of GFP 

positive cells compared to the total number of cells in 3 fields per well, and the 

average of the four control wells per cell line was calculated (Table 5-2). 

Cells were incubated at 37°C in 5% CO2 for 72 h. 

Table 5-2: Transfection efficiency for all cell lines 

 

5.3.2.2 Assessment of protein expression by immunocytochemistry in cells transfected 
with miRNA mimics/inhibitors 

5.3.2.2.1 Fixing and blocking cells 

The plates were washed with PBS and fixed by adding ice-cold acetone to each well 

for 10 min. Cells were then washed twice in ice cold PBS-Tween and then incubated 

in 10% serum (from the species from which the secondary antibody was raised in to 

block unspecific binding of the antibodies) in PBS-Tween for 1 h.  

5.3.3 Application of antibodies 

Primary antibody (see Table 5-3) in 0.1% goat serum in PBS Tween was added and the 

slides were placed in a humid chamber for 1 h at room temperature or overnight at 

4°C. Cells were washed in three changes of PBS-Tween. 

Cells were shielded from light for subsequent procedures.  

Secondary antibody (see Table 5-3) in 1% BSA was added and cells were incubated 

for up to 1 h at room temperature and then washed in three changes of PBS. 

Cell line Mean % positive cells ± SD

SCCF1 76.0 ± 14.3

SCCF1T 73.5 ± 5.5

SCCF1G 67.7 ± 7.5

SCC15 76.6 ± 7.3

SCC15T 73.7 ± 15.2

SCC15G 67.4 ± 5.5
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Table 5-3: Antibodies used for detection of proteins in cells transfected with miRNA inhibitors or mimics 

 

Specimens were counterstained using 4,6-diamidino-2-phenylindole (DAPI) nuclear 

stain and mounted in PBS and examined using a Nikon Ni-U microscope. 

5.4 Results 

5.4.1 Up- and downregulated miRNAs 

The RNAseq data was aligned to the cat (GCA_000181335.3) or human 

(GCA_000001405.14) genome sequences and the numbers of reads mapping to all 

annotated miRNA loci were counted. 

In total 930 feline and 3,111 human miRNAs were identified in the genome 

annotations and of these a total of 701 feline and 667 human miRNAs were retained 

after removing miRNAs with zero counts in any sample (see Table 5-4). Read counts 

were quantile normalised after processing using the voom package in Bioconductor. 

Subsequently, technical replicates were averaged to give expression profiles for each 

of the original cell lines.  

Antibody Supplier Dilution

Mouse monoclonal anti-e-cadherin BD Transduction Laboratories, UK 1:100

Mouse monoclonal anti-vimentin Abcam plc., UK 1:200

Rabbit monoclonal anti-snail Cell Signaling Technology., USA 1:50

Rabbit monoclonal anti-PTEN Abcam plc., UK 1:500

Rabbit monoclonal anti-P-PTEN Abcam plc., UK 1:100

Rabbit monoclonal anti-AKT Abcam plc., UK 1:200

Rabbit monoclonal anti-pAKT Abcam plc., UK 1:200

Rabbit monoclonal anti-c-FLIP Abcam plc., UK 1:200

Goat anti-mouse IgG H&L (Alexa Fluor® 488) ThermoFisher Scientific, UK 1:500

Goat anti-rabbit IgG H&L (Alexa Fluor® 568) ThermoFisher Scientific, UK 1:500
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After processing the samples, inferred expression levels were contrasted between sets 

of samples to identify miRNAs that were differentially expressed between cell lines at 

p-values of <0.05, 0.01 and 0.001 combined with fold change ≥1.3 (see Table 5-4). In 

feline and human cells lines there were consistently more differentially expressed 

miRNAs in resistant than transitioning cells lines and more in feline than human. A 

listing of all significantly up or downregulated miRNAs together with their respective 

fold change and statistical significance is given in Appendix 7).  

Table 5-4: Summary of statistical evaluations of miRNA differential expression 

 

In total across all cell-lines, 31 miRNAs were differentially expressed at a statistically 

significant level of adjusted p-value <0.05 (see Table 5-5). 

Feline cell lines Human cell lines

Total number of miRNAs identified 930 3111

Total species of miRNAs retained 701 667

Number of significant miRNAs compared to 
untreated at fold change ≥1.3: 

p-value<0.05
Transitioning 83 43

Resistant 127 51

p-value<0.01
Transitioning 39 9

Resistant 63 24

p-value<0.001
Transitioning 8 2

Resistant 24 7

Adjusted p-value<0.05
Transitioning 5 0

Resistant 25 3

Adjusted p-value<0.01
Transitioning 1 0

Resistant 1 2
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The majority of these were in the feline cell lines, 5 being in the transitioning line 

(SCCF1T) and 25 being in the gefitinib resistant line (SCCF1G). Only 3 miRNAs, 

miRNA1-1, miRNA107 and miRNA485, were differentially expressed at this level in 

the human cell lines all of which were in the resistant cell line only (SCC15G). Two 

miRNAs were differentially expressed in more than one cell line, miRNA 218-2 and 

miRNA34a. miRNA218-2 was downregulated and miRNA34a was upregulated in 

both feline cell lines, transitioning and resistant. Although neither of these were 

differentially expressed at the more stringent adjusted p-value in the human 

equivalents, miRNA34a was upregulated significantly at the raw p-value of <0.05 in 

the transitioning line (SCC15T). 

Table 5-5: miRNAs exhibiting differential expression that was statistically significant (adjusted p-value) 

 

 

Compared to SCCF1 Compared to SCC15

MicroRNA SCCF1T SCCF1G SCC15T SCC15G

miR-1-1 -3.3 *** -5.3 *** *

miR-103A1 -1.6 * -2.7 *** *

miR-103A2 -1.7 * -2.7 *** *

miR-107 -4.1 ** -2.7 * -1.6 ** -3.5 *** **

miR-10A -3.0 ** 3.8 *** *

miR-125B1 -2.2 ** -2.3 ** *

miR-128-1 -1.9 * -3.2 ** * -1.7 *

miR-1296 -4.2 ** *

miR-146A -4.6 ** 8.2 *** *

miR-148B -2.1 * -2.7 ** *

miR-155 -2.9 ** 3.3 ** *

miR-181D -3.3 ** -7.9 *** * 1.8 *

miR-190B -2.0 * -2.7 ** *

miR-218-2 -5.5 *** * -4.7 *** *

miR-219A2 -6.4 *** *

miR-302B -2.9 ** -2.6 ** *

miR-30B -2.6 ** *

*** = pvalue <0.001, * = Adjusted pvalue <0.05, ** = Adjusted pvalue <0.01
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5.4.2 Congruence analysis of miRNA expression between species 

The results of the congruence analysis revealed three miRNAs, miR-107, miR-551B 

and miR-574, that were differentially expressed in both species (see Table 5-6). 

miR-107 was downregulated and miR-551B and miR-574 were upregulated. Although 

the overlaps were weak they were statistically significant in all cases, two being 

significant at P<0.001 indicating a less than 0.1% probability of occurring by chance. 

This was due to the fact that a large pool of miRNAs was investigated, and therefore 

two random samples were expected to show no overlaps in most cases. 

Table 5-6: Differentially expressed miRNAs identified by congruence analysis between feline and human 
cell lines 

 

Compared to SCCF1 Compared to SCC15

MicroRNA SCCF1T SCCF1G SCC15T SCC15G

miR-326 4.9 *** 4.2 ** *

miR-346 -4.8 *** *

miR-34A 16.7 *** ** 11.8 *** ** 1.8 *

miR-363 124.3 ** * 18.5 **

miR-371A 152.3 *** *

miR-372 173.1 *** *

miR-375 8.5 *** * 3.6 **

miR-429 2.4 *** * 1.5 * -2.8 **

miR-450A1 -2.0 ** -2.5 ** *

miR-485 1.9 *** **

miR-504 3.5 *** *

miR-582 4.8 * 12.0 *** *

miR-592 2.8 *** * 2.0 ** -1.4 * -1.4 *

miR-LET7I -2.2 * -3.6 *** *

*** = pvalue <0.001, * = Adjusted pvalue <0.05, ** = Adjusted pvalue <0.01

MicroRNA Upregulated Downregulated Statistical significance

miR-107 � ***

miR-551B � ***

miR-574 � *

*= pvalue <0.05; ***= pvalue <0.001
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5.4.3 Selection of candidate miRNAs for functional analysis 

Ten candidate miRNAs were selected based on their differential expression, 

magnitude and direction of fold-change and statistical significance across cell lines 

(see Table 5-7). We selected the top 2 upregulated (mir34a and mir375) and 

downregulated (mir181-d and miR 218-2) feline miRNAs, the 3 miRNAs (miR-107, 

miR-551b and miR-574) identified by congruence analysis and the 3 most significant 

human miRNAs (mir1-1, mir96 and mir130b), all of which were downregulated.  

Table 5-7: Candidate microRNAs selected for functional analysis 

 

 

Compared to SCCF1 Compared to SCC15

MicroRNA SCCF1T SCCF1G SCC15T SCC15G

miR-1-1 -3.3 *** -5.3 ***

miR-107 -4.1 ** -2.7 * -1.6 ** -3.5 ***

miR-130B -1.5 ** -1.6 ***

miR-181D -3.3 ** -7.9 *** 1.8 *

miR-218-2 -5.5 *** -4.7 ***

miR-34A 16.7 *** 11.8 *** 1.8 *

miR-375 8.5 *** 3.6 **

miR-551B 5.3 ** 3.0 * 2.6 *** 1.8 **

miR-574 2.0 ** 1.6 **

miR-96 -1.7 ***

*= pvalue <0.05; **= pvalue <0.01; ***= pvalue <0.001
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Table 5-8: Expression profile of candidate miRNAs selected for transfection 

 

Y-axis = Relative miRNA expression, ***=p<0.001, **=p<0.01, *=p<0.05. 

MicroRNA SCCF1 SCC15

miR-1-1

miR-107

miR-130B

miR-181D

miR-218-2
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Y-axis = Relative miRNA expression, ***=p<0.001, **=p<0.01, *=p<0.05. 

MicroRNA SCCF1 SCC15

miR-34A

miR-375

miR-551B

miR-574

miR-96

 

 

 

 

 



 

164 

 

5.4.4 Expression of key proteins in cell-lines transfected with 
selected miRNAs mimics or inhibitors 

Growth and proliferation was similar in all cell lines compared to the controls. 

Transfection was successful as indicated by expression of gfp positive control in all 

cell lines but under the conditions of this experiment, we detected no significant 

differences in expression levels of any of the proteins that we probed for (e-cadherin, 

vimentin, snail, PTEN, pPTEN, AKT, pAKT, c-FLIP) in any of the cell lines transfected 

with any of the miRNA inhibitors or mimics. 

5.4.5 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
analysis 

Feline and human miRNA gene targets were identified through the human genome 

using miRTarBase. Enrichment analysis was performed for the verified gene targets of 

the differentially expressed miRNAs identified in each comparison to evaluate whether 

these targets showed significant enrichment for KEGG pathways or GO terms. 

KEGG pathway analysis highlighted a number of statistically significant pathways that 

were enriched in the feline cell lines and one that was enriched in the human cell 

lines (Table 5-9). Of the 8 that were found in the feline cell lines, 7 were upregulated 

and 1 was downregulated. The majority were apparent in the transitioning cells only. 

In human cells the only pathway that was enriched was amino and nucleotide sugar 

metabolism and it was significant in transitioning and resistant cells. Two pathways 

were significant in the transitioning and resistant feline cells - pyruvate metabolism 

and hedgehog signalling.  



 

165 

 

Table 5-9: Summary of significant pathways identified by KEGG analysis  

 

5.4.6 Gene Ontology (GO) terms 

Feline and human miRNA gene targets were identified through the human genome 

using miRTarBase. Enrichment analysis was performed for the verified gene targets of 

the differentially expressed miRNAs identified in each contrast to evaluate whether 

these targets showed significant enrichment for GO terms. 

Enrichment for GO terms revealed 4 upregulated and 6 downregulated terms that 

were significant at p-value <0.001(see Table 5-10). All upregulated terms were 

associated with transitioning feline cells and all downregulated enrichments were 

associated with human cell lines, 3 in transitioning and the remaining 3 in resistant 

cells.  

Pathway Regulation

Statistical Significance

SCCF1T SCCF1G SCC15T SCC15G

Pyruvate metabolism Up *** **

Mismatch repair Up **

Hedgehog signalling Up *** **

Basal cell carcinoma Up ***

Hippo signalling Up ***

Adherens junction Up ***

Ubiquitin mediated proteolysis Up ***

DNA replication Down **

Amino and nucleotide sugar metabolism Down ** *

*= pvalue <0.05; **= pvalue <0.01; ***= pvalue <0.001 
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Table 5-10: Summary of significant GO terminology analysis 

 

 

Finally, although we investigated whether there was any congruence between the 

KEGG pathways and GO terms identified as being associated with the targets of the 

differentially expressed miRNAs identified, we did not find evidence of any significant 

pathway overlaps for any of the comparisons performed. 

Terms Regulation

Statistical Significance

SCCF1T SCCF1G SCC15T SCC15G

Presynaptic membrane Up ***

Anatomical structure regression Up ***

G-protein coupled receptor activity Up ***

Cytoplasmic pattern recognition 
receptor signalling pathway Up ***

Inactivation of MAPK activity Down ***

Negative regulation of G-coupled 
protein signalling Down ***

Response to glucagon Down ***

Cell adhesion mediated by integrin Down ***

Regulation of heterotypic cell-cell 
adhesion Down ***

Filopodium Down ***

***= pvalue <0.001
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5.5 Discussion 
The majority of patients with HNSCC present with advanced-stage disease (stage III to 

IVB). Despite aggressive, site-specific multimodality therapy, a significant proportion 

of patients will develop disease recurrence, with up to 60% local recurrence and up to 

30% developing metastatic disease (Sacco and Cohen, 2015). Given that many 

patients with recurrent and/or metastatic HNSCC have disease that is no longer 

amenable to curative therapy, the ensuing morbidity is high and survival rates are 

poor. After surgery, chemotherapy remains one of the main therapeutic options. 

However, despite good initial response, most patients develop resistance and relapse 

((Suh et al., 2014). Development of chemoresistance has been linked to epithelial-to-

mesenchymal transition (EMT). Regulation of many key biological processes such as 

embryonic development and cell differentiation is now thought to be under the remit 

of a group of regulatory master molecules, microRNAs (miRNAs) (He and Hannon, 

2004). Not only are miRNAs fundamental to normal cellular growth, development and 

maintenance but they are increasingly being linked to dysregulating pathways in 

cancer, in particular through EMT and chemoresistance mechanisms, making them 

attractive therapeutic targets (Aigner, 2011; Lee and Dutta, 2009; Leva et al., 2014).  

Nucleic acid sequencing is a method for determining the exact order of nucleotides 

present in a given DNA or RNA molecule. In the past decade, the use of nucleic acid 

sequencing has increased exponentially as the ability to sequence has become much 

more accessible and this has driven the demand for cheaper and faster sequencing 

methods. Next-generation sequencing (NGS) was developed in response to this need 

and has allowed a quicker and more efficient deep sequencing that facilitates analysis 

of small RNA species, such as microRNA (miRNA). NGS offers better sensitivity, 

generating data superior to that obtained using microarrays at a comparable price thus 

surpassing microarrays as a tool for expression analysis. The superior sensitivity, with a 

greater dynamic range, can detect more transcripts and subtle changes in gene 

expression, can discriminate between transcripts from closely related genes or splice 

variants and can detect novel and fusion transcripts. 
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In terms of the miRNA, congruence analysis detected 3 miRNAs that were 

differentially expressed in both species, miR-107, miR-551B and miR-574. miR-107 

was downregulated in all our cell lines (-1.6 to -4.1 fold-change), miR-551B was 

upregulated in all cell lines (1.8-5.3 fold-change) and miR-574 was upregulated in the 

resistant cell lines of both species (1.8-2.0 fold-change).  

Downregulation of miR-107 has been reported in many human malignant cancers and 

accumulating evidence indicates that it may play an important role in cell 

proliferation, apoptosis, and invasion (Ji et al., 2015). Low expression of miR-107 was 

found to be significantly associated with tumour progression and decreased survival in 

patients with NSCLC, indicating that miR-107 may serve as a novel prognostic marker 

in NSCLC. Introduction of synthetic miR-107 to under-expressing NSCLC cell lines 

was found to suppress tumour growth and cell proliferation (Takahashi et al., 2009).  

In relation to HNSCC, decreased levels of circulating and tissue miR-107 has been 

observed in neoplastic and pre-neoplastic human oesophageal tissues, indicating its 

potential as a biomarker for very early disease (Sharma et al., 2013). Other research 

has seen treatment with miR-107 significantly block cell proliferation, DNA 

replication, colony formation and invasion in HNSCC cell line SCC25 and CAL27, 

and retard tumour growth in nude mice by 93% (Datta et al., 2012). MiR-107 has also 

been found to be downregulated in pancreatic cancer; enforced expression of 

miR-107 in downregulated in vitro growth (Lee et al., 2009), 

MiR-107 has also been implicated in drug-resistance pathways. Multidrug-resistant 

gastric carcinoma cell line SGC7901/ADR was found express reduced levels of 

miR-107 compared to its parent cell line whereas overexpression re-sensitised the 

cells to doxorubicin (Zhang et al., 2014a). Similarly, miR-107 expression was found to 

be significantly lower in cisplatin-resistant NSCLC cell line A549 and transfection with 

miR-107 mimic restored sensitivity to cisplatin therapy (Zhang et al., 2014b). 

Conversely, overexpression of miR-107 is predictive of a response to chemotherapy in 

patients with advanced colorectal cancer and a resultant improvement in progression-

free and/or overall survival (Molina-Pinelo et al., 2014).  
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It is clear that there is much evidence linking reduced expression of miR-107 with 

more aggressive cancer phenotypes. It has been suggested that miR-107 is under the 

transcriptional control of p53 and is directly responsible for suppressing the hypoxia 

signalling pathways that are so important in allowing tumours to proliferate via VEGF-

mediated angiogenesis (Yamakuchi et al., 2010). miR-107 is encoded in an intron of 

the p53-induced pantothenate kinase 1 (PANK1) gene, and it targets expression of the 

cell cycle activator CDK6 and the anti-mitogenic p130 (also known as RBL2, so down-

regulation of miR-107 would allow these proteins to be expressed and cells to divide 

and proliferate (Böhlig et al., 2011). Mutations or downregulations in p53 would also 

potentially have a downstream effect on expression of miR-107.  

These findings could certainly account for the changes that we have seen in resistant 

and transitioning cells, where we saw significant downregulation of miR-107, in terms 

of their chemoresistant properties and the associated downregulation in apoptosis. As 

yet, the mechanism of action has not been elucidated but there certainly is a strong 

and consistent relationship between downregulation of miR-107 and poor response to 

chemotherapy. 

The congruence analysis also highlighted miR-551B as significantly upregulated in the 

transitioning and resistant cells of both species. Interestingly, the biggest fold-change 

occurred in the transitioning cells rather than the resistant cells.  

A study of 118 patients with head and neck cancer found that miR-551b was 

significantly upregulated in the subset of patients (41) found to have distant metastasis 

compared to those in remission, and Kaplan-Meier survival analysis suggested that 

expression of miR-551b was associated with poor survival in patients. Further 

investigation using the HN5 and UMSCC- 17B head and neck cancer cell lines by 

transfection of either a mimic or an inhibitor of miR-551b suggested that the mimic 

promoted proliferation, migration and invasion whereas the inhibitor decreased them 

(Karanam et al., 2015).  
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A further study sequenced miRNAs from samples of oral squamous cell carcinoma and 

found that miR-551b was upregulated in the metastatic compared to the non-

metastatic samples (Severino et al., 2015) miR-551b was the most upregulated 

microRNA in a microarray analysis of tamoxifen-resistant breast cancer cell line TamR 

MCF7 compared to the parent line MCF7 (Ward et al., 2013) and was upregulated in 

papillary thyroid carcinoma (Dettmer et al., 2013). Further research has correlated 

high miR-551b expression with poor prognosis in ovarian cancer. Importantly, 

miR551b contributes to resistance to apoptosis and increased survival and 

proliferation of cancer cells in vitro and in vivo (Chaluvally-Raghavan et al., 2016).  

There is also evidence that miR-551b is associated with chemoresistance. Expression 

of miR-551b was upregulated in an acquired chemoresistance lung cancer cell 

models. Further investigation revealed that EGFR-mediated activation of the cell 

survival cascade involving Akt/c-FLIP/COX-2 had been activated to protect the cancer 

cells from responding to anticancer agents (Xu et al., 2014). miR-551b was 

upregulated in ovarian cancer stem cells and promoted the proliferation, invasion, and 

chemoresistance. inhibiting miR-551b significantly increased the susceptibility of the 

cells to chemotherapy agent cisplatin and prolonged survival in the host mice (Wei et 

al., 2016).  

In conjunction with downregulation of miR-107 and upregulation of miR-551b in 

transitioning and resistant cells, we also saw upregulation of miR-574 in the resistant 

cells.  

Upregulation of miR-574 has been seen when cells are exposed to treatment-induced 

stress, such as radiation (Ishikawa et al., 2014). Growth delay was seen in A549 cells 

(lung carcinoma) via suppression of the enhancer of rudimentary homolog gene (ERH) 

which is fundamental to cell cycle progression. This is consistent with effects seen in 

our resistant cells where growth was delayed and could provide an explanation for the 

cell cycle progression arrest that we observed. Although the finding in this study was 

related to radiation therapy rather than chemotherapy it would not be surprising if 

similar mechanisms were adopted by cells subjected to any form of treatment-induced 

stress.  
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Expression of miR-574 was found to modulate tamoxifen resistance in breast cancer 

cell line MCF-7 via negative regulation of clathrin heavy chain 1 protein (CLTC) 

(Ujihira et al., 2015). It was also found to be upregulated in head and neck cancer cell 

line JHU-029 when the cells were exposed to chemotherapy drug cisplatin (Huang et 

al., 2011).  

In vivo, upregulation of circulating miR-574 was associated with reduced progression 

free survival in HNSCC patients and was thought to be a strong biomarker candidate 

for poor prognosis in future diagnostic development (Summerer et al., 2015). MiR-574 

was upregulated in serum and was muted as a prognostic marker of glioblastoma 

patients (Manterola et al., 2014). Upregulation of miR-574 was related to 

chemoresistance in lung cancer patients (Ranade et al., 2010). 

Conversely there have been as many studies linking upregulation of miR-574 to 

tumour suppression in head and neck cancer, liver cancer and bladder cancer, and 

others, and this exemplifies an interesting paradigm that emerges when researching 

miRNA literature (Meyers-Needham et al., 2012; Cui et al., 2014; Tatarano et al., 

2012). There are many conflicting reports of upregulation vs downregulation of 

miRNA species in relation to the same disease or cell type. This could be due to the 

relatively early stage of research that this area of science represents and as this 

progresses, the body of evidence will naturally evolve to establish exact relationships 

of particular miRNAs with particular targets and processes. Although this will happen 

regardless, the complexity and wide-ranging effects of miRNA regulation could make 

this process exceptionally lengthy and convoluted.  

We selected the ten most significant miRNAs to take forward for functional analysis. 

This was based on selecting the three miRNAs that were differentially expressed in a 

similar way in both species, as highlighted in the congruence analysis, the two most 

significantly upregulated and downregulated feline miRNAs and then the three most 

significant human miRNAs. We selected more miRNAs that were differentially 

expressed in feline cells than those that were expressed in human lines because this 

reflected the overall levels of expression differences that we observed between the two 

species. Expression of miRNAs could be validated by qPCR if required. 
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It should also be stressed that selection of the miRNAs with the most statistical 

significance is certainly a reasonable method for determining our candidate molecules 

but could result in missing potentially crucial miRNAs that exerted effects through 

lesser fold changes than our criteria allowed. 

Aside from the three miRNAs that were discussed as part of the congruence analysis, 

the other miRNAs that were selected for functional analysis were significantly 

expressed in only one species. The reasons for this is unclear but could be related to 

potential species difference in the pathways invoked by the acquisition of resistance or 

could be related to the relatively small number of samples and the high inherent inter-

sample variation that was seen or could be spurious. So, despite the possibility of the 

latter, we decided to continue with functional testing for these miRNAs in the hope 

that we could clarify and discern the reasons for interspecies difference.  

Selection of miRNAs to target was based purely on statistical significance. The sample 

size was quite small and there was a high degree of individual variation between 

samples. However, statistically significant changes were still detected. Expanding the 

study to evaluate large sample sizes would undoubtedly produce more significant 

results but was outwith the scope of this study. 

Although the complete microRNAome from each sample was sequenced, we focused 

on miRNAs that had already been published and annotated (Griffiths-Jones, 2004; 

Griffiths-Jones et al., 2006, 2008, Kozomara and Griffiths-Jones, 2011, 2014). Other 

unnamed miRNAs were significantly upregulated or downregulated in feline or human 

cells and may have been functionally important although we were unable to follow 

these up in the context of this project. It was also notable that significantly more 

miRNAs were differentially expressed in the feline than the human cell lines although 

the reasons for this are unclear at this stage.  

The results of our functional analysis were disappointing in that no changes were seen 

in the biomarkers that we measured in cells that were transfected with the relevant 

miRNA mimic or inhibitor. There are many reasons why this could have occurred.  
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Although confident that the transfection process itself was successful, the control agent 

that we used was not a miRNA and so it is possible that the miRNAs did not survive 

the transfection process and did not transfect successfully. This would be rectified in 

future transfection experiments by including miRNAs as controls. There are also a 

number of factors within the transfection experiment that we did not have time to 

optimise and could have had significant impact on the success of this procedure. We 

were only able to try one concentration of the inhibitors/mimics due to time and cost 

constraints – in future it would be prudent to optimise this aspect of the experiment by 

testing a range of concentrations of each mimic or inhibitor. We were only able to 

conduct the test for our selected biomarkers at one timepoint, 72 h after transfection. 

A range of time points would provide a better chance of detecting any functional 

effects of the transfection and would be an essential stage in the optimisation 

procedure.    

Prior to trying to test functional effects we could have measured levels of each miRNA 

or the target mRNAs after miRNA transfection using qPCR. This would be an 

extremely useful step in future experiments and would provide additional validation of 

the success of the transfection procedure. 

Once transfected the inhibitors or mimics are only effective for 72 h. Given that the 

changes that we have seen in transitioning cells take at least a week to establish, it 

may not have been feasible to detect cellular transformation given the short half-life of 

the inhibitors and mimics. If effects for longer periods are required it would be 

necessary to transfect with a plasmid. A new technique has been developed involving 

co-transfection of plasmid DNA and miRNA that could be very useful to try for this 

type of research in the future but again this would require lengthy optimisation 

(Liszewski, 2013; Ludtke et al., 2014).  

In addition, miRNA is extremely fragile and susceptible to RNAses and degradation so 

there may have been technical issues with the assay that did not affect the control 

transfection agent as it was not a miRNA. For future experiments, it would be prudent 

to include a miRNA inhibitor and mimic as control agents to validate the miRNA 

transfection procedure.  
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It is important to reiterate that the ten miRNAs that we selected were based on 

statistical significance of a small number of samples taken at one timepoint in an 

exceptionally dynamic biological system. Future experiments would need to sequence 

many more samples at a range of time points to be confident that any differentially 

expressed miRNAs were a reliable and reproducible phenomenon but this would be 

very costly. In future, costs of sequencing could reduce, making this type of approach 

more achievable. 

It need not be stressed that miRNAs do not act alone however future research should 

encompass changing patterns of groups of miRNAs rather than individual profiling as 

it is already clear that merely discovering whether a miRNA is up or downregulated is 

fairly inconsequential and varies hugely depending or interlinked and as yet 

undiscovered pathways and relationships. 

We do know that a large number of pathways are controlled by a relatively small 

number of miRNAs and it is this property that has made these small molecules 

attractive therapeutic targets. Conversely, it could be this exact property that could 

quash current development of miRNA-based therapies. The role of each miRNA is 

incredibly influential and pervasive and we are at a very early stages of discovery. We 

have no real comprehension yet of the clinical effects of miRNA modulation and the 

tools we currently have for miRNA delivery are too unwieldy to deliver the intricate 

and precise alterations in expression of multiple interlinked miRNAs that will almost 

certainly be required to elucidate the required effects in vivo without catastrophic side 

effects.  

5.6 Conclusion 
In conclusion, three miRNAs were found to be differentially expressed in both 

gefitinib-resistant human and feline cell lines: miR-107 was downregulated, and 

miR-551b and miR-574 were upregulated. These microRNAs provide potential 

therapeutic targets in the fight against drug resistance in head and neck cancer 

although much further research needs to be conducted to elucidate the complex 

network of interactions that may be affected by targeting these powerful regulatory 

molecules. 
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6 Discussion 

This study aimed to investigate whether common miRNA-mediated pathways drive 

EMT in feline and human oral squamous cell carcinomas, to identify these pathways 

and to investigate whether any differentially expressed miRNAs could be developed as 

future therapeutic agents. 

We used cell lines as a model for feline and human disease. Cell lines are frequently 

used in research of this nature but the limitations of this approach should be 

considered when extrapolating our results to the primary disease in question.  

We used the EGFR-inhibitor gefitinib to induce resistance in human and feline 

squamous cell carcinoma cell-lines to characterise the EMT phenotype in relation to 

the resistance status in both species and to compare the responses between species. 

We explored potential mechanisms for resistance to gefitinib that was exhibited by the 

human and FOSCC cell-lines by using molecular expression patterns and cell cycle 

analysis. In vitro and in vivo invasive and migratory properties of the untreated 

compared to the gefitinib-resistant cell lines of both species were explored to 

determine whether resistance and/or EMT status conferred a functional advantage. We 

determined the miRNA expression pattern during acquisition of resistance to gefitinib 

in both species by next generation sequencing and screened candidate miRNAs as 

potential therapeutics.  

In this study, we were able to generate gefitinib-resistant squamous cell carcinoma cell 

lines by long-term exposure of SCCF1 feline cell line and SCC15 human cell line to 

5 µM gefitinib. We found that acquisition of resistance was biphasic and consisted of 

an acute phase where cells demonstrated a definite shift from an epithelial to a 

transitory mesenchymal phenotype followed by partial reversion to a sustained 

EMT/MET hybrid morphology. Functionally the acute and chronic resistant cells 

demonstrated increased invasiveness in vitro and in vivo compared to the untreated 

SSC cells that was commensurate with the extent of mesenchymal transition.  
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This biphasic transition during EMT has not been previously recognised and 

demonstrates two distinct phenotypes, the transitioning phenotype associated with 

most invasiveness early during resistance, and a less mesenchymal, more epithelial 

phenotype associated with established resistance. The biphasic nature of this transition 

may prove critical in establishing effective therapeutic targets and the timing of 

treatment to overcome resistance or in preventing local invasion or metastatic spread 

of squamous cell carcinoma.  

We found that the major anti-apoptotic PI3K/AKT pathway was activated in 

transitioning and resistant cells of both species as demonstrated upregulation of AKT, 

pAKT and c-FLIP together with inactivation of PTEN by phosphorylation. This 

indicates that avoidance of apoptosis may be a major pathway in resistance that could 

be targeted therapeutically.  

We demonstrated that gefitinib-resistance increased the proportion of transitioning and 

resistant cells in the G0/G1 stage of the cell cycle of both species and that the distinct 

sub-G0/G1 peak, indicative of apoptosis, that was apparent in the untreated feline 

cells was absent in the transitioning and resistant feline cells and all human cell lines. 

We showed that three miRNAs were differentially expressed in both gefitinib-resistant 

human and feline cell lines: miR-107 was downregulated, and miR-551b and miR-574 

were upregulated. These microRNAs provide potential therapeutic targets in the fight 

against drug resistance in head and neck cancer although much further research needs 

to be conducted to elucidate the complex network of interactions that may be affected 

by targeting these powerful regulatory molecules. 

Although there is much evidence to support the hypothesis that EMT is an important 

mechanism in acquired drug resistance there is has been little research conducted on 

phenotypic changes occurring with long term treatment. Our research has shown that 

although EMT does occur in oral squamous cell carcinoma it is only the first step in 

the acquisition of resistance and not the endpoint.  
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Subsequent changes occur that are more reminiscent of a regression towards the 

epithelial end of the EMT spectrum and a stable partial hybrid E/M phenotype is the 

final stage in the transition. This fits very well with the clinical disease course in the 

majority of cancers where disease progression is characterised by increased tumour 

invasion via cellular migration and subsequent recolonisation of distance sites to form 

metastases.  

Activation of the major anti-apoptotic PI3K/AKT pathway is a commonly reported 

consequence of administration of many types of chemotherapeutic agents (Abrahão et 

al., 2013; Bjerke et al., 2014; Bussink et al., 2008; Engelman et al., 2005). We 

postulate that activation of this pathway is a mechanism of gefitinib resistance and 

occurs via an EGFR-dependent non-autologous Src-transphosphorylation. This 

mechanism of resistance to gefitinib has been reported in other cancers but not in 

HNSCC or FOSCC although a similar mechanism involving c-Src activation 

stimulating c-Met has been reported in erlotinib-resistant head and neck cancer 

(Stabile et al., 2013).  

We also saw downregulation of tumour suppressor PTEN in the gefitinib-resistance 

cells. This combination has also been reported in gefitinib-resistant NSCLC and breast 

cancer cell lines (Bianco et al., 2003). Upregulation of c-FLIP, as seen in transitioning 

and resistant cells of both species, has been found in many different tumour types and 

is particularly associated with inhibition of chemotherapy-induced apoptosis (Safa and 

Pollok, 2011). c-FLIP has been found to coordinate with PI3K in activating the 

MAPK/ERK signalling pathway in Jurkat cells. Furthermore, upregulation of PTEN 

eliminated the stimulatory effect of c-FLIP on ERK activation (Fang et al., 2004). If the 

reverse of this is also true, this could indicate that inactivation of PTEN, as was seen in 

our transitioning and resistant cells, could ameliorate the ability of c-FLIP to reactivate 

the MAPK/ERK signalling pathway that was silenced by gefitinib binding to EGFR. 
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Cell cycle analysis provided some interesting but inconsistent results. The interspecies 

difference in sub-G0/G1 peak between the feline and human untreated cells may have 

occurred as a result of interspecies difference in baseline levels of AKT, pAKT and 

PTEN. Considering that all our prior results had been consistent with reduced 

apoptosis, the increase in the proportion of cells in the G0/G1 stage of the cell cycle 

analysis was somewhat contradictory. Arrest in G0/G1 is often associated with cellular 

quiescence, non-proliferation and apoptosis (Chen et al., 2009; Johnson et al., 2005a; 

Lu et al., 2008a) and MAPK pathway inhibitors have been reported to effectively 

induce G1-phase cell cycle arrest combined with apoptosis (Beaumont et al., 2016). 

Conversely AKT expression is used by immune cells to promote a senescence-like 

growth arrest to prolong life during inflammatory or infection events and this property 

of AKT has been used to escape chemotherapy targeted towards proliferative cells in 

melanoma cells (Beaumont et al., 2016). We postulate that our cells could also be 

using this mechanism to escape the effects of gefitinib and develop long term 

resistance (McCracken and Allen, 2014; Rane and Klein, 2009).  

The differential miRNA expression profiles that we elucidated via the congruence 

analysis were convincing and well supported by the literature as being very relevant to 

the cell lines and the biological processes that we were investigating. This is very 

encouraging but these results should be treated with caution as they comprised only 

three repeats – further repetitions would be necessary to ensure the results were 

sufficiently robust. The feline cells produced significantly more differentially expressed 

miRNAs than the human cell lines. The biological significance is unclear at this stage 

but would be useful to follow up in the future as it implies that there could be a 

species difference to targeted miRNA therapy.  

Under the conditions of this study, we have demonstrated that feline and human oral 

squamous cell carcinomas behave in a very similar manner in vitro and in vivo, and 

provide valuable research tools for the further study of FOSCC and HNSCC. Molecular 

and functional response to treatment indicate that feline disease could also be used as 

a clinical model for human disease as it is likely that treatment outcome would be 

similar in both species.  
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However, the fundamental difference in disease progression in felines and humans 

cannot be ignored. Human and feline morbidity in primary HNSCC/FOSCC is similar 

however mortality in humans tends to occur due to metastatic disease whereas feline 

mortality is much more likely to occur as a result of the primary tumour. The 

metastatic rate in felines is low, yet the true metastatic potential is not truly 

represented because so few cats survive local disease to permit long-term follow-up 

for metastatic disease (Liptak and Withrow, 2013).  

Despite the low metastatic rates in felines, there are documented cases (14.8% of 81 

cats) of metastasis to the ipsilateral submandibular lymph node and incidence may be 

higher as not all cases were examined histologically (Herring et al., 2002; Hutson et 

al., 1992; Postorino Reeves et al., 1993). Ipsilateral lymph nodes metastases are also 

common in human disease (ca 20%) so it is likely that feline and human disease 

progression is similar (Shield et al., 2016; Spiegel et al., 2004). Regardless the fact 

remains that local disease is the principle cause of death in cats due to euthanasia 

whereas metastases are the principle cause of death in humans. In the context of our 

research the biphasic phenotype that occurs during acquisition of resistance to 

gefitinib may mirror the clinical progression of disease with the transitioning 

mesenchymal phase being representative of invasion and migration, and the 

secondary MET transition being representative of metastases although further research 

is needed to confirm this. If this does prove to be the case, it would give an extremely 

useful model for screening potential therapies aimed at either or both disease phases. 

Although the main aim of the project was to generate EMT and profile the associated 

miRNAs, we generated some interesting data regarding the molecular response to 

treatment with gefitinib and the effects this had on cellular phenotype. Although 

currently licenced for treatment of NSCLC only, clinical trials of gefitinib alone and in 

combination with radiotherapy or other chemotherapy agents (docetaxel, cisplatin or 

celecoxib) have had limited success in head and neck cancer (Cohen et al., 2003; 

Argiris et al., 2013; Chen et al., 2007; Cohen et al., 2005; Kirby et al., 2006; Wirth, 

2005).  
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Docetaxel is an anti-mitotic agent treatment which leads to reduction in cell 

proliferation in our oral SCC cell line models (unpublished data). However, this was 

through AKT-induced cell cycle arrest, so it is unlikely that docetaxel would be 

effective in gefitinib-resistant cells (Herbst and Khuri, 2003). Cisplatin is a platinum-

containing anti-cancer treatment that binds to DNA and causes DNA crosslinking, 

which ultimately triggers apoptosis. Celecoxib is a COX-2 selective non-steroidal anti-

inflammatory that also induces apoptosis in a wide variety of human epithelial tumour 

types, such as colorectal, breast, non-small cell lung, and prostate cancers (Jendrossek, 

2013). Activation of the PI3K/AKT pathway in our treated cells decreased apoptosis so 

could be counteracting the apoptotic cascade when given in conjunction with either 

of these therapeutics. In addition, cisplatin-resistance has also been linked to 

upregulation of AKT as in gefitinib-resistance so it is likely that this would affect the 

efficacy of cisplatin at the outset (Siddik, 2003).  

Given that activation of the PI3K/AKT pathway has so many anti-therapeutic 

properties, the next logical step in development of a multimodal chemotherapeutic 

approach would be inclusion of an AKT inhibitor in the mix. There are many novel 

AKT inhibitors in development that could prove useful for the future of multimodal 

therapy with gefitinib, three leading candidates being perifosine, MK-2206 and GSK-

2141795 (Alexander, 2011). If successful, AKT inhibition could counteract the 

intrinsic anti-apoptotic and anti-proliferative effects caused by gefitinib resistance and 

this could facilitate rescue of resistance to EGFR inhibition. As a precursor to clinical 

application of this theory, more research needs to be conducted to explore the in vitro 

consequences of multimodal treatment.  

The miRNA analysis revealed many differentially expressed miRNAs, particularly in 

the feline cell lines and although this in itself is interesting and warrants further 

research, it did lead to an abundance of choice for selecting a small subpopulation of 

candidate miRNAs to take forward for functional testing. Given the dynamic swing 

from epithelial to mesenchymal and back to hybrid epithelial/mesenchymal 

phenotypes that we observed in the cells as they were acquiring resistance to 

treatment, it is likely that there were multiple interacting pathways under the control of 

many miRNAs rather than just a few.  
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It was challenging to determine which significantly up or downregulated miRNAs 

were relevant to our research given that we were analysing the whole miRNAome at a 

single point in time and by nature the cell is a dynamic and constantly changing 

environment. The criteria we devised to select our candidates was based on the 

statistical significance of the differential expression, the magnitude of the fold-changes 

and the direction of the fold-change being consistent between transitioning and 

resistant cells. Even with a small set of samples (3 per treatment per species) there 

were many highly significant results so we can be confident that changes we observed 

were real but we could not in reality determine their relevance to the process of EMT 

or drug resistance with such a small group size. It would undoubtedly have helped the 

specificity of the analysis by having a larger number of samples analysed. In addition, 

fold-change may not have been the most useful marker for selecting miRNAs in the 

context of our research. It was certainly a reasonable marker to choose, but it may not 

have been the most appropriate indicator of relevance. The assumption that direction 

of fold-change should be the same in transitioning and resistant cells could be flawed. 

We saw substantial differences in phenotype and behaviour between the two different 

phases of acquisition of resistance and it is feasible that miRNA expression could 

likewise be diametrically different. Again, increasing the number of samples analysed 

would have helped to address these considerations. It is hoped that miRNA 

sequencing will develop such that high throughput analysis of multiple samples will 

be more achievable in the future to alleviate these issues and allow more focussed and 

applied research.  

For future studies, it would be interesting to explore our findings in more cell-lines, 

human and feline, and repeat our in vitro and in vivo studies to assess the functional 

and biological implications of modification of differentially expressed miRNAs in 

further models.  

Since their discovery over a decade ago, the recognition that miRNAs are fundamental 

to most, if not all biological processes in the cell, has led to considerable interest in 

these tiny regulatory molecules. Increasing evidence implicating their contribution to a 

spectrum of human diseases, especially cancer, has fuelled interest in developing 

miRNA therapeutics.  
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The race is under way to channel their wide-ranging regulatory powers into safe, 

convenient and efficacious treatments. Of those currently in development, a handful 

have now progressed through preclinical testing and are in phase I or II clinical trials 

so miRNA therapy in practice will soon be a reality. Despite this, there are still 

challenges to be overcome in targeting, delivery and pharmacokinetic analysis of 

activity.  

The most promising delivery methods are conjugation with other molecules such as 

cholesterol or antibodies, viral delivery, liposome-based and other nanoparticle 

delivery (van Rooij and Kauppinen, 2014). The success of the delivery method appears 

to be specific to the target tissue and the miRNA being modulated so development is 

needed to allow more universal application but much research is ongoing so it is 

probable that appropriate and effective delivery technologies will be forthcoming in 

the near future (Christopher et al., 2016).  

We do know that a large number of pathways are controlled by a relatively small 

number of miRNAs and it is this property that has made these small molecules 

particularly attractive therapeutic targets. Ironically, it could be this exact property that 

is the most problematic in therapeutic development due to the potential toxicity from 

off-target activity. One innovative approach to addressing this is double-targeting by 

combining the therapeutic miRNA together with a short interfering RNA (siRNA) or 

combination of siRNAs against off-target pathways (Nishimura et al., 2013). This study 

used nanoliposomes loaded with a siRNA against the EphA2 oncogene and boosted 

the anti-tumour effects by addition of miR-520-3d and demonstrated that these two 

molecules acted synergistically to shrink ovarian tumours. There is no reason why this 

approach could not be developed to counteract any unwanted miRNA-related side-

effects. It is likely that the future of miRNA therapeutics will involve administering 

groups of miRNAs so anti-toxicity species could be included in the treatment panel.  
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In addition to their incredible potential as therapeutics, miRNAs have disease-specific 

expression profiles and have been found to circulate in body fluids making them ideal 

biomarkers. They are also relatively stable in fresh or formalin-fixed tissues and in 

serum and plasma, much more so than mRNA, and can be measured to high 

sensitivity and accuracy using a genome-wide Locked Nucleic Acid (LNA™)-based 

miRNA qPCR platform (Blondal et al., 2013).  

Patterns of miRNA expression are becoming increasingly associated with different 

diseases such as cancer, hepatitis C infection, myocardial infarction, and metabolic 

disease and are giving rise to particular miRNA signatures (Christopher et al., 2016). 

An impressive clinical study using a serum-based microRNA signature for lung cancer 

was tested in a large-scale validation study (n=1115) for high risk individuals and the 

overall accuracy, sensitivity and specificity were found to be over 70% (Montani et al., 

2015). In another study, a sputum-based test was developed using a biomarker panel 

of miR-21, -31 and -210, to identify lung cancer. Sensitivity and specificity ranged 

between 80 and 88% in all tested cohorts (Xing et al., 2015).  

For HNSCC, a novel saliva-based test using a panel of 3 miRNAs (miRNA-9, miRNA-

134 and miRNA-191) has shown promise in detecting head and neck cancer (Salazar 

et al., 2014). Saliva appears to be particularly useful for miRNA detection and has 

been found to yield more miRNAs than amniotic fluid, breast milk, bronchial lavage, 

cerebrospinal fluid, colostrum, peritoneal fluid, plasma, pleural fluid, seminal fluid, 

tears and urine (Weber et al., 2010). Relative levels of circulating miR-107 have been 

found to significantly distinguish oesophageal squamous cell carcinoma patients from 

normal subjects (Sharma et al., 2013). Future studies could address the comparative 

expression profiles of miRNAs in felines and humans in saliva, plasma, serum and 

urine of patients with HNSCC or FOSCC, and correlate these with tissue expression 

and prognosis. 
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Signature panels for detection of others cancers such as glioblastoma multiforme 

(GBM), colorectal cancer, ovarian cancer, breast cancer, to name a few, have also 

been reported (Krishnan et al., 2015; Manterola et al., 2014; Wu et al., 2011). The 

panel of differentially expressed miRNAs that we found in this study would be a 

fantastic starting point to explore their applicability as biomarkers in the hope that they 

could be developed to enable earlier detection of HNSCC and particularly FOSCC. 

Saliva-based sample collection would be ideal for felines due to its non-invasive 

nature, the ease of collection and the proximity to the potential tumour site. 

miRNAs as biomarkers for diagnosis would be especially useful in cancer cases where 

early detection can have a dramatic effect on prognosis and life expectancy. Using 

miRNA-based cancer diagnosis would be more cost-effective than current CT-based 

screening and would have the added advantage of reducing the exposure to radiation 

and risk of induction of secondary cancers in the patient population. This would be 

particularly applicable to FOSCC where tumour location often precludes early 

diagnosis by other means and to other animal cancers where symptoms cannot be 

articulated and diagnosis is often much later than optimal. 

miRNA biomarkers are not only useful in cancer detection but can predict disease 

stage or response to chemotherapy and remission status. In breast cancer, the relative 

serum concentrations of circulating miR-34a, miR-93 and miR-373 were significantly 

different between patients with primary tumours and healthy women, whereas miR-17 

and miR-155 were differently expressed between patients with primary or metastatic 

disease (Eichelser et al., 2013) – this correlates with the finding in our study of 

increased expression of miR-155 in the resistant feline and human cells. In gastric 

cancer patients, 19 serum miRNAs were found to be markedly upregulated compared 

to the controls and a profile of 5 serum miRNAs (miR-1, miR-20a, miR-27a, miR-34 

and miR-423-5p) correlated to tumour progression stage (Liu et al., 2011).  
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Two circulating miRNAs (miR-375 and miR-141) in prostate cancer were positively 

associated with tumour progression and correlated with progression to lymph-nodes in 

a second independent validation study (Brase et al., 2011). In HNSCC a signature of 

eight plasma miRNAs varied in response to treatment and were able to be used to 

monitor tumour progression (Summerer et al., 2015). In a further study, serum 

miR-1246 had 71.3% sensitivity and 73.9% specificity for distinguishing oesophageal 

squamous cell carcinoma patients from healthy controls and was also found to be 

significantly correlated with disease progression and higher levels were linked to poor 

survival.  

We have no real comprehension yet of the clinical effects of miRNA modulation, and 

the tools we have for miRNA delivery are currently too unwieldy to deliver the 

intricate and precise alterations in expression of multiple interlinked miRNAs that will 

almost certainly be required to elucidate the required effects in the clinic without 

catastrophic side effects. However, taken together, this research provides a large body 

of evidence that miRNAs will be an exceptionally useful tool in treatment, diagnostics 

and disease progression analysis in the future. 

In summary, this study has demonstrated that FOSCC is an appropriate model for 

HNSCC when studying gefitinib-resistant phenotypes. We demonstrated activation of 

the PI3K/AKT pathway in resistant phenotypes and propose that treatment strategies 

that target EGFR should be multimodal and include AKT inhibition or EGFR 

knockdown. We also demonstrated that a panel of 3 miRNAs are differentially 

expressed in both species dependent on resistance status of the cells. Future work 

should investigate the effects of AKT inhibition in concert with EGFR inhibition in 

HNSCC and FOSCC, and should investigate the use of miRNAs in treatment and as 

biomarkers in human and feline disease.  
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7 Appendix 

7.1 Cell Culture Media 

7.1.1 SCCF1 

 

7.1.2 SCCF1G 

 

7.1.3 NMuMg 

 

Constituent Quantity Final concentration

DMEM 442.5 ml NA

Foetal Bovine Serum 50 ml 10%

Penicillin/Streptomycin 5 ml 1%

Gentamycin 2.5 ml 0.5%

EGF (recombinant human) 50 µl 5 ng/ml

Constituent Quantity Final concentration

DMEM 442.5 ml NA

Foetal Bovine Serum 50 ml 10%

Penicillin/Streptomycin 5 ml 1%

Gentamycin 2.5 ml 0.5%

EGF (recombinant human) 50 µl 5 ng/ml

Gefitinib 250 µl of 10 mM 5 µM

Constituent Quantity Final concentration

DMEM 442.4 ml NA

Foetal Bovine Serum 50 ml 10%

Penicillin/Streptomycin 5 ml 1%

Gentamycin 2.5 ml 0.5%

Insulin 5 mg 0.01 mg/ml



 

187 

 

7.1.4 SCC-15 

 

7.2 Solutions and Buffers  

7.2.1 Acid Alcohol Solution – 1% 

 

7.2.2 Ammonium Persulphide (APS) – 10% 

 

7.2.3 Ammonium Water Solution – 0.2%  

 

7.2.4 BME Solution – 0.1X 

 
 

Constituent Quantity Final concentration

DMEM:F12 442.4 ml NA

Foetal Bovine Serum 50 ml 10%

Penicillin/Streptomycin 5 ml 1%

Hydrocortisone 4 ml of 50 µg/ml 400 ng/ml

Constituent Quantity Additional Instructions

Hydrochloride acid 1 ml

Mix well70% Ethanol 100 ml

Constituent Quantity Additional Instructions

APS 10 g Dissolve with gentle stirring then make up 

to 100 ml with H20. Store in 1 ml aliquots at 

-20°C.H20 90 ml

Constituent Quantity Additional Instructions

Ammonium Hydroxide 2 ml

Mix well.H20 90 ml

Constituent Quantity Additional Instructions

BME Solution 5X 100 µl

Formulate on ice.Coating Buffer 4 ml
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7.2.5 Calcein-AM Solution 

 

7.2.6 Cell Wash Buffer – 1X 

 

7.2.7 Cell Dissociation Solution – 1X 

 

7.2.8 Coating Buffer – 1X 

 

7.2.9 DTT – 1M 

 

7.2.10 Eosin Stock Solution 

 

Constituent Quantity Additional Instructions

Calcein-AM 50 µg Centrifuge momentarily to pellet powder 

before opening tube. Pipet up and down to 

mix, and store solution at –20°C (do not 

foam).DMSO 30 µl

Constituent Quantity Additional Instructions

Cell Wash Buffer 

25X 3 ml

-H20 72 ml

Constituent Quantity Additional Instructions

Cell Dissociation 

Solution 10X 3 ml

-H20 27 ml

Constituent Quantity Additional Instructions

Coating Buffer 10X 500 µl

Store at -4°C.H20 4.5 ml

Constituent Quantity Additional Instructions

DTT 15.5 g Dissolve with gentle stirring. Store in 1 ml 

aliquots at -20°C.H20 100 ml

Constituent Quantity Additional Instructions

Eosin Y 1 g

Mix to dissolve.H20 100 ml
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7.2.11 Eosin-Phloxine B Solution 

 

7.2.12 Freezing Medium 

 

7.2.13 Haematoxylin Solution (Harris) 

 

7.2.14 Lithium carbonate solution 

 

7.2.15 Lipofectamine® RNAiMAX reagent/Opti-MEM® media 

 

Constituent Quantity Additional Instructions

Eosin stock solution 100 ml

Mix well.

Phloxine stock solution 10 ml

Ethanol (95%) 780 ml

Glacial acetic acid 4 ml

Constituent Quantity Additional Instructions

FCS (80%) 80 ml

Mix well.DMSO (20%) 20 ml

Constituent Quantity Additional Instructions

Potassium 100 g

Heat to dissolve. H20 1000 ml

Alcoholic haematoxylin 

solution (10%) 50 ml

Add alcoholic haematoxylin solution and heat 

to boil for 1 minute. Remove from heat and 

slowly add mercuric oxide (red). Heat the 

solution until it becomes dark purple color. 

Cool the solution in a cold waterbath and add 

glacial acetic acid. Filter before use.

Mercuric oxide (red) 2.5 g

Glacial acetic acid 20 ml

Constituent Quantity Additional Instructions

Lithium carbonate 1.54 g

Mix well.H20 100 ml

Constituent Quantity (µl) Additional Instructions

Lipofectamine® RNAiMAX 75

Mix well.Opti-MEM® Medium  1250
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7.2.16 Lipofectamine® RNAiMAX/miRNA complexes 

 

7.2.17 Lysis Buffer (Urea) 

 

7.2.18 miRNA inhibitor/Opti-MEM® media (50 nm per well) 

Constituent Quantity (µl)

Additional 

Instructions

Lipofectamine® RNAiMAX//Opti-MEM® 

media 130

Incubate at room 

temperature for 

5 min prior to use.miRNA mimic/inhibitor in Opti-MEM® media 130

Constituent Quantity Additional Instructions

8M Urea 8.7 ml

Store in 1ml aliquots at -20°C.

1M DTT 1 ml

10% Triton X-100 50 µl

1M HEPES 200 µl

5M NaCl 50 µl

Constituent

Quantity of 

2 µM stock 

(µl)

Quantity of 

Opti-MEM® 

media (µl) Additional Instructions

miRNA34a inhibitor 45 89

-

miRNA375 inhibitor 45 89

miRNA574 inhibitor 45 89

miRNA551B inhibitor 45 89
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7.2.19 miRNA mimic/Opti-MEM® media (10 nm per well) 

 

7.2.20 Milk blocking solution – 5% 

 

7.2.21 NaCl – 5M 

 

7.2.22 Paraformaldehyde – 4% 

Constituent

Quantity of 

2 µM stock 

(µl)

Quantity of Opti-

MEM® media (µl)

Additional 

Instructions

miRNA218-2 mimic 9 125

-

miRNA181d mimic 9 125

miRNA1-1 mimic 9 125

miRNA96 mimic 9 125

miRNA130b mimic 9 125

miRNA107 mimic 9 125

Constituent Quantity Additional Instructions

Skimmed milk 10 g

Store at 2-8°C. Use within 1 week.TBST 200 ml

Constituent Quantity Additional Instructions

NaCl 14.6 g

-H20 50 ml

Constituent Quantity Additional Instructions

Paraformaldehyde 40 g Heat while stirring to approximately 60°C. 

Take care that the solution does not boil. 

Add paraformaldehyde powder to the heated 

PBS solution. The powder will not 

immediately dissolve into solution. Slowly 

raise the pH by adding 1N NaOH drop-wise 

from a pipette until the solution clears.PBS 1000 ml
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7.2.23 PBS with tween (PBST) – 0.1% 

 

7.2.24 Permeabilisation solution 

 

7.2.25 Peroxidase blocking solution 

 

7.2.26 Phloxine Stock Solution 

 

7.2.27 Ponceau stain x1 

Constituent Quantity Additional Instructions

Tween 20 1 ml

-PBS 1000 ml

Constituent Quantity Additional Instructions

Triton X-100 (0.1%) 50 mg

-

Sodium Citrate (0.1%) 50 mg

H20 50 ml

Constituent Quantity Additional Instructions

Tween 20 1 ml

-PBS 1000 ml

Constituent Quantity Additional Instructions

Phloxine B 1 g

Mix to dissolve.H20 100ml

Constituent Quantity Additional Instructions

Ponceau S 50mg

Store protected from light at 2-8°C. Solution 

may be reused up to 10 times.

Acetic Acid 0.5 ml

H20 49.5 ml
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7.2.28 Ponceau stain remover 

 

7.2.29 Propidium iodide staining solution 

 

7.2.30 Proteinase K stock solution – 20X 

 

7.2.31 Proteinase K solution – 1X 

 

7.2.32 Running Buffer 10X 

Constituent Quantity Additional Instructions

Acetic Acid 5 ml

-H20 495 ml

Constituent Quantity Additional Instructions

Sodium citrate 8 mg

-

Propidium iodide 

(50 mg/ml) 200 µl

Constituent Quantity Additional Instructions

Proteinase K 

(30 units/mg)  8 mg Add proteinase K to TE buffer until dissolved. 

Then add glycerol and mix well. Aliquot and 

store at –20°C for 2-3 years.

TE Buffer 10 ml

Glycerol 10 ml

Constituent Quantity Additional Instructions

Proteinase K Stock 

Solution 1 ml Mix well. This solution is stable for 6 months 

at 4°C.TE Buffer 19 ml

Constituent Quantity Additional Instructions

Tris 30.3 g

Titrate HCl until pH is 8.3.

Glycine 144 g

SDS 10 g

H20 1000 ml
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7.2.33 Sample Buffer 4X 

 

7.2.34 Subcellular Fractionation Buffer Mixes 

 

7.2.35 SDS – 10% 

 

7.2.36 TE Buffer - 50mM Tris Base, 1mM EDTA, 0.5% Triton X-
100, pH 8.0 

 

 

Constituent Quantity Additional Instructions

SDS 20% 4 ml

Make up to 20 ml with H20. To use, mix 4 

parts sample buffer with 1 part DTT 1M.

Tris 1M pH 6.8 4 ml

Glycerol 80% 5 ml

EDTA 0.1M 2 ml

Bromophenol Blue 

1% 1 ml

Packed Cell 

Volume

Cytoplasmic 

Extraction Buffer 

(CEB) ( µl)

Membrane 

Extraction Buffer 

(MEB) ( µl)

Nuclear Extraction 

Buffer (NEB) ( µl)

20 200 200 100

50 500 500 250

Constituent Quantity Additional Instructions

SDS 10 g Dissolve with gentle stirring then make up 

to 100 ml with H20. Store in 1 ml aliquots at 

-20°C.H20 90 ml

Constituent Quantity Additional Instructions

Tris 6.10 g

Mix to dissolve. Adjust pH 8.0. Store at room 

temperature.

EDTA 0.37 g

Triton X-100 5 ml

H20 1000 ml
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7.2.37 Transfer Buffer 10X 

 

7.2.38 Transfer Buffer 1X 

 

7.2.39 Tris Buffered Saline 10x (TBS) 

 

7.2.40 Tris Buffered Saline 1x (TBS) 

 

7.2.41 Tris Buffered Saline Tween (TBST) 

 

 

Constituent Quantity Additional Instructions

Tris 30.3 g

Titrate HCl until pH is 8.3.

Glycine 144 g

H20 1000 ml

Constituent Quantity Additional Instructions

Transfer buffer 10X 100 ml

Make up fresh.

Methanol 200 ml

H20 700 ml

Constituent Quantity Additional Instructions

Tris 24.2 g

Titrate 12N HCl until pH is 7.6.

NaCl 80 g

H20 1000 ml

Constituent Quantity Additional Instructions

TBS 10X 100 ml

-H20 900 ml

Constituent Quantity Additional Instructions

TBS 1X 999 ml

-Tween 20 1 ml
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7.2.42 Tris-HCl, pH 6.8 

 

7.2.43 Tris-HCl, pH 7.5 – 50 mM 

 

7.2.44 Tris-HCl, pH 8.8 

 

7.2.45 Triton X-100 – 10% 

 

7.2.46 Urea - 8M 

 

Constituent Quantity Additional Instructions

Tris 12 g Titrate 12N HCl until pH is 6.8 then make up 

to 100 ml with H20.H20 50 ml

Constituent Quantity Additional Instructions

Tris 600 mg Titrate 12N HCl until pH is 7.5 then make up 

to 100 ml with H20.H20 50 ml

Constituent Quantity Additional Instructions

Tris 27.3 g Titrate 12N HCl until pH is 8.8 then make up 

to 150 ml with H20.H20 75 ml

Constituent Quantity Additional Instructions

Triton X-100 10 ml

-H20 100 ml

Constituent Quantity Additional Instructions

Urea 48 g

-H20 100 ml
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7.3 Results of RNA quality control  

7.3.1 SCCF1 

 

Instrument Name: DE24802308 Firmware:

Serial#:

Assay Information:

C.01.069

DE24802308

Instrument Information:

Assay Origin Path: C:\Program Files (x86)\Agilent\2100 bioanalyzer\2100
expert\assays\RNA\Eukaryote Total RNA Nano Series II.xsy

Assay Class:

Version:

Assay Comments:

Eukaryote Total RNA Nano

2.6

Total RNA Analysis ng sensitivity (Eukaryote)
 
© Copyright 2003 - 2009 Agilent Technologies, Inc.

Chip Information:

Chip Comments:

Type: G2938B

Chip Lot #: SM22BK20

Reagent Kit Lot #: 1427

JH1

RIN: 9.90

JH2

RIN:10

JH3

RIN: 9.10

JH4

RIN: 3.20

JH5

 RIN N/A

JH6

RIN: 3.40

JH7

RIN:10

JH8

RIN: 8.90

JH9

RIN:10

JH10

RIN: 2.40

JH11

RIN: 3.80

JH12

RIN:3

2100 Expert (B.02.08.SI648) © Copyright 2003 - 2009 Agilent Technologies, Inc. Printed: 09/03/2015 13:44:19

AGILRNA09031501_Eukaryote Total RNA Nano_DE24802308_2015-03-09_12-37-57.xad Page of1 16

Created:
Modified:

09/03/2015 12:37:56
09/03/2015 13:01:47Data Path:

Eukaryote Total RNA Nano
C:\...Eukaryote Total RNA Nano_DE24802308_2015-03-09_12-37-57.xad

Assay Class:

Electrophoresis File Run Summary
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7.3.2 SCC15 
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7.4 Fold-changes in statistically significant up- or 
downregulated miRNAs 

 

* = p-value <0.05; ** = p-value <0.01; *** = p-value <0.001 

Compared to SCCF1 Compared to SCC15

miRNA SCCF1T SCCF1G SCC15T SCC15G

miR-1-1 -3.3 *** -5.3 ***

miR-101-1 2.7 * -1.4 *

miR-103A1 -1.6 * -2.7 ***

miR-103A2 -1.7 * -2.7 ***

miR-106A -2.6 *

miR-106B 2.2 *

miR-107 -4.1 ** -2.7 * -1.6 ** -3.5 ***

miR-10A -3.0 ** 3.8 ***

miR-10B 1.8 * 1.6 * -1.9 ***

miR-1183 -2.2 *

miR-122 2.6 *

miR-1249 -2.4 ** -1.6 * -1.9 **

miR-125B1 -2.2 ** -2.3 **

miR-128-1 -1.9 * -3.2 ** -1.7 *

miR-128-2 -2.0 *

miR-129-2 4.0 **

miR-1296 -4.2 **

miR-130B -1.5 ** -1.6 ***

miR-1301 1.7 *

miR-135B -4.7 **

miR-138-2 -2.1 * -2.1 *

miR-139 2.9 *

miR-140 --1.5 * 1.4 *

miR-146A -4.6 ** 8.2 ***

miR-147B 4.8 *

miR-148B -2.1 * -2.7 **

miR-149 2.3 *

miR-15A 1.8 *

miR-151-B -1.9 *
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* = p-value <0.05; ** = p-value <0.01; *** = p-value <0.001 

 

Compared to SCCF1 Compared to SCC15

miRNA SCCF1T SCCF1G SCC15T SCC15G

miR-153-1 -2.2 *

miR-155 -2.9 ** 3.3 **

miR-16-1 -1.8 *

miR-181A1 2.3 *

miR-181A2 11.4 **

miR-181C -2.1 *

miR-181D -3.3 ** -7.9 *** 1.8 *

miR-184 2.7 ** 2.1 *

miR-186 -2.9 * -2.7 *

miR-187 2.4 *

miR-18B 9.2 * 21.0 **

miR-188 -1.8 *

miR-190B -2.0 * -2.7 **

miR-193A 1.9 * 1.6 * 2.1 **

miR-194-2 -9.8 **

miR-196A1 1.6 *

miR-199B -2.2 *

miR-19A -1.9 * -2.8 **

miR-19B1 -3.6 *

miR-19B2 -1.8 * -2.8 **

miR-200A -2.4 **

miR-200B 1.6 * -1.8 *

miR-202 -6.0 *

miR-204 -2.8 *

miR-20B 41.4 *

miR-2114 1.8 *

miR-212 2.1 *

miR-215 1.8 *

miR-216B 6.6 *
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* = p-value <0.05; ** = p-value <0.01; *** = p-value <0.001

Compared to SCCF1 Compared to SCC15

miRNA SCCF1T SCCF1G SCC15T SCC15G

miR-218-2 -5.5 *** -4.7 ***

miR-219A2 -6.4 ***

miR-223 -2.2 **

miR-24-2 -2.2 **

miR-25 2.2 **

miR-26A2 -2.3 *

miR-26B -2.0 * -2.2 * -1.6 **

miR-27B -2.1 *

miR-296 4.8 ** 2.3 *

miR-299 4.7 **

miR-299 4.7 **

miR-29B1 -2.5 *

miR-301A -2.0 *

miR-301B -2.6 *

miR-302B -2.9 ** -2.6 **

miR-30B -2.6 **

miR-30C2 -1.7 * -4.0 **

miR-30D -1.5 * 1.7 *

miR-31 -2.6 **

miR-32 -3.5 **

miR-320A -1.9 * -1.8 * 2.1 ***

miR-324 2.2 **

miR-326 4.9 *** 4.2 **

miR-339 3.4 ** 2.4 *

miR-33A -2.0 *

miR-340 2.4 * -2.5 ** -2.0 **

miR-342 3.2 **

miR-345 -1.6 * -1.7 *

miR-346 -4.8 ***

miR-34A 16.7 *** 11.8 *** 1.8 *
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* = p-value <0.05; ** = p-value <0.01; *** = p-value <0.001 

 

Compared to SCCF1 Compared to SCC15

miRNA SCCF1T SCCF1G SCC15T SCC15G

miR-34C 5.5* 10.0 ** 7.1 *

miR-363 124.3 ** 18.5 **

miR-365A -2.7 ** -2.2 **

miR-365B 1.7 *

miR-367 -1.8 * 2.0 **

miR-371A 152.3 ***

miR-372 173.1 ***

miR-374A -3.4 *

miR-374B -1.5 *

miR-375 8.5 *** 3.6 **

miR-381 3.2 *

miR-412 2.2 **

miR-425 -2.4 * -2.3 *

miR-429 2.4 *** 1.5 * -2.8 **

miR-450A1 -2.0 ** -2.5 **

miR-450A2 -1.7 * -1.9 *

miR-450B -3.0 *

miR-451A -2.0 *

miR-454 -1.7 *

miR-485 1.9 ***

miR-490 2.2 *

miR-491 3.0 *

miR-493 1.8 *

miR-494 -4.0 ** -2.3 *

miR-499A -1.6 * -1.6 *

miR-500A -2.2 ** 1.8 *

miR-502 -1.7 **

miR-504 3.5 ***

miR-532 1.6 **

miR-542 1.6 ** 1.5 *
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* = p-value <0.05; ** = p-value <0.01; *** = p-value <0.001 

 

Compared to SCCF1 Compared to SCC15

miRNA SCCF1T SCCF1G SCC15T SCC15G

miR-551B 5.3 ** 3.0 * 2.6 *** 1.8 **

miR-557 -3.7 **

miR-574 2.0 ** 1.6 **

miR-582 4.8 * 12.0 ***

miR-584 1.4 *

miR-590 -2.4 *

miR-592 2.8 *** 2.0 ** -1.4 * -1.4 *

miR-599 1.4 *

miR-653 3.4 **

miR-660 1.5 *

miR-653 2.1 *

miR-663A 1.8 *

miR-760 -1.6 *

miR-874 -1.9 *

miR-875 3.9 *

miR-885 2.1 *

miR-9-1 -2.1 **

miR-9-2 -2.0 *

miR-92A2 -1.9 **

miR-92B 1.6 * 1.9 **

miR-96 -1.7 ***

miR-98 -1.9 *

miR-99A 2.0 *

miR-99B 2.5 *

miR-LET7A2 1.5 *

miR-LET7B -1.8 *

miR-LET7D -1.7 *

miR-LET7F1 -1.4 *

miR-LET7I -2.2 * -3.6 ***
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7.4.1 Kegg pathway association with miRNAs 
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Pyruvate metabolism � �

Mismatch repair � � �

Hedgehog signalling � � � ��

Primary 
immunodeficiency

�

Basal cell carcinoma � � �� ��

Hippo signalling � � � � � �� �

Adherens junction � � � �� � �� �

Ubiquitin mediated 
proteolysis

� � � �� �

Epstein barr infection � � �� � � � � � �� �

Fanconi anaemia � � �

TGF-beta signalling � �

Non-alcoholic fatty 
liver disease

� � � � � �

Retinol metabolism ��

Glioma �� � � � � � �

Melanoma �� � � � � � �

Choline metabolism in 
cancer

�� � � � �

Type II diabetes 
mellitus

� � �� � � �

Insulin signalling � � � � � � � � �

Adrenergic signalling � � � � � � � �

DNA replication � �

Steroid biosynthesis � �

Arachidonic acid 
metabolism

� �

Amino sugar and 
nucleotide sugar 
metabolism

� �

Chemical 
carcinogenesis

� �

Retrograde 
endocannabinoid 
signalling

� �

Galactose metabolism �

Ascorbate and 
aldarate metabolism

� �

Ribosome biogenesis � �

Morphine addiction � �

Lysine degradation � �
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7.4.2 GO Ontology results 
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Presynaptic 
membrane

✔ ✔ ✔ ✔

Cerebellum 
morphogenesis

✔ ✔ ✔ ✔ ✔

Anatomical structure 
regression

✔ ✔ ✔ ✔

G-protein coupled 
receptor activity

✔ ✔ ✔ ✔ ✔ ✔

Cytoplasmic pattern 
recognition receptor 
signalling pathway

✔ ✔ ✔ ✔ ✔ ✔ ✔

Thymic T-cell 
selection

✔ ✔ ✔ ✔

Regulation of 
platelet activation

✔ ✔ ✔ ✔

Maintenance of DNA 
repeat elements

✔ ✔ ✔

Negative regulation 
of stress-activated 
MAPK cascade

✔ ✔

DNA catabolic 
process

✔ ✔

Cellular response to 
drug

✔ ✔

Regulation of DNA 
biosynthetic process

✔ ✔

Helices activity ✔ ✔

Regulation of 
androgen receptor 
signalling pathway

✔ ✔

Regulation of RNA 
processing

✔ ✔

Regulation of RNA 
metabolic process

✔ ✔

Aryl hydrocarbon 
receptor binding

✔ ✔
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7.4.3 GO Ontology results (continued) 
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Aryl hydrocarbon 
receptor binding

✔ ✔

Regulation of 
ubiquitin-protein 
transferase activity

✔ ✔ ✔ ✔ ✔ ✔

Regulation of ligase 
activity

✔ ✔ ✔ ✔ ✔ ✔

Lymphocyte 
homeostasis

✔ ✔ ✔ ✔ ✔ ✔ ✔

Alcohol binding ✔ ✔ ✔ ✔ ✔

Negative regulation 
of tyrosine 
phosphorylation of 
STAT protein

✔ ✔ ✔ ✔

Nuclear origin of 
replication 
recognition complex

✔ ✔

Inactivation of MAPK 
activity

✔ ✔ ✔

Negative regulation 
of G-coupled protein 
signalling

✔ ✔ ✔

Response to 
glucagon

✔ ✔ ✔

Positive regulation of 
fibroblast growth 
factor production

✔ ✔

Positive regulation of 
brown fat cell 
differentiation

✔ ✔

Cell adhesion 
mediated by integrin

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

Regulation of 
heterotypic cell-cell 
adhesion

✔ ✔ ✔ ✔ ✔ ✔ ✔

Filopodium ✔ ✔ ✔ ✔ ✔ ✔
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7.5 Supplemental information contained on compact disc. 

 

 

Filename Contents Format

LCI SCCF1

Live cell imaging of normal growth pattern 

of untreated SCCF1 cells MP4

LCI SCCF1T

Live cell imaging of growth pattern of SCCF1 

while exposed to gefitinib MP4

JH Thesis pdf Full thesis in pdf form format PDF

JH Thesis doc Full thesis in word document format Word document
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