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Summary 

 
Oral Squamous Cell Carcinoma (OSCC) is the sixth most common form of cancer 

worldwide. It is typically aggressive and closely correlated with disease recurrence and 

poor survival. Chemoresistance is a critical problem associated with OSCC leading to 

therapeutic failure, tumour recurrence and progression. Autophagy, a physiological 

catabolic process that allows the degradation and recycling of unnecessary or 

dysfunctional cellular components, has acquired an emerging interest in cancer as it has 

been shown to be frequently activated in tumour cells treated with chemotherapeutics. 

Whether drug-induced autophagy represents a mechanism that allows cancer cells to 

survive or a pro-death mechanism associated with apoptosis remains controversial. 

Additionally, a role for autophagy during cancer development has also been proposed, 

but its role in OSCC remains poorly understood. 

The aim of this study was to determine whether autophagy is involved in the cellular 

response to cisplatin in OSCC and in the development of chemoresistance and whether 

targeting autophagy represents a valuable treatment strategy to sensitise cells to 

chemotherapy. Moreover, this preclinical study investigated the expression of key 

autophagic regulatory proteins in oral cancer patient samples in order to elucidate the role 

of autophagy in OSCC development. 

Cisplatin, a representative OSCC chemotherapeutic agent, was shown to concurrently 

induce both apoptosis and autophagy in two OSCC cell lines, SCC4 and SCC9. To 

evaluate the role of cisplatin-induced autophagy in OSCC and to investigate the 

relationship between autophagy and apoptosis, the effect of targeting autophagy on 

cisplatin-induced apoptosis was examined. Autophagy inhibition using two early stage 

autophagy inhibitors, 3-methyladenine and SAR405, did not sensitise OSCC cells to 

cisplatin treatment. This finding was supported by data showing that knockdown of the 

key autophagy protein ATG5, necessary during the early stage of the autophagic process, 

did not significantly modulate sensitivity to cisplatin. In contrast, treatment of cells with 

two late stage autophagy inhibitors, chloroquine and bafilomycin-A1, was shown to 

significantly enhance cisplatin-induced apoptosis in OSCC cells. However, off-target, 

autophagic-independent effects of these inhibitors could not be ruled out. Interestingly, 

inhibition of cisplatin-induced apoptosis with the general caspase inhibitor Z-VAD-fmk 
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abrogated cisplatin-induced autophagy in OSCC cells further indicating a complex 

interplay between autophagy and apoptosis.  

The crosstalk between cisplatin-induced autophagy and apoptosis was further 

investigated by examining the signalling pathway(s) involved in the cellular response to 

cisplatin. Cisplatin was shown to induce oxidative stress by increasing the generation of 

Reactive Oxygen Species (ROS).  Moreover, pre-treatment of cells with the antioxidant 

N-acetyl cysteine was shown to protect cells from cisplatin-induced apoptosis and 

autophagy and to suppress cisplatin-induced JNK activation. Additionally, the JNK 

inhibitor SP600125 was shown to partially reduce both autophagy and caspase 3 

activation, suggesting a coordinated activation of cisplatin-induced autophagy and 

apoptosis in OSCC through the ROS/JNK signalling pathway.  

Analysis of chemoresistance in OSCC was carried out through the generation of a 

cisplatin-resistant OSSC cell line (SCC4cisR) obtained by pulsed stepwise exposure of 

SCC4 cells to cisplatin. The SCC4cisR cell line was shown to be approximately 14 times 

more resistant to cisplatin than the parental SCC4 cell line and displayed a reduced 

apoptotic ability following cisplatin treatment. Autophagy did not appear to play a role in 

acquired resistance to cisplatin in this cell model. In contrast, cellular adaptation to ROS-

induced oxidative stress was identified as a mechanism implicated in cisplatin resistance. 

In fact, enhanced ROS generation and concurrent activation of the antioxidant Nrf2/HO-

1 pathway were demonstrated in the SCC4cisR cells. Furthermore, targeting the 

antioxidant systems glutathione and Nrf2 with inhibitors was shown to partially restore 

the cisplatin-sensitive phenotype in the SCC4cisR cells, indicating that this may prove a 

valuable strategy to improve chemotherapy in OSCC patients. 

Finally, evaluation of the expression of key autophagic proteins LC3, p62 and Beclin-1 

in OSCC tissue samples from two independent patient cohorts (Spanish and Irish) was 

performed by western blotting and immunohistochemistry, respectively. An increase in 

the expression of LC3 and Beclin-1 along with a decrease in p62 in cancerous samples 

compared to non-cancerous samples was demonstrated, suggesting autophagy activation 

during OSCC progression. Moreover, preliminary results showed a potential application 

of LC3 and Beclin-1 as biomarkers for OSCC detection, thus further analysis with a 

bigger sample size may be warranted. 
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1.1. Oral Squamous Cell Carcinoma 

Oral Squamous Cell Carcinoma (OSCC) is a malignant neoplasm of the oral cavity. 

Squamous cells are flat, thin epithelial cells that form the outer layer of the skin and 

the mucous membrane of body cavities. OSCC affects squamous cells that line the 

surface of the oral cavity and it can occur in any region of the mouth including lips, 

tongue, floor of the mouth, hard and soft palate, gums and cheeks [1]. OSCC belongs 

to a larger group of cancers known collectively as head and neck cancers (HNC) that 

can be further categorised by the area in which the tumour originates: nasopharyngeal 

cancers, salivary gland cancers, hypopharyngeal and laryngeal cancers, paranasal 

sinus and nasal cavity cancers and oropharyngeal and oral cancers [2]. OSCC has been 

studied separately from the other forms of HNC because it shows risk factors and 

pathological features specific to the oral cavity [3]. Although OSCC is a subtype of 

oral cancer, the two terms are frequently used interchangeably since OSCC represents 

95% of all oral neoplasms [4]. Other malignant tumours of the oral cavity are 

uncommon and include: minor salivary gland carcinoma, mucoepidermoid carcinoma, 

adenocarcinoma, adenoid cystic carcinoma, sarcomas, lymphomas, mucosal 

melanomas, odontogenic tumours and osteosarcomas of the mandible or maxilla [1].  

 

1.1.1. Epidemiology 

Worldwide, OSCC accounts for 5 % of all cancers and approximately 220,000 new 

cases of oral cancer are reported every year [5]. The incidence of this malignancy 

differs by age, sex, geographical location and ethnic-racial groups. It has been 

observed that OSCC affects mainly people above 45 years old and more often men 

than women, with a ratio of 1.5:1 respectively [6, 7]. The highest incidence and 

prevalence of oral cancer has been found in developing countries with a peak in India, 

followed by Taiwan, Pakistan and Hungary. This is chiefly due to high-risk habits of 

tobacco, betel quid and areca-nut chewing typical of these regions [3, 8]. It has been 

estimated that in developing countries, OSCC is the 6th commonest cancer in males 

(after lung, prostate, colorectal, stomach and bladder cancer) with an incidence rate of 

6.6/100,000 and a mortality rate of 3.1/100,000. On the other hand, OSCC represents 

the 10th commonest cancer in females (after breast, colorectal, lung, stomach, uterus, 

cervix, ovary, bladder and liver cancer) with an incidence rate of 2.9/100,000 and a 
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mortality rate of 1.4/100,000 [9]. In the last number of years, an increase in OSCC 

morbidity has been reported from an overall average of 3-4 cases per 100,000 per year 

at all ages, to 100 cases per 100,000 per annum in people over 75 years of age. 

Moreover, alarming data have reported a rise of incidence among younger people due 

to early exposure to tobacco by teenagers [7].   

The 5-year survival rate of patients with OSCC is less than 50% with no gender 

difference. This poor survival rate has not improved in the last 30 years and it is mainly 

attributable to late diagnosis. In fact, it has been observed that about 2/3 of people 

already have an advanced stage of malignancy at the time of  diagnosis, either due to 

inaccessibility of medical care, initial misdiagnosis or ignorance of the patients [6, 9]. 

Additionally, in the U.S., it has been observed that black people have a lower 5-year 

survival rate than people of other ethnicity and significantly more advanced stage of 

OSCC at the time of  diagnosis [10]. The racial disparity can be correlated to 

pathobiological factors or cultural and socio-economic reasons that can influence 

indirectly the morbidity rate [7].  

 

1.1.2. Risk factors 

OSCC is a multi-factorial disease due to both individual predisposition and exposure 

to carcinogens. The main risk factors are usually related to lifestyle behaviour and 

include tobacco and alcohol consumption, betel quid and areca nut chewing, alongside 

infections by high risk genotypes of Human Papillomavirus (HPV).  

1.1.2.1. Tobacco 

Tobacco is the main risk factor associated with OSCC. Nitrosamines, benzopyrenes 

and aromatic amines are the main groups of pre-carcinogens found in cigarettes, which 

can promote cancer by damaging the genome or interacting with cellular metabolic 

processes. It has been estimated that 75% of all cases of oral cancer are attributable to 

tobacco smoking, with smokers having a 3-fold higher risk of developing oral cancer 

compared with non-smokers [4, 11]. Additionally, it has been suggested that all forms 

of tobacco are carcinogens. In fact, snuff and chewing tobacco are also associated with 

an increased risk of developing oral cancer at the site of tobacco placement, even 

though the risk is lower when compared to smoking tobacco [12]. Second-hand smoke 

is also considered a risk factor; indeed, it has been reported that the risk of developing 
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oral cancer is 87% higher in non-smokers exposed to cigarette smoke compared to 

non-smokers that have not been exposed [13].  

1.1.2.2. Alcohol 

Heavy alcohol drinking increases the risk of developing oral cancer by enhancing the 

penetration of pre-carcinogens (usually contained in alcoholic beverages) into tissues, 

which can cause epithelial atrophy and genome disruption [13]. N-nitrosodiethylamine 

and polycyclic aromatic hydrocarbons are the main carcinogenic substances contained 

in alcoholic beverages, and in addition,  acetaldehyde, the first ethanol metabolite, has 

been identified recently as an oral cancer promoter [3]. Overall, it has been estimated 

that 7-19% of OSCC cases are attributable to regular alcohol consumption and this 

correlation is dose-dependent [14]. Additionally, the risk of developing oral cancer is 

further increased (14-fold) when alcohol is consumed in combination with tobacco, 

suggesting a synergistic effect [15, 16]. 

1.1.2.3. Betel quid  

Betel quid (or paan) is a preparation containing areca nut wrapped in a betel leaf, 

widely consumed by Indian and Taiwanese populations for its intoxicant properties 

and for its stimulant and psychoactive effects. Recently, the International Agency for 

Research on Cancer (IARC) has classified betel quid as an oral carcinogen in humans 

[14]. In fact, it has been reported that betel quid chewing produces reactive oxygen 

species (ROS) that can induce gene mutations and structural changes in the oral 

mucosa, resulting in the permeabilisation of the mucosa to other betel quid ingredients 

and environmental toxicants [9]. Betel quid chewing often results in a pre-malignant 

condition known as oral submucous fibrosis, which can potentially develop into oral 

cancer [14]. Various studies have shown that the risk of OSCC is 1-4 times higher 

when betel quid is consumed without tobacco, however the combination with tobacco 

creates a synergistic effect that increases the risk between 8 and 15 times  [17]. 

1.1.2.4. HPV 

Among the 150 subtypes of HPV isolated so far, there are a few which have been 

recognised as oncogenic [11, 18]. These “high-risk” HPVs have been strongly 

correlated with oral lesions, and in particular HPV-16 and HPV-18 are the most 

common subtypes detected in OSCC (22% and 14% of oral cancers, respectively) [14]. 
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It has been reported that the viral proteins E6 and E7 are both involved in 

carcinogenesis through the regulation of the onco-suppressive key proteins p53 and 

pRb [13]. However, it is believed that HPV infection alone is not sufficient to induce 

malignant transformation, thus it requires the presence of other risk factors to cause 

oral cancer [14]. 

1.1.2.5. Other risk factors 

In several epidemiological studies the importance of diet and nutrition in oral cancer 

has been reported. In fact, it is believed that deficiency of vitamin A, E or C can be 

linked to a higher risk of developing oral neoplasia [9]. Additionally, a family history 

of head and neck cancer and individual predisposition to cancer must be considered 

risk factors for OSCC. Individual predisposition to cancer is usually associated with 

immune defects and with an impaired ability to metabolise carcinogens or to repair 

DNA damaged by mutagens [4]. Finally, for lip cancers only, overexposure to UV 

radiation has been indicated as a risk factor [19].  

 

1.1.3. Genetic alterations 

Genetic alterations, caused by intrinsic and extrinsic factors, define the molecular basis 

of oral carcinogenesis. Genetic damage can affect single genes or chromosome 

portions and include point mutations, amplifications, rearrangements, deletions and 

epigenetic modifications such as the methylation of DNA and acetylation or 

methylation of histones [20, 21]. The genome regions frequently found deleted in 

OSCC include 3p, 4q, 5q21-22, 8p21-23, 9p21-22, 11q13, 11q23, 13q, 14q, 17p, 18q, 

and 22q [3]. In particular, it has been reported that the risk of progression from 

premalignant lesion to cancer increases when there is a genetic loss in the region 3p 

and 9p alongside 4p, 8p, 11q, 13q and 17p [9]. Oncogene activation and tumour 

suppressor inactivation are the main consequences of the disruption of regulatory 

pathways involved in basic cellular functions including cell division, differentiation, 

and cell death. The epidermal growth factor receptor (EGFR), c-Myc, ErbB-2, Stat-3, 

Bcl-2 and Cyclin D are some of the oncogenes implicated in oral carcinogenesis, 

whereas p53, RB1 and p16 are the main tumour suppressor genes [22]. p53 is the most 

commonly mutated gene in oral cancer (50 % of OSCC patients) and it has been 

indicated that the normal p53 pathway is down regulated in 80% of OSCC [23, 24] 
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Additionally, some gene mutations such as the polymorphisms in glutathione S-

transferase M1 (GSTM1), the cytochrome P450 family 1 member A1 (CYP1A1) and 

aldehyde dehydrogenase (ALDH1B and ALDH2) have been strongly correlated to 

OSCC [25].  

 

1.1.4. Clinical features 

From a clinical point of view, OSCC lesions can arise de novo in the normal mucosa 

or can be preceded by premalignant lesions. Premalignant lesions usually occur after 

repeated insults of carcinogens and can be displayed as white (leukoplakia) or red 

(erythroplakia) patches, which may potentially develop into a primary tumour (Figure 

1.1) [3]. It has been suggested that OSCC has a better prognosis when it evolves from 

a premalignant lesion, even though there is not a significant difference compared to de 

novo OSCC [26]. Several factors are important at the time of the diagnosis of OSCC: 

the size and the depth of the lesion, the site affected, the presence of regional lymph 

node metastases and the histopathological grade of the carcinoma. All these factors 

can influence the prognosis of OSCC [7]. The size of OSCC lesions varies from a few 

millimetres to several centimetres and it is usually correlated to the stage of the cancer. 

The initial lesions can arise in the form of erythro-leukoplakia lesions and are usually 

small and asymptomatic [27]. On the other hand, advanced lesions are usually big and 

painful, and they can arise as necrotic looking ulcers or with a broad based exophytic 

mass [7]. The prognosis for early stage OSCC is relatively favourable compared to late 

stage OSCC and it has been estimated that the 5-year survival rate varies from  90% 

down to 40% between early and advanced lesions [12, 13]. Regarding the localisation 

of the tumour, several reviews report that even though OSCC can affect any region of 

the mouth, there are some sites more affected than others. In fact, about  50% of all 

cases of oral cancers concern the tongue (20-40%) and the floor of the mouth (15-

20%), mainly because of the fact that carcinogens can easily penetrate through the thin 

non-keratinised epithelium that line these surfaces [11, 12]. Squamous Cell Carcinoma 

(SCC) of the tongue and of the floor of the mouth are considered more aggressive and 

they are associated with a poor prognosis compared to SCC of other regions of the 

mouth (e.g. lips or gums) because they can likely metastasise to regional lymph nodes 

[7]. Likewise, poorly differentiated (high-grade) OSCC are considered more 

aggressive compared to well-differentiated (low-grade) OSCC because they tend to 
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metastasise to regional lymph nodes early during the disease [28]. Overall, the TNM 

staging system (T-tumour size, N-lymphnode metastasis M-distant metastasis) is used 

to predict the course of primary tumours and the survival rate. This system aims to 

assess the extension of the disease before treatment in order to assign the clinical stage 

of the malignancy. In fact, it is important to differentiate between localised disease 

(stage I and II) and advanced disease (stage III and IV). However, although TNM 

staging is routinely used, the course of OSCC and the response to the treatment are 

often unpredictable [13]. Due to these reasons, research into identification of 

biomarkers for OSCC early diagnosis and prognosis prediction is emerging in recent 

times. 

 

 

Figure 1.1 Leukoplakia and erythroplakia on the lateral border of the tongue. 

Leukoplakia (A) and erythroplakia (B). Images taken from [27, 29] . 
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Table 1.1 TNM definition of oral cancer. 

Table modified from [13]. 
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1.1.5. Treatment 

The treatment of OSCC generally requires a team of multidisciplinary specialists 

including dentists, maxillofacial surgeons, medical oncologists, radiation oncologists, 

radiologists and speech/swallowing pathologists [30]. The main therapeutic strategies 

against oral cancer are surgery, radiotherapy and chemotherapy. The choice of the 

treatment depends on the stage of the malignancy, the site affected and the general 

condition of the patient [7]. Surgical removal of the tumour represents the preferred 

treatment strategy for OSCC, even though it can have a significant impact on the 

quality of life of the patients. In fact, surgery commonly results in orofacial 

disfigurement and speech impediments which can have a psychosocial effect on 

patients [31]. Radiotherapy and chemotherapy are usually used before surgery to 

shrink the tumour (neoadjuvant therapy) or after surgery to prevent recurrences 

(adjuvant therapy), alternatively they can be used alone or in combination as a primary 

treatment when surgery is not realisable (induction therapy) [32–34]. Overall, early 

stage OSCC is usually treated with surgery and/or radiotherapy, whereas advanced 

stage OSCC is often treated with a combination of surgery, radiotherapy and 

chemotherapy [4]. In fact, chemotherapy is highly recommended in OSCC cases with 

distant metastasis since it acts systemically allowing access to metastatic cells, unlike 

radiation and surgery which have effects on localised areas only [33]. The standard 

OSCC chemotherapeutics include platinum-based agents (cisplatin and carboplatin), 

taxanes (docetaxel and paclitaxel) and antimetabolites (5-fluorouracil) [30]. All these 

chemotherapeutic drugs can be used alone or in combination with each other to 

enhance to effect of the treatment, although this can increase the side effects. A 

commonly used combination is cisplatin with 5-fluorouracil or cisplatin and 5-

fluorouracil combined with docetaxel. 

1.1.5.1. Platinum-based agents 

Platinum-based drugs are currently used in the treatment of various cancer types. 

These compounds are characterised by a platinum core which assists in the interaction 

with DNA to form inter- and intra-strand DNA adducts that cause cytostatic and 

cytotoxic effects. Cis-diamminedichloroplatinum II or cisplatin (CDDP) was the first 

platinum-based drug synthesised and it is currently the most commonly used 

antineoplastic agent in the treatment of OSCC [35]. Cisplatin is usually inert, and it is 
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activated intracellularly through spontaneous aquation reactions that lead to form more 

chemically reactive mono- and bi-acquated cisplatin products [36]. This results in the 

activation of several signalling pathways, such as ATM (ataxia telangiectasia mutated) 

and ATR (ATM and Rad3-related), MAPK (mitogen-activated protein kinase), p53, 

and 73, leading subsequently to cell death via apoptosis [37].  

1.1.5.2. Antimetabolite agents 

Antimetabolite agents are compounds very similar to normal metabolites involved in 

nucleic acid synthesis within the cells. For this reason, these molecules can be 

incorporated into either DNA or RNA and interfere with normal cellular functions. 

The most commonly used antimetabolite agent in OSCC treatment is 5-flurouracil. It 

is similar in structure to uracil but contains a fluoride atom at the 5-carbon position on 

the pyrimidine ring. In mammalian cells, 5-fluorouracil is converted to two active 

metabolites (fluorodeoxuridine monophosphate (FdUMP) and fluorouracil 

triphosphate (FUTP)), which are incorporated into DNA causing a disruption of its 

functions and cytotoxicity. Additionally, FdUMP acts by forming a stable complex 

with thymidylate synthetase (TS), resulting in its inhibition and depletion of thymidine 

triphosphate (TTP), while FUTP is incorporated into RNA leading to faulty translation 

of  RNA [38, 39]. 

1.1.5.3. Taxanes 

Taxanes are a class of compounds belonging to microtubule targeting agents (MTAs) 

which are commonly used as chemotherapeutics because of their ability to decrease 

cell proliferation and to trigger apoptosis by inhibition of mitosis. For this reason, they 

are often called anti-mitotic drugs. Taxanes contain a binding site on β-tubulin and act 

by preventing normal microtubule dynamic instability, which is necessary for cell 

cycle progression. Paclitaxel and docetaxel are the most commonly used taxanes 

employed for the treatment of OSCC. They both promote microtubule polymerisation 

and inhibit depolymerisation, which results in cell cycle arrest in G2 and M phases and 

subsequent cell death [40]. It has been reported that, although both paclitaxel and 

docetaxel share a similar mechanism of action, they show some differences in their 

molecular pharmacology, pharmacokinetics and pharmacodynamic profiles that can 

influence their clinical activity and toxicity [41].  
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Figure 1.2 The chemical structures of cisplatin, 5-flurouracil and docetaxel. 

 

 

1.2. Chemoresistance 

Chemoresistance is considered as the lack of response of cells to a specific drug. This 

phenomenon was first observed in bacteria resistant to antibiotics, but a similar 

mechanism was then found in other diseases, including cancer [42]. In a cancer setting, 

chemoresistance results in the failure of tumour growth inhibition and in tumour 

dissemination.  

Chemoresistance can be classified as primary drug resistance, which exists prior to any 

given cancer treatment, or acquired drug resistance, which occurs after the initial 

therapy [43]. Primary and acquired resistance can occur separately or co-exist together 

during chemotherapy, resulting in the failure of the treatment [44]. Primary or intrinsic 

resistance is characterised by an innate tolerance of patients to drugs and it may be due 

to inherited mutations of genes usually involved in cancer cell growth and/or cell 

death. Also, it can be attributed to a pre-existing subpopulation of drug-insensitive 

cells within tumours. In fact, tumours are characterised by a heterogeneous population 

of cells, including sub-clonal mutated cells and cancer stem cells, which cannot 

respond to apoptotic stimuli. In this case, primary resistance can be confused with 

acquired resistance, as patients will initially respond to the therapy because of the 

effect of the drug on the sensitive cells; however, a relapse can occur after the treatment 

due to the resistant sub-population [45–48]. On the other hand, acquired resistance is 

characterised by a gradual reduction of drug efficiency after chemotherapy. Acquired 

resistance can occur in about a ratio of 1 in 106-107 cancer cells for an average 
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detectable tumour of 109 cells. It has been proposed that in a typical tumour the 

presence of 10-1000 resistant cells is enough to determine the recurrence of the tumour 

after the destruction of the sensitive cells induced by chemotherapy [49]. Acquired 

resistance may be due to the acquisition of new mutations after the exposition of cells 

to the drug. Indeed, genotoxic stresses may increase the probability of developing new 

mutations in oncogenes, tumour suppressor genes and drug targets, resulting in tumour 

relapse. Additionally, it has also been associated with changes in the tumour 

microenvironment (TME) during chemotherapy, due to the release of exosomes and 

microRNAs by cancer cells [44].  

Currently, drug resistance represents one of the major impediments in medical 

oncology. The mechanisms involved in chemoresistance are widely investigated and 

further discussed below. However, several questions about the development of a 

resistance phenotype are still unsolved. The huge variability observed among patients 

in response to different drugs is one of the main issues related to chemoresistance. This 

is exacerbated by the fact that, during a standard clinical trial, a drug can be considered 

approved when it has effect on at least the 20% of patients within a selected group, 

which means that the remaining 80% of patients is susceptible to a different response 

[49]. Therefore, it is important to perform genomic and biochemical analyses to 

determine the best treatment per each patient, in order to avoid the possibility of 

encountering pre-existing drug resistance [44]. Furthermore, the most common 

approach to overcome drug resistance is the treatment of the tumour by using more 

than one drug at the same time. Although this method offers good benefits at the 

beginning of the therapy, it may result in the phenomenon of multidrug resistance 

(MDR), which is defined as the insensitivity of various cancers to a broad range of 

antineoplastic drugs. Currently, MDR is becoming a common issue among patients.  

Based on these considerations, a better understanding of the mechanisms involved in 

drug resistance including in OSCC is necessary in order to improve therapeutic 

strategies aimed at long term remission and hopefully cures.  

 

1.2.1. Mechanisms of drug resistance 

Several mechanisms underlying drug resistance have been identified thus far. They 

include: drug inactivation, drug target modification, membrane transport alterations, 
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tumour-related signalling pathway dysregulations, DNA damage repair, adaptation to 

drug-induced stress, microRNAs, tumour microenvironment and epithelial-

mesenchymal transition (Figure 1.3). All these mechanisms can act independently or 

in combination, and they can occur through various signalling pathways [42].  

1.2.1.1. Drug inactivation 

Many chemotherapeutic agents require metabolic activation in order to acquire clinical 

efficacy. Failed drug activation or inactivation has been associated with drug resistance 

and this has been correlated with the dysregulation of drug-metabolising enzymes. 

Thus, resistance to arabinoside (ara-C), the antineoplastic drug used for the treatment 

of acute myeloid leukaemia, has been linked to the under-expression of deoxycytidine 

kinase, the enzyme responsible of its activation [49, 50]. Moreover, resistance to 

platinum agents can occur through the over-expression of glutathione, which 

contributes to the inactivation of the drug by forming conjugates that are expelled from 

cells [51, 52]. Likewise, the direct binding of platinum drugs to metallothionein (MT), 

a small cysteine-rich protein, represents another mechanism of drug inactivation 

occurring in platinum resistance [53, 54]. 

1.2.1.2. Drug target modification 

Drug resistance can also result from mutations that modify the activity or reduce the 

expression of drug target molecules. Examples of this mechanism have been observed 

in the acquired resistance to taxanes, associated with mutations of its target β-tubulin, 

and in the acquired resistance to 5-fluorouracil associated with a dysregulation of its 

enzyme target thymidylate synthase [42]. Another example of drug resistance due to 

target modification is given by the T315I mutation in the BCR-ABL tyrosine kinase, 

which can occur in the 20-30% of patients affected by chronic myelogenous leukaemia 

[55]. Substitution of threonine with isoleucine at the residue 315 of the BCR-ABL 

kinase domain results in the reduced efficacy of the anti-cancer drug imatinib, a 

tyrosine kinase inhibitor, by reducing the hydrogen bonds necessary for the binding of 

imatinib to the ATP-binding site of BCR-ABL [55, 56]. 

1.2.1.3. Membrane transport alterations 

Alterations in cell surface receptors and transporters can influence drug uptake and 

efflux, resulting in drug resistance development. In this context, a crucial role is played 
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by the ATP binding cassette (ABC) proteins, belonging to a transport system 

superfamily and involved in the translocation across the membrane of various 

substrates, such as ions, amino acid, lipids and xenobiotics. All the ABC proteins 

contain 2 transmembrane domains necessary for the binding and the transport of the 

substrates, and 2 nucleotide-binding domains which promote conformational changes 

of the transporter through the binding and hydrolysis of adenosine triphosphate (ATP), 

which facilitates the pumping of the substrates across the membrane [42, 43]. It has 

been shown that the ABC transporters mediate the efflux of drugs during 

chemotherapeutic treatments and increased expression of these proteins has been 

linked to decreased intracellular drug accumulation and reduced drug potency, 

suggesting their role in chemotherapy resistance [44].  

The most studied ATP transporters include: the multidrug resistance protein 1 

(MDR1), the multidrug resistance-associated protein 1 (MRP1) and the breast cancer 

resistance protein (BCRP). All these transporters are naturally able to promote the 

efflux  of many compounds from cells and their overexpression has been implicated 

in many drug resistant cancers [42]. The MDR1 protein, also called P-glycoprotein (P-

gp) or ABCB1, mediates the efflux of hydrophobic, uncharged or positively charged 

compounds, including doxorubicin, paclitaxel and vinblastine [49]. In acute 

lymphocytic and myelocytic leukaemia and in lung cancer, a substantial increase of 

this protein has been found after chemotherapy [57–60]. Additionally, high levels of 

MDR1 has also been observed in several cancers (e.g. kidney, lung, liver, colon and 

rectum) before and after chemotherapy, suggesting its involvement in both intrinsic 

and acquired resistance [61]. The MRP1 transporter, or ABCC1 protein, mediates the 

transport of several compounds (including alkaloids, anthracyclines and methotrexate) 

and organic anionic substances as compounds conjugated to glutathione or sulphate 

[44, 62]. Overexpression of MRP1 has been associated with chemoresistance in lung 

and oesophageal cancer, leukaemia and neuroblastoma [63–66]. Similarly, high levels 

of BCRP (or ABCG2), which mediates the efflux of both positively or negatively 

charged drugs such as mitoxantrone, flavopiridol and anthracyclines, has been linked 

to drug resistance in breast cancer, as well as in lung cancer and leukaemia [67–69]. 

Inhibition of BCRP by gefitinib, a tyrosine kinase inhibitor, has been shown to reverse 

drug resistance in breast cancer [70].  
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1.2.1.4. Dysregulation of tumour-related signalling pathways  

Chemoresistance has been associated with dysregulation of signalling pathways 

correlated to tumour initiation and progression. The nuclear factor-κB (NF-ĸB), the 

phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt), the janus kinase/signal 

transducers and activators of transcription (JAK/Stat3), and the Ras/extracellular-

signal-regulated kinase (ERK) pathways are examples of signalling pathways involved 

in differentiation, proliferation and survival. Dysregulation of these pathways by 

intrinsic or acquired oncogene and tumour suppressor gene mutations are strongly 

implicated in drug resistance. For example, overexpression of EGFR may lead to 

resistance to cisplatin by triggering the NF-ĸB and PI3K/Akt signalling pathway in 

lung cancer cells [71]. Down-regulation of p53 may also contribute to cisplatin 

resistance in lung cancer cells through the activation of the JAK/Stat3 signalling 

pathway [72]. Also, H-Ras mutations may mediate cisplatin resistance through the 

Raf/ERK signalling pathway in ovarian cancer cells [73]. Similarly, K-Ras mutations 

have been linked to resistance to chemotherapy in various cancers [88][89]. A greater 

activation of the Ras/ERK pathway has also been associated with the development of 

acquired drug resistance in leukaemia [87]. Furthermore, inhibition or dysregulation 

of cell death pathways might also represent a determinant mechanism of therapy 

resistance. In this regard, the overexpression of survivin (an inhibitor of apoptosis 

protein) was positively linked to cisplatin resistance in prostate cancer cells, while 

overexpression of the anti-apoptotic proteins Bcl-2 and Bcl-xL was correlated to 

chemoresistance in mesothelioma and laryngeal cancer [43].  

1.2.1.5. DNA damage repair 

The anticancer activity of many drugs depends on their capacity to induce DNA 

damage. It has been observed that enhanced ability of cells to repair DNA damage may 

represent another mechanism that allows cells to become resistant. Therefore, 

exposure of cells to these drugs may lead to acquired resistance due to the 

overexpression of proteins involved in the DNA Damage Response (DDR) pathway. 

For example, the ability of cisplatin to induce DNA adducts is usually counteracted by 

the DNA repair protein ERCC1 (excision repair cross-complementing protein), which 

activates the nucleotide excision repair and the inter-strand crosslink repair pathways 

[74]. Interestingly, high levels of ERCC1 have been observed in cisplatin-resistant 
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cells compared with cisplatin-sensitive cells, suggesting its role in cisplatin resistance 

[49, 75]. Likewise, guanine O6 alkylation induced by alkylated agents is usually 

counteracted by the O6-methylguanine DNA methyltransferase (MGMT). 

Overexpression of this protein has been linked to nitrosourea and temozolomide 

resistance in melanoma cells [76]. In addition, it has also been reported that an up-

regulation of genes involved in the DDR pathway (e.g. FEN1, FANCG, RAD23B), 

were found in 5-fluorouracil-resistant cells of colon cancer [77, 78]. Given this, it has 

been proposed that targeting the DDR pathway may represent a good strategy to 

bypass drug resistance. However, the potential risk of developing new mutations 

because of the dysregulation of DDR makes this strategy still controversial [44]. 

1.2.1.6. Adaptation to drug-induced stress 

Treatment of cells with chemotherapeutics results in cellular stress and induction of a 

cellular stress response [79]. Various types of stress have been linked to the effect of 

drugs, including genotoxic stress, endoplasmic reticulum (ER) stress and oxidative 

stress. Genotoxic stress results as a consequence of the ability of many drugs to induce 

DNA damage [80]. The ER plays an important role in calcium homeostasis, lipid 

biosynthesis and protein folding and trafficking. Accumulation of unfolded or 

incompletely folded proteins in the ER after treatment with various chemotherapeutics 

results in ER stress [81]. Moreover, enhanced generation of ROS following treatment 

with various chemotherapeutics has been linked to a marked cellular oxidative 

environment resulting in oxidative stress [82]. Cellular adaptation to stress induced by 

drugs has been proposed as a mechanism implicated in acquired resistance to 

chemotherapeutics [79, 83]. In particular, an emerging role for autophagy as an 

adaptive response to limit drug-induced cellular stress by reducing ROS and 

accumulated misfolded proteins from the ER lumen has been suggested [80, 84, 85]. 

Moreover, enhancement of intracellular antioxidant systems to escape from drug-

induced oxidative stress has also been implicated in chemoresistance [86]. The role of 

autophagy and antioxidant systems in cancer and in chemoresistance will be further 

discussed below. 

1.2.1.7. MicroRNAs 

MicroRNAs or miRNA are small non-coding RNAs formed by 19–22 nucleotides 

[87]. This class of molecules is involved in the post-transcriptional regulation of many 
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genes and it is therefore implicated in various biological processes such as survival, 

apoptosis and the cell cycle. Interestingly, disruption of the microRNA biogenesis 

pathway has been associated with both tumour promoter and tumour suppressor 

activity [88]. Moreover, emerging evidence has shown a correlation between 

microRNAs and chemoresistance. In fact, since miRNAs can regulate the expression 

of proteins related to chemoresistance, selective expression of microRNAs has been 

linked to chemotherapy resistance in various tumours. For example, the regulatory 

activity of miRNA-21 and miRNA-200 on DNA MutS homolog 2 (hMSH2) protein 

(involved in DNA Damage Repair) has been correlated to chemoresistance to 5-

fluorouracil and docetaxel in colorectal and lung cancer [89, 90]. Also, miR-15b and 

miR-16 have been shown to modulate multidrug resistance by targeting the anti-

apoptotic protein Bcl-2 in human gastric cancer cells [91]. Additionally, miRNA-24 

has been shown to reduce apoptosis resulting in drug resistance in non-small cell lung 

carcinoma [92]. All these examples highlight the relationship between microRNAs and 

chemoresistance.  

1.2.1.8. Tumour microenvironment (TME) 

The structure of solid tumours is very complex. It usually includes a heterogeneous 

population of cancer cells surrounded by a tumour microenvironment, which is 

composed of the extracellular matrix (ECM), blood vessels, signalling molecules and 

different kind of cells, such as fibroblasts, immune cells and mesenchymal stem cells. 

TME plays a crucial role in tumour initiation and progression, and it has also been 

associated with both intrinsic and acquired chemoresistance. A TME factor which has 

been linked to intrinsic resistance is the pH. In a normal setting, the intracellular pH of 

cells is slightly higher than the extracellular pH, whereas an opposite condition has 

been found in cancer cells. The “reverse pH gradient” observed in cancer cells results 

in a low extracellular pH, which can form a physiological drug barrier through a 

phenomenon called “ion trapping” [83, 93]. Additionally, intrinsic resistance has been 

also linked to the dynamic nature of vasculature in tumours, which results in oxidative 

stress induced by fluctuating hypoxia conditions. Oxidative stress conditions may 

determine a cellular genetic instability, which can lead to the development of a 

subpopulation characterised by a resistant phenotype [94]. Moreover, the inter-cellular 

communication mechanisms occurring among different cell types within the tumour 

may also contribute to chemoresistance; in fact, the releasing of signalling molecules 
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from a donor cell may determine drastic changes in a recipient cell. In this regard, 

secretion of high levels of colony stimulating factor-1 (CSF-1) by macrophages has 

been associated with proliferation and survival in glioma cells [95, 96]. Additionally, 

it has been observed that acquired resistance to paclitaxel may be mediated by 

survivin-containing exosomes in breast cancer cells and exosomal microRNAs may 

activate survival pathways in chemoresistant prostate and breast cancer cells [97–99].  

1.2.1.9. Epithelial-mesenchymal transition (EMT) 

EMT is an important process during development that consists of the loss in polarity 

and adhesion of epithelial cells, leading to their conversion to mesenchymal stem cells, 

characterised by migratory and invasive properties [43]. It has been demonstrated that 

EMT cells show a similar stem-like phenotype to cancer stem cells (CSCs), which are 

defined as multipotent and highly tumorigenic cells capable of self-renewal [100, 101]. 

Also, it has been suggested that the emergence of CSCs in tumours may occur in part 

as a result of EMT. Recently, a link between CSCs and EMT and drug resistance have 

been proposed. In this regard, it has been reported that treatment of CSC and non-CSC 

cells with chemotherapeutics results in the elimination of non-CSCs cells and in the 

survival of the CSC cells, suggesting the ability of the CSC cells to resist the effect of 

the drugs [102]. Consistently, a CSC-enriched subpopulation of chronic myeloid 

leukaemia (CML) cells treated with imatinib was shown to be more resistant to the 

drug compared to the CSC-deprived subpopulation of the CML cells from the same 

patients [103]. Moreover, knockdown of EMT transcription factors, such as Twist1 or 

Snail1, resulted in an enhancement of sensitivity to gemcitabine in pancreatic 

adenocarcinoma mice [104]. Also, overexpression of Twist1 and Snail1 has been 

correlated to enhanced activity of ABCB1, suggesting that some ABC transporter 

genes may be controlled by EMT transcription factors [105].  Interestingly, it has been 

proposed that EMT induction may be controlled by several stimuli, including 

cytokines, growth factors, microRNAs and hypoxia [43]. For example, EMT-mediated 

doxorubicin chemoresistance has been linked to high levels of transforming growth 

factor beta (TGF-β) in colon cancer cells, while EMT-mediated doxorubicin 

chemosensitivity has been linked to miR-760 in breast cancer [106, 107].  
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Figure 1.3 Graphical overview of the mechanisms underlying drug resistance. 

Chemoresistance can result as a consequence of drug inactivation, drug target mutations, decreased 

intake or increased efflux of the drug. Dysregulation of tumour-related or stress-related signalling 

pathways can also reduce the cellular response to drugs. MicroRNAs regulate numerous signalling 

pathways implicated in chemoresistance. Tumour microenvironment (TME) and inter-cellular 

communication influences the ability of cells to respond to drugs. Cancer stem cells (CSCs) or CSC-

like cells originated from the EMT contributes to chemoresistance through their stemness-like 

properties. 

 

1.2.2. Chemoresistance in oral cancer 

Drug resistance represents one of the main issues encountered during the treatment of 

OSCC. The mechanisms underlying chemoresistance in oral cancer are still not fully 

understood, however several studies have attempted to elucidate its molecular basis. 

Based on the current findings, a variety of factors may contribute to innate and 

acquired resistance in oral cancer, suggesting that more than one mechanism among 

the ones reported above can lead to the development of a resistant phenotype [108]. 

Mutations in the drug molecular targets, such as MDR1, MRP1 and BCRP, have been 

widely reported in oral cancer [63]. MDR1 overexpression has been observed in 

cisplatin-resistant OSCC cells, while MRP1 overexpression has been reported in both 

cisplatin- and vincristine-resistant OSCC cells [109, 110]. Also, high levels of BCRP 
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in oral cancer were found in a cancer stem-like side population of cells characterised 

by multidrug resistance properties [111–113]. Enhanced DNA Damage Repair has also 

been linked to chemoresistance in oral cancer. In this regard, an increased expression 

of ERCC1 in a carboplatin-resistant tongue carcinoma cell line compared to the 

corresponding sensitive cell line has been demonstrated [114]. In addition, recent 

papers have reported that 5-fluorouracil and cisplatin-resistant OSCC cells displayed 

epithelial to mesenchymal transition changes, suggesting an involvement of EMT in 

the development of chemotherapy resistance in oral cancer [115, 116]. Accordingly, it 

has been observed that Snail1 induced EMT in erlotinib-resistant cells and promoted 

a EMT-mediated cancer stem-like phenotype in head and neck cancer [117, 118]. 

Recently, a role for microRNAs in OSCC chemoresistance has also acquired more 

importance. A differential microRNA expression profile has been found in cisplatin-

sensitive and resistant tongue carcinoma cell lines. From the analysis, miR-214 and 

miR-23 were denoted as chemoresistant microRNAs, while miR-21 was shown to 

sensitise cells to cisplatin [119]. Also, miR-200b and miR-15b may be involved in 

chemoresistance by inducing EMT in tongue cancer [116]. Finally, an impairment of 

apoptotic and autophagic pathways has recently been linked to OSCC 

chemoresistance, as this will be further discussed below.  

 

1.3. Apoptosis 

Apoptosis or programmed cell death (PCD) is a highly regulated and energy-

dependent process, which involves the genetically determined suicide of cells [120]. 

Apoptosis is a physiological mechanism that occurs normally to maintain cell 

homeostasis and it has a critical role during development and ageing. It can also occur 

as an immunological and anti-tumour defence mechanism when it is induced by 

external factors [121]. Dysregulation of apoptosis has been linked to many human 

conditions such as, neurodegenerative diseases, ischemic damage, autoimmune 

disorders and cancer [120]. Cells that are undergoing apoptosis display distinctive 

morphological changes, including nuclear and cytoplasmic condensation, DNA 

fragmentation, cytoskeletal collapse, cell shrinkage and membrane blebbing. It results 

in a process called “budding” resulting in the separation of cell fragments into 

apoptotic bodies, which are subsequently phagocytosed by macrophages, thereby 

preventing an inflammatory response. 
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1.3.1. Apoptotic signalling pathways 

The induction of the apoptotic pathway is usually mediated by a class of enzymes 

called caspases (cysteine aspartate-directed proteases). Caspases are usually present in 

the cytosol as inactive pro-enzyme forms containing an N-terminal pro-domain, 

followed by a large subunit (P20) and a small subunit (P10) (Figure 1.4). Caspase 

activation results in the cleavage of the pro-enzyme form at the aspartic acid cleavage 

sites existing between each of the subunits and the pro-domain [122]. Thus, cleaved 

caspase forms represent the active forms of the enzyme whose function is to activate 

other caspases, allowing the initiation of a protease cascade and the amplification of 

the apoptotic signalling pathway, resulting in cell death [120]. So far, the main 

caspases involved in apoptosis can be categorised into two classes: the initiator 

caspases (caspases 2, 8, 9 and 10) and the effector caspases (caspases 3, 6, and 7) 

depending on their function. Initiator caspases are responsible for intercepting pro-

apoptotic signals and initiating caspase cascades, while effector caspases are activated 

by the initiator caspases and are responsible for the cleavage of targeted cellular 

proteins that ultimately result in the demise of the cell [122].  

Apoptosis can be activated intracellularly or extracellularly resulting in two different 

pathways: the intrinsic or mitochondrial pathway and the extrinsic or death receptor 

pathway. However, it has been reported that the two pathways are linked and that 

molecules in one pathway can influence the other [123].  
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Figure 1.4 Structure and activation of apoptotic caspases. 

The catalytically inactive pro-enzyme form of caspases contains an N-terminal pro-domain, a large (P20) 

and a small subunit (P10). The pro-domain of the initiator caspases (2, 8, 9 and 10) is much longer than 

that of effector caspases 3, 6 and 7. Caspase maturation occurs with cleavage of the pro-domain. Cleavage 

at the aspartic acid cleavage sites between the large and small subunits results in caspase activation. 

Rearrangement of the large and small subunits results in a catalytically active heterodimer. Image taken 

from [124]. 

 

1.3.1.1. The intrinsic pathway 

The intrinsic signalling pathways or mitochondrial pathway is initiated by different 

non-receptor-mediated intracellular stimuli that produce a response within the cell. 

The main stimuli that initiate this pathway are the loss of cell survival factors, hypoxia, 

free radicals, viral infections, toxins and genotoxic agents such as radiation and 

chemotherapeutics [120]. All these apoptotic signals cause loss of the mitochondrial 

transmembrane potential and release of pro-apoptotic proteins (normally sequestered 

by mitochondria) into the cytosol [125]. Cytochrome c, Smac/Diablo and the serine 

protease HtrA2/Omi represent a class of pro-apoptotic proteins that once released into 

the cytosol can activate the caspase-dependent mitochondrial pathway (Figure 1.5). 

Smac/Diablo and HtrA2/Omi promote apoptosis by inhibiting XIAP (an inhibitor of 

apoptosis protein), while cytochrome c binds and activates Apaf-1 (apoptotic protease 

factor 1) and pro-caspase 9 forming the apoptosome [123, 125]. The activation of 

caspase 9 within the apoptosome induces the cleavage of pro-caspase 3 to form cleaved 
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caspase 3 resulting in cell death. The release of cytochrome c from the mitochondria 

is believed to be under the control of the Bcl-2 family of proteins which are regulated 

by the tumour suppressor protein p53. Bcl-2 family proteins contain both pro-apoptotic 

(e.g. Bad, Bax, Bak) and anti-apoptotic proteins (e.g. Bcl-2, Bcl-xL, Mcl-1). 

Additionally, it has been indicated that the mitochondrial pathway can also be 

activated in a caspase-independent mechanism through the release of two other 

apoptotic proteins: apoptosis inducing factor (AIF) and endonuclease G (EndoG). 

These proteins are usually released from the mitochondria into the cytosol as a late 

event, after cells have committed to die and they act through translocation to the 

nucleus and causing DNA fragmentation [120]. Caspase-dependent and caspase-

independent pathways are not mutually exclusive, thus activation of one pathway may 

lead to the eventual activation of the other.  

1.3.1.2. The extrinsic pathway 

The extrinsic pathway or death receptor pathway involves transmembrane receptor-

mediated interactions. Apoptosis is initiated by the binding of cell death ligands to 

their corresponding death receptors on the cell surface. To date, the best characterised 

ligand-receptors include Fas ligand (FasL)/Fas receptor (FasR), tumour necrosis 

factor-alpha (TNFα)/ tumour necrosis factor receptor 1 (TNFR1), Apo3 ligand 

(Apo3L)/ death receptor3 (DR3), Apo2L/DR4 and Apo2L/DR5 [120]. Death receptors 

are all members of the TNFR superfamily and are all characterised by similar cysteine-

rich extracellular domains and a cytoplasmic domain called the “death domain”, which 

has a critical role in transmitting the signal from the cell surface to inside the cell [126]. 

Upon ligand binding, death receptors trimerise and cytoplasmic adapter proteins are 

recruited. For example, FasL/FasR binding results in the interaction with the adapter 

protein Fas-associated protein with death domain (FADD), while TNF-α/TNFR1 

binding results in the recruitment of TNFR1-associated death domain protein 

(TRADD). All these adaptor proteins contain N-terminal death effector domains 

(DED) that interact with the DED on pro-caspase 8 forming the death-inducing 

signalling complex (DISC). Under these conditions, pro-caspase 8 is auto-cleaved into 

its active form which can activate pro-caspase 3 and 7, triggering the proteolytic 

cascade and apoptosis. Moreover, caspase 8 can also trigger the intrinsic pathway by 

the activation of Bid (BH3 interacting domain death antagonist) resulting in the release 

of cytochrome c, Smac/Diablo and HtrA2/Omi [127]. 
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Figure 1.5 The extrinsic and intrinsic pathways of apoptosis. 

In the extrinsic pathway, extracellular death receptor ligands bind their cognate death receptors, resulting 

in the activation of caspase 8. This either goes on to activate caspase 3, which triggers the proteolytic 

cascade, or Bid, which triggers the intrinsic pathway. The intrinsic pathways divided into caspase-

dependent or caspase-independent pathways. The caspase-dependent pathway results in the release of 

pro-apoptotic proteins from the mitochondria. Cytochrome c binds and activates Apaf-1 and pro-caspase 

9, Smac/Diablo and HtrA2/Omi inhibit XIAP. The caspase-independent apoptosis pathway results in the 

release of AIF and EndoG which translocate into the nucleus causing DNA fragmentation and chromatin 

condensation. Image modified from [128]. 

 

1.3.2. Apoptosis in cancer and chemoresistance 

Evasion of apoptosis plays an important role in carcinogenesis allowing tumour cells 

to divide and grow uncontrollably [129]. This is usually due to defects in the apoptotic 

pathway and it results in a reduction of apoptosis or apoptosis resistance. It has been 

indicated that the over- or under-expression of genes encoding pro- or anti-apoptotic 
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proteins can be linked to a decrease of apoptosis and subsequent carcinogenesis [130]. 

In this regard, overexpression and deregulation of Bcl-2, Bax, Bcl-xL and IAPs have 

been reported in many cancers, and defects in p53 have been correlated to more than 

50% of human neoplasia [131]. It has been reported that expression of mutant p53 

protein alongside an increase in Bcl-2 and a decrease in Bax proteins were observed 

in OSCC [132]. Low levels of caspases or impairment of their function can also be 

associated with a reduction in apoptosis and it has been found that a downregulation 

of caspase 9 is frequent in stage II colorectal cancer patients [133]. Moreover, another 

important mechanism which contributes to the evasion of apoptosis can be the 

downregulation of the death receptors or an impairment of their function [130]. In 

addition, impairment in the apoptotic pathway has been shown to play a crucial role in 

chemoresistance. Not surprisingly, high levels of the anti-apoptotic Bcl-2 and Bcl-xL 

proteins were found in a drug-resistant OSCC cell line, and inhibition of these proteins 

was associated with an increase in carboplatin and cisplatin toxicity in oral and ovarian 

cancer, respectively [134, 135]. Similarly, overexpression of the IAP family member 

survivin was observed in several chemoresistant cancer cells and inhibition of survivin 

using sepantronium bromide (YM155) was shown to reverse cisplatin resistance in 

head and neck cancer both in vitro and in vivo [136–138]. 

Induction of apoptosis is one of the main strategies to treat cancer. Targeting the 

apoptotic pathway in order to stop the uncontrollable growth of cancer cells represents 

a key goal of many anticancer therapies. Moreover, combining standard 

chemotherapeutic agents with IAP and anti-apoptotic Bcl-2 family inhibitors may also 

represent a valuable strategy to bypass drug-resistance [139]. 

 

1.4. Autophagy 

The term autophagy derives from the Greek words auto, meaning “self” and phagein, 

“to eat”. Autophagy is a basic catabolic process that takes place in all eukaryotic cells 

[140] and allows the degradation and the recycling of unnecessary or dysfunctional 

cellular components in order to maintain cell homeostasis. It occurs via a lysosome-

dependent mechanism, in contrast to the ubiquitin-proteasome system which allows 

the direct degradation of intracytoplasmic proteins [141]. Under physiological 

conditions, autophagy operates as an intracellular quality control system, ensuring the 
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continual removal and turnover of potentially dangerous entities including organelles, 

proteins and/or portions thereof  [142]. Thus, autophagy plays an essential role in 

tissue homeostasis, development, ageing, differentiation of many cell types and 

immune responses [143].  

Beyond the constitutive role of autophagy, it has been observed that many conditions 

such as nutrient starvation and metabolic stress can lead to autophagy activation. In 

this regard, induced autophagy represents a stress responsive mechanism essential to 

sustain cell integrity and survival by the degradation and recycling of damaged 

proteins and organelles in order to generate ATP and new ‘building blocks’ for 

anabolic processes. Therefore, given the importance of autophagy, it is not surprising 

that its dysregulation can have severe consequences. In fact, it has been demonstrated 

that autophagy is implicated in the pathogenesis of several diseases such as cardiac 

and neurodegenerative diseases, diabetes, obesity and cancer [143]. Three different 

types of autophagy, differing in their mechanisms and functions, have been identified: 

macroautophagy, microautophagy and chaperone mediated autophagy. All of these 

pathways converge in lysosomes to ensure intracellular degradation and they differ in 

the mechanisms related to the recognition and embedding of cellular components. In 

macroautophagy, the engulfment of cytoplasmic materials is mediated by double-

membrane vesicles that fuse with lysosomes; whereas in microautophagy, cytoplasmic 

material becomes trapped in the lysosome by a random process of membrane 

invagination. In contrast, in chaperone mediated autophagy, heat shock proteins (such 

as Hsp70) are employed by the cell for the recognition and the translocation of proteins 

into the lysosome [144]. To date, macroautophagy is the most well characterised 

mechanism and, for this reason, the terms “macroautophagy” and “autophagy” are 

frequently used interchangeably.  

 

1.4.1. Autophagy process 

Autophagy is a multi-step process involving autophagosome formation (consisting of 

nucleation, expansion and closure), fusion, degradation and recycling (Figure 1.6). The 

nucleation phase results in the progressive segregation of proteins and organelles by 

double membrane structures known as phagophores or isolation membranes [142]. The 

origin of the phagophore is still unclear but it is believed that they are lipid bilayers 
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derived by the ER or the trans-Golgi and the endosomes [140]. The extension and the 

sealing of phagophores leads to the engulfment of cytoplasmic material into intact 

double membrane vesicles named autophagosomes (size range 300-900 nm), which 

then fuse with the lysosomes in order to form the autolysosomes [143]. Autolysosome 

formation is mediated by a microtubule network which controls the vesicle motility, 

two lysosome‐associated proteins (LAMP‐1 and LAMP‐2) necessary for the integrity 

of lysosomes membranes, and a set of proteins that controls the attachment and fusion 

of the vesicles, such as SNAP receptors (SNARES) and the EPG5 (ectopic P-granules 

autophagy protein 5 homolog) [145]. In the autolysosomes, cytoplasmic materials are 

degraded by lysosomal hydrolases, and the metabolites generated are then exported by 

lysosomal permeases out to the cytoplasm in order to be reused as a source of energy 

or building blocks for the synthesis of new macromolecules [141]. 
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Figure 1.6 The process of autophagy. 

Autophagy initiates with the progressive segregation of proteins and organelles into doubled membrane 

structures known as phagophores. Completely sealed phagophores, known as autophagosomes, fuse with 

lysosomes to form autolysosomes. In the autolysosomes, the autophagosomal cargo is degraded and the 

products reach the cytosol via transporters of the lysosomal membrane and are recycled by anabolic or 

bioenergetic processes. Image taken from [142]. 

 

1.4.2. Molecular machinery of autophagy 

Formation of the autophagosome involves the recruitment of various proteins, 

including the autophagy-related (ATG) proteins, which are usually referred to as the 

molecular core machinery. Thus far, more than 36 ATG proteins have been identified 

in yeast and the orthologs of most of these proteins have been found in mammals, 

suggesting that autophagy is an evolutionarily conserved mechanism [146]. In 
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mammals, the core machinery proteins can be divided into different functional 

subgroups: the ULK (unc-51 like autophagy activating kinase) complex, the PtdIns 3-

kinase (PtdIns3K) complexes, the ATG9 system and two ubiquitin-like (ubl) 

conjugation systems [147] (Figure 1.7).  

The ULK complex is involved in the induction of autophagosome formation and it can 

be activated via mTOR (mammalian target of rapamycin)-dependent or -independent 

pathways, as further discussed in the next paragraph. The ULK complex includes 

various proteins: ULK1/2, ATG13, RB1CC1/FIP200 and C12orf44/ATG101 and its 

activation results in the phosphorylation of ATG13 and RB1CC1/FIP200 by ULK1/2 

[147].  

The PtdIns3K complex is crucial during the autophagosome formation and it is 

produced by the binding of Vps34 (PIK3C3) to its core partners Vps15 (PIK3R4) and 

Beclin-1. Beclin-1, a BH3 domain-only protein, is activated and phosphorylated by 

ULK1 and regulates both autophagosome nucleation and expansion. Autophagosome 

nucleation is mediated by the interaction of Beclin-1 with the ATG14 complex 

(containing AMBRA1 (activating molecule in Beclin-1-regulated autophagy) and Bcl-

2), whereas autophagosome maturation occurs via the interaction of Beclin-1 with two 

other complexes: the UVRAG (UV radiation resistance-associated gene protein) 

complex where ATG14 and AMBRA1 are replaced with UVRAG and its positive 

regulator SH3GLB1, and a second complex where SH3GLB1 is replaced with 

Rubicon, which inhibits UVRAG [147]. Therefore, the Beclin-1/Vps34/UVRAG 

complex positively regulates autophagosome maturation, while Beclin-

1/Vps34/UVRAG/Rubicon complex negatively regulates the process [143]. The 

interaction of Beclin-1 with Vps34 and UVRAG depends on the detachment of Beclin-

1 from the anti-apoptotic proteins Bcl-2 and Bcl-xL, which can be consequentially 

considered negative autophagy regulators.   

The ATG9 protein is also important during the nucleation phase and it acts by 

delivering membranes to the expanding phagophore or directing this process. It has 

been observed that it is the only transmembrane protein in the core machinery and its 

activation is dependent on the activity of ULK1 and Vps34 [146].  

Finally, two ubl-conjugation systems take part during the last stages of autophagosome 

formation: the ATG12 system and the microtubule-associated protein1 light chain 3 
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(MAP1LC3) system. ATG12 is activated by ATG7 (E1 step), transferred to ATG10 

(E2 step) and then conjugated with ATG5 in order to form a complex with ATG16 

[148]. On the other hand, MAP1LC3 protein, also known as LC3, is cleaved by ATG4 

to form LC3-I and subsequently conjugated to the phospholipid phosphoethanolamine 

(PE) at the C-terminal glycine residue, through ATG7 (E1 step), ATG3 (E2 step) and 

ATG12/ATG5/ATG16 (E3 step) [149]. The PE-conjugated form of LC3-I is known 

as LC3-II and it is anchored to the phagophore and the autophagosome membranes 

through the PE-group that promotes the integration of the protein into the lipid 

bilayers. Moreover, LC3-II plays an important role in selecting cargo for degradation 

by its interaction with sequestosome1 (SQTM1), also known as p62 [146]. In fact, 

p62/SQTM1 is a cargo receptor for selective autophagy and it is involved in the 

delivery of ubiquitinated proteins to the autophagosome for degradation. It has been 

observed that p62/SQTM1 binds specific cargo proteins, through an ubiquitin-binding 

domain, and simultaneously anchors them to LC3-II proteins present on the 

autophagosome interior membrane, through an LC3 interacting region (LIR) [150, 

151]. LC3 and p62/SQTM1 are two well-characterised autophagic proteins and for this 

reason are commonly used as markers for autophagy. Indeed, the conversion of LC3-

I to LC3-II with the consequential increase of LC3-II, alongside the decrease of 

p62/SQTM1, due to its degradation inside the autolysosomes, are widely used methods 

to monitor autophagic flux [151].  

A canonical autophagy pathway involves all the ATG proteins, as mentioned above. 

However, it has been found that under certain circumstances autophagy may also be 

activated through non-canonical pathways which require only a subset of ATGs [144]. 

These alternative forms of autophagy can occur independently of some proteins 

involved in the molecular machinery, including Beclin-1, ULK, ATG5, ATG7 and 

LC3. For example, it has been observed that Beclin-1 independent autophagy bypasses 

Beclin-1 activation during autophagosome formation, while it requires both ubl-

conjugation systems. This non-canonical pathway has been found commonly induced 

following the exposure of cells to pro-apoptotic compounds, but also during 

differentiation and bacterial toxin uptake [152]. 
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Figure 1.7 Molecular machinery of autophagy in mammals. 

In the canonical pathway, autophagosome formation occurs through the activation of the ULK complex, 

the PtdIns3K complex and ATG9 protein. Two ubiquitin-like modification systems take also part during 

the autophagosome formation and maturation. ATG12 is activated by ATG7 (E1 step), transferred to 

ATG10 (E2 step), conjugated to ATG5 and subsequently forms a complex with ATG16. LC3 is cleaved 

by ATG4 to LC3-I, activated by ATG7 (E1 step), transferred to ATG3 (E2 step), and conjugated to the 

ATG12/ATG5/ATG16 complex (E3 step) forming LC3-II. Image modified from [149]. 

 

1.4.3. Autophagy regulation 

Autophagy is a highly regulated process, which is controlled by various signalling 

pathways upstream of the autophagy machinery. The main autophagy regulators are 

also involved in tumour progression and they include: mTOR, AMPK, Ras, p53, Stat3 

and the Bcl-2 protein family [148].  

To date, the best characterised regulator of autophagy is mTOR, a serine/threonine 

kinase existing in two forms: mTOR complex 1 (mTORC1), strongly involved in 

autophagy regulation, and mTOR complex 2 (mTORC2) which is not a direct 

autophagy regulator [141]. In general, mTORC1 is an important regulator of cell 
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homeostasis involved in several cellular processes (e.g. lipid biogenesis, protein 

synthesis, and cell cycle progression), and it can respond to multiple stimuli such as 

the presence of growth factors, nutrients, energy levels and stress conditions [153]. 

mTORC1 is directly activated by Rheb (Ras homolog enriched in brain), which in turn 

is under negative control of the GTPase-activating protein complex TSC1/TSC2 (TSC, 

tuberous sclerosis complex) [153]. mTORC1 negatively controls the autophagic 

process, indeed, its activation leads to the phosphorylation and inhibition of ULK1/2 

and Vps34, necessary for autophagosome formation as described above [154]. Thus, 

under physiological conditions, the activation of mTORC1 results in the maintenance 

of autophagy at basal levels, whereas cell starvation or stressful conditions lead to 

mTORC1 inhibition and consequential upregulation of autophagy. mTORC1 

activation is regulated by several signalling pathways, including the PI3K/Akt/mTOR 

pathway, the AMPK/mTOR pathway, Ras/Raf/MEK/ERK pathway, and the p53 

pathway [155]. The PI3K/Akt/mTOR pathway is considered one of the main 

autophagy regulating mechanisms. It is usually triggered by growth factors, amino 

acids, nutrients, and cytokines (e.g. IL-3) which lead to PI3K activation and 

subsequent phosphorylation of Akt at serine residue 475 (Ser475). This signalling 

results in the activation of mTORC1 by its direct interaction with Akt or by TSC1/2 

inactivation and Rheb activation [154].  

AMPK (AMP-activated protein kinase) is also an important autophagy regulator. 

AMPK is a stress sensor protein which is activated in response to energy stress by 

sensing increases in AMP:ATP and ADP:ATP ratios [156]. AMPK activation under 

nutrient and energy depletion conditions leads to TSC1/2 activation and subsequently 

to mTORC1 inactivation and autophagy induction. Therefore, AMPK is a positive 

regulator of autophagy and controls the pathway by regulating mTORC1 [148]. 

Moreover, AMPK can also directly control autophagy in an mTOR-independent 

mechanism, through ULK1 phosphorylation.  

Another important autophagy sensor is Ras which is usually activated by growth 

factors and it can control autophagy by triggering other downstream signalling 

pathways. It has been reported that the role Ras plays in autophagy regulation is 

context-dependent. In fact, it can act as negative autophagy regulator by activating 

mTORC1, but also as positive autophagy regulator through an mTORC1-independent 

mechanism that involves the activation of ERK and JNK [157–159]. 
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Autophagy regulation can also be mediated by the p53 tumour suppressor. It has been 

reported that p53 can positively and negatively regulate autophagy, depending on its 

cellular localisation [160]. Under genotoxic stress, the nuclear p53 pool promotes 

autophagy through the activation of AMPK and through the transcriptional regulation 

of other autophagy modulators such as DAPK (death-associated protein kinase), 

DRAM (damage-regulated modulator of autophagy) and Sestrin1/2. Sestrin1/2 was 

shown to activate autophagy by activating AMPK and inhibiting mTORC1, whilst 

DAPK and DRAM were showed to induce autophagy by directly or indirectly 

regulating autophagosome formation [161, 162]. On the other hand, cytoplasmic p53 

can inhibit autophagy in the absence of cellular stresses by inhibiting of TSC1/2, which 

subsequently results in mTORC1 activation. Moreover, several stimuli (e.g. ER stress) 

induce autophagy through the degradation of the cytoplasmic form of p53 by HDM2 

(the p53-specific E3 ubiquitin ligase). In this regard, it has been shown that inhibition 

of HDM2 prevents autophagy activation by blocking p53 degradation [163]. 

Stat3 is a signalling molecule which can be transcriptionally activated through tyrosine 

phosphorylation by JAK in response to various stimuli such as cytokines and growth 

factors [164]. Similar to p53, Stat3 is also involved in autophagy regulation and its 

function depends on its subcellular localisation. It has been proposed that the 

unphosphorylated form of Stat3 localises in the cytoplasm, while the phosphorylated 

form can dimerise and translocate to the nucleus or the mitochondria [144]. Under 

normal conditions, cytoplasmic Stat3 has been shown to negatively control autophagy 

by sequestering the eukaryotic translation initiation factor 2-α kinase 2 (EIF2AK2) and 

forkhead box O (FOXO) 1 and 3 [165]. EIF2AK2 acts as an autophagy promoter by 

phosphorylating EIF2A (eukaryotic translation initiation factor), which in turn 

upregulates ATF4. FOXO1 and FOXO3 also act as autophagy promoters by 

transcriptionally activating various autophagy-related genes (e.g. ULK, Beclin-1, 

ATG12 and LC3). Once activated, STAT3 can translocate to the mitochondria, where 

it negatively regulates autophagy by suppressing ROS production, or into the nucleus, 

where it can both activate or suppress autophagy-related genes (e.g. Bcl-2, Beclin-1, 

Vps34) resulting in either autophagy induction or abrogation in a context-dependent 

manner [165].  

Finally, several studies implicate the Bcl-2 family of proteins as further autophagy 

regulators. Under physiological conditions, the anti-apoptotic Bcl-2 proteins inhibit 
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the autophagic pathway by binding Beclin-1 and disrupting its association with the 

PtdIns3 kinase complex, whereas under starvation conditions, the release of Beclin-1 

from Bcl-2 proteins induces the activation of the autophagic pathway. Moreover, the 

implication of the Bcl-2 family of proteins in both apoptosis and autophagy suggest 

that there is highly regulated crosstalk between these two pathways that will be further 

described below [166]. 

 

 

Figure 1.8 Schematic representation of the signalling pathways that regulate autophagy. 

Autophagy is regulated by several signalling pathways. The PI3K/Akt/mTOR pathway plays a central 

role and positively regulates autophagy. Ras controls the Ras/Raf/MEK pathway resulting in mTORC1 

activation (authophagy inhibition) or ERK/JNK activation (authophagy induction). The JAK/Stat3 

pathway positively or negatively regulates autophagy through mTORC1-independent mechanisms. 

DNA damage and energy depletion can trigger autophagy by the AMPK and p53 pathways. The Bcl-2 

family of proteins negatively regulates autophagy through an interplay with the PtdIns3 kinase complex. 

 

1.4.4. Role of autophagy in cancer 

Dysregulation of autophagy may have implications for the pathogenesis of several 

diseases including cancer. So far, the involvement of autophagy has been implicated 
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in different kinds of cancers such as pancreatic, breast, hepatocellular, colorectal and 

lung cancer [167]. However, the role of autophagy in cancer is complex and 

controversial, in fact, it has been observed that during tumorigenesis autophagy can 

act as a pro-tumour or anti-tumour mechanism.  

It is known that autophagy is a survival mechanism important in maintaining cellular 

homeostasis under nutrient deprivation and hypoxia. During tumorigenesis autophagy 

confers to cancer cells a high-grade tolerance against stress, which results in reduction 

in tumour cell damage, increase in viability and maintenance of dormancy. 

Additionally, it has been reported that this pro-tumour effect of autophagy represents 

a prominent mechanism to escape not only from hypoxic and metabolic stress but also 

detachment-induced and therapeutic stress, thus it can be correlated to metastasis 

development and resistant phenotype to chemo- and radio-therapy [168]. By contrast, 

it has been suggested that autophagy driven anti-tumour activity can be exerted by the 

suppression of chromosomal instability and oxidative stress (which represent 

oncogenic stimuli), the induction of senescence phenotype and the reduction of local 

inflammation [168]. This paradoxical dual role of autophagy in cancer has resulted in 

autophagy being considered as a double-edged sword during tumorigenesis (Figure 

1.9) [143].  

It has been proposed that autophagy function depends on the kind of cancer and the 

stage of the malignancy, resulting in finely tuned regulation of the autophagic pathway 

and of its effect on the course of tumorigenesis [169]. During tumour initiation, 

decreased levels of autophagy are associated with an increase in metabolic stress and 

DNA damage, resulting in autophagy tumour suppressor activity by reducing cell 

proliferation and chromosome instability and by inducing senescence [143]. Later, 

during tumour progression, under conditions of starvation, hypoxia and metabolic 

stress (due to the poor vascularisation), high levels of autophagy have been shown to 

induce increased cancer cell survival, thus eliciting an autophagic pro-tumour effect 

[170]. Additionally, high levels of autophagy allow for tumour cell adaptation to the 

tumour microenvironment and consequential cell growth resulting in cancer 

maintenance [143]. The role of autophagy in OSCC is still not completely understood, 

although it has been implicated in oral tumorigenesis [140].  

 



36 

 

 

Figure 1.9 The role of autophagy in cancer. 

The role of autophagy in cancer is context-dependent. During tumour initiation, autophagy acts as tumour 

suppressor mechanism, thus low autophagy levels result in an increase of ROS and DNA damage, and a 

decrease in senescence, leading to cell transformation. Later, during tumour progression, hypoxia, 

starvation and metabolic stress results in an enhancement of autophagy which in turn promotes cell 

survival. Cancer cells subsequently become dependent on autophagy to sustain cell growth, resulting in 

cancer maintenance. During these two later stages of tumour cell biology, autophagy acts as a tumour 

promoter mechanism. Image taken from [143]. 

 

1.4.5. Dysregulation of autophagy in cancer 

As mentioned above, dysregulation of autophagy has been associated with 

tumorigenesis and cell survival. Dysregulation of autophagy may be determined by an 

abnormal expression of key autophagic proteins due to mutations occurring in the 

corresponding genes. In this regard, monoallelic Beclin-1 deletions and mutations of 

UVRAG and ATG genes represent the most common examples of mutated autophagic 

genes. They have been found in several human cancers, including breast, ovarian, 

prostate, gastric and colorectal cancer [171–173]. In addition, it has been observed that 

impairment of the signalling pathways controlling autophagy may also result in 

autophagy dysregulation. In this context, both tumour suppressors and oncogenes play 

a crucial role in autophagy regulation, leading to autophagy activation or inhibition. 

Given the dual role of autophagy as pro-tumour and anti-tumour mechanisms, it is not 

surprising that both inhibition and activation of autophagy can occur during cancer 

development. Generally, tumour suppressor genes are considered pro-autophagic 

factors, whereas oncogenes are considered anti-autophagic factors [155]. For example, 
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loss in PTEN, a PI3K inhibitor, in prostate cancer results in a constitutive activation 

of the PI3K/Akt/mTOR pathway and in autophagy inhibition [174]. Similarly, loss in 

p53 and downregulation of autophagy has been linked to tumorigenesis in an in vitro 

model of colon cancer cells [175]. Inhibition or downregulation of autophagy in these 

cancers may suggest its role as a cell survival mechanism. On the other hand, high 

levels of autophagy have been observed in K-Ras and B-Raf-mutated pancreatic 

cancers and in pediatric brain tumours [176–179]. Also, AMPK-dependent autophagy 

activation may be linked to cell survival in triple breast cancer cells [180]. Activation 

of autophagy in these cancers has been correlated to the development of an autophagy-

dependent phenotype of cancer cells, which suggests an involvement of autophagy as 

pro-tumour mechanism. It has been proposed that screening of specific markers, such 

as Ras, B-Raf or p53 may represent a valuable strategy to predict whether autophagy 

may be activated or inhibited in cancer [177]. Understanding the autophagy 

dysregulation mechanisms implicated in a certain tumour may also clarify the role of 

autophagy in cancer. This will be crucial to develop specific therapeutic treatments 

targeting autophagy. 

Dysregulation of autophagy has also been reported in oral cancer. Indeed, some 

somatic aberrations commonly associated with head and neck cancer such as mutations 

in PI3K have been linked with autophagy dysregulation [181]. Moreover, an increase 

of LC3 expression levels has been observed in OSCC samples compared to normal 

oral mucosa samples by immunohistochemistry, and it has been associated with poor 

clinical outcomes [182]. Several studies have also shown low levels of Beclin-1 and 

aberrant ATG genes in both OSCC tissue and cell lines [183–187]. Additionally, 

overexpression of ATG9 in the cytoplasm of tumour cells has been proposed as a 

potential biomarker for the recurrence and survival of OSCC [188]. A further 

investigation of autophagy dysregulation will be necessary to determine the role of 

autophagy in oral tumorigenesis. 

 

1.4.6. Autophagy and chemotherapy 

Recent studies have demonstrated that autophagy is frequently activated in tumour 

cells treated with chemotherapy. Similar to its dual role in cancer, a paradoxical role 

of autophagy has been observed following anticancer treatments. [189]. On the one 
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hand, autophagy induction has been considered as a cell death mechanism following 

the exposure of cells to chemotherapeutics. In fact, the exposure of cells to persistent 

stress, leads to an ultimate cellular response for limiting the proliferation of abnormal 

cells resulting in programmed type I cell death or apoptosis. In many cases, it has been 

observed that autophagic vesicles are present in dying cells, suggesting that an 

alternative mechanism of cell death known as autophagic cell death or type II cell death 

may occur [190]. On the other hand, autophagy induction may represent a protective 

mechanism to mediate the acquired resistance phenotype of some cancer cells during 

anticancer therapy. Indeed, it can be activated as a stress response mechanism to 

maintain cell homeostasis following the genotoxic effects of chemotherapy (see Figure 

1.10). It has been suggested that this dual role of drug-induced autophagy, resulting in 

the enhancement or inhibition of anticancer treatments, is highly dependent on the 

tumour type and treatment characteristic. Nevertheless, several studies in vitro and in 

vivo seem to more strongly support the pro-survival role of autophagy, thus its ability 

to facilitate drug resistance during anticancer treatment. In this regard, autophagy 

inhibitors may represent a new therapeutic strategy to re-sensitise cancer cells to 

chemotherapy [189]. 

In OSCC, it has been shown that numerous chemotherapeutics activate the autophagic 

pathway, but the role of autophagy following chemotherapeutic treatment remains 

poorly understood. In fact, activation of autophagy has been observed following 

treatment with cisplatin in oral and oesophageal cancer [191, 192]. In these studies, 

inhibition of autophagy was correlated to an enhancement in cisplatin sensitivity, 

suggesting a potential role of autophagy in chemoresistance. Similar findings were 

also observed in hypopharyngeal and salivary adenoid cystic carcinoma cells, where 

inhibition of autophagy using both genetic and pharmacological approaches was 

shown to induce cisplatin toxicity [193, 194]. Additionally, high levels of Beclin-1, 

ATG5-ATG12 and LC3-II have been observed in a methotrexate-resistant tongue 

carcinoma cell line compared to the sensitive cell line [195]. By contrast, several 

studies have also proposed that drug-induced autophagy may also play an anticancer 

effect in oral cancer. For example, treatment of cells with sulfasalazine, thymoquinone 

and tetrandrine has been linked to autophagic cell death in oral cancer [196–198]. 

Given this, further studies on the role of autophagy in response to chemotherapy and 

its implication in chemoresistance are required.  
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Figure 1.10 Dual role of autophagy during chemotherapy. 

On one hand, autophagy is activated as a cell survival mechanism that may lead to the acquisition of a 

resistance phenotype of some cancer cells. On the other hand, autophagy is activated as a cell death 

mechanism, resulting in the autophagic cell death. Image taken from [189]. 

 

1.4.7. Autophagy inhibitors 

In the last decade, the importance of autophagy in cell homeostasis and its implication 

in many diseases has drawn the attention of the scientific community. In particular, the 

potential role of autophagy as a cell survival mechanism for cancer cells has led to the 

hypothesis that targeting autophagy may represent a new strategy in cancer therapy. 

Thus far, different compounds have been described in the literature as potential 

inhibitors of the autophagy process, however most of them show somewhat poor 

selectivity. Overall, there are two classes of autophagy inhibitors: the early stages 

autophagy inhibitors and the late stages autophagy inhibitors.  

The early stage autophagy inhibitors act through targeting proteins or complexes 

involved in the initial steps of the core autophagy machinery. They include: the pan-

PI3K inhibitors (e.g. 3-methyladenine, wortmannin, LY294002) the Vps34 inhibitors 

(e.g. spautin-1, SAR405) and the ULK inhibitors (e.g. compound 6). The pan-PI3K 

inhibitors are widely used autophagy inhibitors, although they have shown limited 
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potency (except wortmannin) and selectivity [141]. An example is 3-methyladenine 

(3-MA) that requires use at about 10 mM to inhibit the activity of Vps34, but at such 

a high concentration, it can also target other kinases such as the class I PI3K, 

p38MAPK or JNK. By contrast, the higher selectivity of Vps34 inhibitors and ULK 

inhibitors make them a more reliable group of autophagy regulators. Among them, it 

is worth mentioning spautin-1, which acts by promoting the ubiquitination of Beclin-

1 leading to its proteasomal degradation, and SAR405, which affects the catalytic 

activity of both ATG14 and UVRAG complexes. 

On the other hand, the late autophagy inhibitors target the final steps of the autophagy 

process and include: the acid protease inhibitors (e.g. pepstatin A and E64d), the 

vacuolar-type H1-ATPase inhibitors (e.g. bafilomycin-A1) and the lysosomotropic 

agents (e.g. chloroquine and hydroxychloroquine). Pepstatin A and E64d directly 

target the lysosome hydrolases cathepsins D, E and B, H, L respectively, whereas 

bafilomycin-A1 (BAF) and chloroquine indirectly inhibit the lysosomal hydrolases. In 

fact, bafilomycin-A1 exerts its function by blocking the lysosomal proton transporter 

necessary to maintain the acidic pH microenvironment of the vacuole, whereas 

chloroquine (CQ) and its analogue hydroxychloroquine (HCQ) accumulates in 

lysosomes causing an increase in the lysosomal pH [141]. These mechanisms lead to 

the deacidification of the lysosomes resulting in blocking their fusion with 

autophagosomes, thus inhibiting autophagy. So far, chloroquine and 

hydroxychloroquine are the only clinically available autophagy inhibitors, as they have 

already been approved for use as treatments for malaria and arthritis [177].  

Currently, much research in this area aims to evaluate the effects of targeting 

autophagy as an adjuvant therapy to standard cancer treatments. As mentioned above, 

many chemotherapeutic agents induce autophagy as a cell survival mechanism, hence 

it would be expected that combining them with autophagy inhibitors would enhance 

their cytotoxicity [168]. In this regard, several studies in vitro have demonstrated an 

enhancement of apoptosis in various cancer cells (such as glioma, gastric cancer and 

colorectal cancer cells) treated with chemotherapeutic drugs in combination with 

autophagy inhibitors [199–201]. However, it is still important to understand whether 

blocking the early or later stages of autophagy is more effective. Moreover, recent 

preclinical trials have shown that HCQ alone and in combination therapy leads to 
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enhancement of tumour shrinkage in non-small cell lung cancer and pancreatic cancer  

[202–204].  

 

1.5. Crosstalk between apoptosis and autophagy 

The autophagic and the apoptotic processes are tightly correlated. Under stress 

conditions, cells can trigger the autophagic pathway as a survival mechanism to 

overcome the stress; however, prolonged stresses beyond repair can lead to the 

activation of the apoptotic pathway, resulting in  cellular suicide to prevent further 

damage [205]. Moreover, an autophagic mechanism of cell death has been observed 

in dying cells as an alternative to apoptosis or in collaboration with it [206]. The 

interplay between autophagy and apoptosis has been studied over the last decade and 

it can be summarised by three types of relationships: antagonism, partnership and 

enablement [206]. In the first relationship, autophagy antagonises apoptosis by 

promoting cell integrity and survival, thus inhibition of autophagy can enhance 

apoptosis. In the second relationship, autophagy can enable apoptosis without inducing 

cell death itself, resulting in autophagy-dependent apoptosis. Finally, both autophagy 

and apoptosis can cooperate to promote cell death. In this setting, autophagy can occur 

together with apoptosis or it can be activated as a back-up mechanism in case of failure 

of apoptosis (Figure 1.11). Therefore, depending on the cellular stresses, activation of 

autophagy and/or apoptosis is crucial to establish the cellular fate, which is controlled 

by the ability of cells to switch on and off the two signalling pathways. The balance 

between life and death is regulated by a complex mechanism of crosstalk between 

autophagy and apoptosis which is still not well understood. It has been proposed that 

even though autophagy and apoptosis represent two distinct biological processes, they 

can be mutually influenced at several levels [205]. 
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Figure 1.11 Interplay between autophagy and apoptosis. 

The relationship between autophagy and apoptosis is context-dependent and it can be summarised by 

three models. A. Antagonism: autophagy antagonises apoptosis by promoting cell integrity and survival. 

B. Partnership: autophagy can enable apoptosis resulting in autophagy-dependent apoptosis. C. 

Enablement: autophagy and apoptosis can cooperate to promote cell death. Image taken from [207].  

 

1.5.1. Molecular mediators in the apoptosis-autophagy interplay 

The main factors connecting autophagy and apoptosis include: Beclin-1/Bcl-2 

interaction, caspases, ATG proteins, p53, FLIP, UVRAG and BIM.  

1.5.1.1. Beclin-1/Bcl-2 

The Beclin-1/Bcl-2 interaction represents an essential link between autophagy and 

apoptosis. As mentioned above, association of Bcl-2 proteins (including Bcl-2 and 

Bcl-xL) to Beclin-1 negatively regulates autophagy by preventing the assembly of the 

autophagosomes. Conversely, dissociation of Bcl-2 proteins from Beclin-1 determines 

the activation of the latter which consequently leads to autophagy activation [205]. 

The ability of Beclin-1 to interact with the Bcl-2 family of proteins is due to its 

structure. Indeed, Beclin-1 is a multi-domain protein formed by a C-terminal ECD-

BARA domain constituted by a β-α-repeated-autophagy-related (BARA) domain and 

evolutionarily conserved domain (ECD), a central coiled-coil domain (CCD) and a N-

terminal Bcl-2 homology (BH-3) domain [208] (Figure 1.12). The interaction of 
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Beclin-1 to Bcl-2 proteins, through the BH-3 domain, results in the stabilisation of 

inactive CCD-mediated Beclin-1 dimers. The antiparallel orientation of Beclin-1 

homodimers do not allow the binding of Beclin-1 to the Vps34 complex, necessary for 

the autophagosome formation [209]. In line with that, it has been suggested that Bcl-2 

and Bcl-xL play a dual role as anti-apoptotic proteins but also as anti-autophagic 

proteins, essential to maintain autophagy at basal levels in order to promote cell 

homeostasis [210]. Under autophagy-inducing stimuli, the dissociation of Bcl-2 from 

Beclin-1 is controlled by several mechanisms. An important role is played by the 

competitive binding proteins such as the pro-apoptotic BH3-only proteins (e.g. Bad 

and Noxa), which compete with Beclin-1 to bind Bcl-2 and Bcl-xL, and are thus 

positive regulators of autophagy [205, 211, 212]. Likewise, induction of autophagy is 

also mediated by HMGB1 (high mobility group box 1 protein) and BNIP3 (Bcl-

2/adenovirus E1B 19 kDa-interacting protein 3). The former competes with Beclin-1 

to bind Bcl-2, the latter competes with Bcl-2 to interact with Beclin-1 [213, 214]. 

Moreover, the dissociation of the Beclin-1/Bcl-2 complex is also mediated by the 

phosphorylation of the two proteins. In this regard, phosphorylation of the Bcl-2 

proteins by JNK is considered one of the main nodes in the crosstalk between 

autophagy and apoptosis and it can lead to the activation of both pathways [215]. On 

the one hand, the JNK-mediated Bcl-2 phosphorylation determines the release of 

Beclin-1, which leads to the activation of autophagy. On the other hand, it can convert 

Bcl-2 into a pro-apoptotic protein, causing a drop in the mitochondrial membrane 

potential, the release of the cytochrome c and activation of the caspase cascade [215]. 

Additionally, numerous kinases have been demonstrated to activate or inhibit Beclin-

1 through phosphorylation of various phospho-sites, including ULK1 (S15, S30), 

AMPK (S93, S96, T388) and AKT1 (S234, S295). Interestingly, Beclin-1 

phosphorylation at the N-terminal region has been linked to autophagy activation 

and/or inhibition through the regulation of the Beclin-1/Bcl-2 interaction. In this 

context, it has been found that DAPK1, DAPK2 and ROCK1 (Rho -associated coiled-

coil containing protein kinase-1) can promote autophagy through the disruption of the 

Beclin-1/Bcl-2 complex by phosphorylating Beclin-1 at the residue T119 in the BH3 

domain [216–218]. Conversely, it has been demonstrated that the pro-apoptotic kinase 

SKT (serine/threonine Kinase-4)/Mst1 (mammalian STE20-like protein Kinase 1) can 

stabilise the Beclin-1/Bcl-2 complex by phosphorylating Beclin-1 at the residue T108, 

resulting eventually in autophagy inhibition in cardiomyocytes [219]. Another factor 
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important in the regulation of the Beclin-1/Bcl-2 complex involves the cellular 

localisation of the proteins. In fact, it has been reported that the interplay between Bcl-

2 and Beclin-1 can occur at the ER and mitochondria [209]. The ER pool of Bcl-2 is 

mainly regulated by NAF-1 (nutrient-deprivation autophagy factor-1) and JNK 

resulting in autophagy activation under starvation or stress conditions, whereas the 

mitochondrial Bcl-2 pool interacts with Bak and Bax, resulting in apoptotic regulation 

[220–223]. The apoptotic-autophagic switch can be also regulated by the Bcl-2 and 

Beclin-1 expression levels. In this regard, it is not surprising that in breast cancer 60% 

of patients are characterised by an overexpression of Bcl-2, while there is a loss of 

Beclin-1 in 40-70% of cases [210]. 

 

Figure 1.12 Beclin-1 phosphorylation-dependent activation. 

A. Primary structure of Beclin-1 (BECN1) showing its phosphorylation and binding sites. B. Beclin-1 

interacts with Bcl-2 forming an inactive homodimer. Phosphorylation of Beclin-1 and Bcl-2 results in 

the release of Bcl-2 and in the activation of the PtdIns3 (PI3K-III) complex, which leads to autophagy 

activation. Image modified from [208]. 
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1.5.1.2. Caspases 

Caspases are well-known proteins involved in the apoptotic pathway. Recently, an 

emerging role of caspases in the interplay between autophagy and apoptosis has been 

proposed [224]. It has been suggested that caspases control autophagy activation by 

interacting directly with key autophagic proteins and leading to their cleavage. 

Caspase-mediated degradation of these proteins may result in the inhibition of 

autophagy, but also in the enhancement of the apoptotic pathway through their 

conversion from pro-autophagic proteins to pro-apoptotic proteins [166, 224]. 

Moreover, recent findings demonstrate that the amount and the activity of caspases 

can be regulated by the autophagic pathway [225]. Caspase 3 represents a good 

example of the caspase-mediated crosstalk between autophagy and apoptosis, since it 

is one of the main effector caspases involved in apoptosis and it has shown also a 

predominant role in the autophagic process [226]. In fact, it has been reported that 

caspase 3 can cleave Beclin-1 at positions 124 and 149 during staurosporine-induced 

apoptosis in HeLa cells [227]. Cleaved Beclin-1 results in autophagy suppression, as 

autophagy activation is regulated only by full-length Beclin-1, and in apoptosis 

enhancement, through the release of Bcl-2 from the Beclin-1/Bcl-2 complex [224, 

228]. Also, the Beclin-1 c-terminal fragment localises at the mitochondria, triggering 

the apoptotic pathway [229]. Likewise, caspase 3 can mediate the cleavage of ATG4, 

which results in the failure of LC3 delipidation and in the migration of the cleaved 

ATG4 fragment at the mitochondria to induce cell death [230]. Additionally, other 

caspases are also implicated in the autophagy-apoptosis crosstalk. For example, 

caspase 6 activation has been linked to the cleavage of p62, ATG3, ATG5 and also 

Beclin-1, whereas caspase 7 and caspase 8 has been shown to mediate ATG3 

degradation [231–233]. It has been observed that caspase 8 also plays an important 

role in apoptosis regulation by autophagy. In fact, the association of FADD with the 

ATG12-ATG5 complex promotes the recruitment of caspase 8 to the autophagosome 

membrane, where it is then activated to initiate the apoptotic caspase cascade [233]. 

Moreover, the interaction of caspase 9 with ATG7 facilitates autophagy activation and 

concurrently interferes with caspase 9 activation and apoptosis [234].    
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1.5.1.3. ATG proteins 

The ATG proteins constitute the molecular machinery of autophagy, but their 

emerging role in apoptosis regulation has also been demonstrated [235]. Notably, 

ATG3 takes part in autophagosome formation and it plays a crucial role in the 

autophagy process. However, when ATG3 covalently binds ATG12, it leads to the 

formation of the ATG3-ATG12 complex, which is transferred to the mitochondrial 

outer membrane inducing apoptotic cell death [236]. Moreover, it has been observed 

that conjugation of ATG5 to ATG12 is necessary to determine autophagy activation, 

but the non-conjugated ATG5 and ATG12 proteins have also shown a non-canonical 

autophagic function by regulating apoptosis in response to several stresses. During 

apoptosis, the non-conjugated ATG5 protein can be cleaved by calpains, inducing the 

formation of a truncated ATG5 fragment, which can localise at the mitochondria 

leading to cytochrome C release and caspase activation [237]. Additionally, the non-

conjugated form of ATG12 can bind Mcl-1 and Bcl-2 resulting in apoptosis induction 

[238]. Recent studies on the expression levels of ATG5 and ATG12 have also revealed 

their importance in apoptosis regulation. In fact, inhibition of ATG5 using siRNA has 

been shown to reduce chemotherapy-induced cell death, resulting in the acquisition of 

a resistant phenotype [237]. Also, knock down of ATG12 has been linked to Bax 

inhibition and apoptosis suppression [238].  

1.5.1.4. p53 

p53 is another important factor in the crosstalk between autophagy and apoptosis. 

Under genotoxic stresses, p53 takes part in apoptosis regulation by controlling both 

the extrinsic and the intrinsic pathways, depending on its cellular localisation. The 

nuclear p53 pool regulates the activation of the pro-apoptotic proteins (e.g. Bax and 

Noxa) and the inhibition of the anti-apoptotic Bcl-2 proteins, leading to the 

mitochondrial apoptotic pathway; whereas the cytoplasmic p53 pool promotes the 

apoptotic death receptor pathway by stimulating the Fas receptor. It has been 

demonstrated that p53 also plays an important role in autophagy regulation and its 

ability of promoting or suppressing autophagy depends again on its cellular 

localisation. Under genotoxic stresses, activation of autophagy by nuclear p53 can be 

mediated by mTOR inhibition and by the transcriptional activation of DRAM. 

Interestingly, DRAM-mediated autophagy has been also linked to apoptotic cell death 
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[239]. By contrast, it has been proposed that cytoplasmic p53 may negatively regulate 

autophagy, thus loss of p53 results in the activation of autophagy, which is not 

correlated to apoptosis.  

1.5.1.5. FLIP 

FADD-like IL-1β-converting enzyme-inhibitory protein (FLIP) represents another 

example of the interplay between autophagy and apoptosis. FLIP is an anti-apoptotic 

protein which acts by suppressing the extrinsic apoptotic pathway through the 

inhibition of caspase 8 cleavage [228]. Interestingly, knockdown of FLIP has shown 

to enhance rapamycin-induced autophagy [240]. The anti-autophagic activity of FLIP 

has been linked to its ability to compete with LC3 for the binding of ATG3, resulting 

in the suppression of LC3 lipidation. Moreover, it has been found that pro-autophagic 

stimuli can reverse this interaction, suggesting a context-dependent role of FLIP [240]. 

1.5.1.6. UVRAG 

A dual role of UVRAG in both autophagy and apoptotic regulation has been recently 

suggested. Suppression of UVRAG in tumour cells has been shown to lead to an 

increase of apoptosis and a decrease of autophagy. Accordingly, an anti-apoptotic 

activity of UVRAG has been linked to its interaction with Bax, by preventing the 

translocation of Bax to the mitochondria [241]. Moreover, it has been observed that 

knockdown of UVRAG in atg5-/- autophagy deficient MEFs sensitises cells to 

doxorubicin-induced apoptosis, suggesting that UVRAG-mediated apoptosis 

regulation may occur independently from its role as autophagy regulator [242]. 

Additionally, interaction of UVRAG with Bif-1, a member of the endophilin B protein 

family involved in the pro-apoptotic activation of Bax and Bad, has also been 

correlated to enhanced autophagy [243]. 

1.5.1.7. BIM 

B-cell lymphoma 2-interacting mediator of cell death (BIM) is a pro-apoptotic protein 

which exists in 3 isoforms: BIM-short (BIMS), BIM-long (BIML), and BIM-extra long 

(BIMEL). It has been proposed that BIMS and BIMEL are mainly involved in apoptosis 

activation, while BIML is mainly correlated to autophagy [244]. BIM-mediated 

apoptosis regulation occurs through the binding of BIM to the BH3 domain of Bcl-2, 

which prevents its interaction with Bax and Bak [245]. Additionally, regulation of 
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autophagy by BIM may occur through its binding to Beclin-1 at a different site from 

the Bcl-2 binding region, resulting in autophagy inhibition. It has also been observed 

that BIM-mediated autophagy inhibition can be reversed under starvation conditions 

[246].    

 

1.6. Oxidative stress 

Aerobic metabolism is essential to provide energy within cells. It consists of a series 

of redox reactions occurring in the mitochondria which lead to ATP generation. 

Several compounds are produced as result of this process, but a small amount of them 

(less than 5%) are considered dangerous for cells due to their ability of chemically 

reacting with other cellular components. It has been reported that a low concentration 

of these reactive species is normally maintained in cells and it may be necessary for 

some cellular events including signal transduction, enzyme activation, gene 

expression, protein folding and caspase activation [247]. Reactive Species (RS) can be 

divided in four groups based on their structure and origin: Reactive Oxygen Species 

(ROS), Reactive Nitrogen Species (RNS), Reactive Sulphur Species (RSS) and 

Reactive Chloride Species (RCS) [247]. Under certain circumstances, increase in RS 

levels may affect cellular homeostasis, thus antioxidant systems able to scavenge RS 

have been evolutionary developed by cells as a defensive mechanism [247]. When the 

prooxidant/antioxidant equilibrium is disrupted in cells, oxidative stress is generated. 

Therefore, oxidative stress can be defined as the imbalance between RS generation and 

the antioxidant capacity of cells [248]. Oxidative stress has been implicated in a variety 

of human diseases, including Alzheimer’s, Parkinson’s, diabetes, immune system 

dysfunctions as well as in cancer [247]. 

 

1.6.1. Reactive Oxygen Species 

ROS are considered the most abundant reactive species within cells. They can be 

classified based on their structure into two main groups: (1) oxygen centered radicals 

and (2) oxygen centered non-radicals. The former includes ROS with one or more 

unpaired electron(s) in the external orbitals, such as the superoxide anion (O2
•−), the 

hydroxyl radicals (OH•), the alkoxyl radicals (RO•) and the peroxyl radicals (ROO•). 

The latter includes ROS like hydrogen peroxide (H2O2) and singlet oxygen (1O2), 
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which do not have unpaired electrons, but they can be converted to radical species 

[249]. Endogenous ROS production has been linked to mitochondria, cytosol, 

peroxisomes, endosomes, exosomes as well as to biological fluids like plasma [250]. 

Endogenous ROS generation may be the product of enzymatic reactions, like β-

oxidation reaction in peroxisomes and NAPDH-mediated reaction in the phagocytes, 

or non-enzymatic reactions, like the electron transport chain in the mitochondria [249]. 

Generally, mitochondria are considered the main source of ROS [251]. Within the 

electron transport chain, a molecule of oxygen is reduced to water and a superoxide 

radical (O2
•−) is produced (Figure 1.13). The O2

•− is then converted to hydrogen 

peroxide (H2O2) by superoxide dismutase (SOD), which is further converted to H2O 

and 1O2 by the detoxifying enzyme catalase, or to OH• by the mitochondrial aconitase 

via the Fenton reaction [251, 252]. In addition, external sources of ROS including UV 

irradiation, environmental pollutants, smoking, alcohol, exercise and 

chemotherapeutic drugs may also contribute to ROS generation and cellular 

accumulation [247].  

It has been suggested that ROS play an important role in cellular homeostasis. As 

aforementioned, low levels of ROS are crucial in several cellular processes as they are 

implicated in cellular proliferation, differentiation and migration. However, an 

aberrant redox homeostasis due to an abnormal metabolism or mitochondrial 

dysfunction may trigger ROS production, leading to their intracellular accumulation. 

High ROS levels in cells have been linked to cell damage and cell death [253].  
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Figure 1.13 ROS generation in mitochondria. 

Within the electron transport chain, the superoxide radical (O2
•−) can be generated from complexes I 

and III. The O2
•− is then converted to hydrogen peroxide (H2O2) by the superoxide dismutase (SOD), 

which is further converted to H2O by the detoxifying enzyme catalase, or to OH • via the Fenton 

reaction. Image modified from [254]. 

 

1.6.2. Antioxidant systems 

Antioxidant systems play a crucial role in cellular homeostasis by counteracting ROS 

accumulation. They can be divided in two main groups: enzymatic antioxidants, 

including SOD, catalase, glutathione peroxidase (GPX), glutathione reductase, 

peroxiredoxins and heme oxygenase 1 (HO-1), and non-enzymatic antioxidants, such 

as glutathione and vitamin A, C and E [255]. As mentioned before, SOD is of primary 

importance for its dismutation of the superoxide anion, while catalase is essential in 

the cellular detoxification of hydrogen peroxide. A crucial role in the detoxification of 

peroxide is also played by glutathione, which is considered indispensable for cellular 

redox homeostasis [256]. Glutathione is a small protein consisting of three amino acid 

(glutamine, cysteine, and glycine) which can exist in a reduced (GSH) or oxidised 

(GSSG) form. It has been reported that 90% of total glutathione within cells exists as 

GSH and less than 10% as GSSG [257]. However, under oxidising conditions, GSH 

can donate its electron to H2O2 in order to convert it to H2O and O2. This reaction is 

mediated by glutathione peroxidase and it results in the formation of a disulphide bond 
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between two GSH molecules, which are converted to one molecule of GSSG. By 

contrast, under reducing conditions, glutathione transferase can reduce GSSG to again 

form GSH. The conversion of GSH to GSSG is generally considered a good marker of 

oxidative stress [255]. Finally, it is worth mentioning another of the main antioxidant 

defence systems, the nuclear factor erythroid 2–related factor 2 (Nrf2), a transcription 

factor involved in the regulation of antioxidant pathways. Under normal conditions, 

the binding of kelch-like ECH-associated protein 1 (Keap1) to Nrf2 determines its 

inhibition and degradation through the proteasomal pathway. However, in the presence 

of ROS, the release of Nrf2 from Keap1 leads to its translocation to the nucleus and 

its binding to the antioxidant responsive element (ARE) of antioxidant genes. 

Activation of Nrf2 results in the regulation of several genes, including superoxide 

dismutase, glutathione peroxidase (GPX), glutathione-S-transferase (GST), 

NAD(P)H-quinone oxidoreductase 1 (NQO1) and heme oxygenase-1 (HO-1) [258]. 

 

1.6.3. Oxidative stress and cancer 

Several studies have focused their attention on the correlation between oxidative stress 

and cancer. It has been demonstrated that changes in the redox balance and 

dysregulation of redox signalling pathways are hallmarks of cancer cells [256]. 

Interestingly, elevated levels of ROS have been detected in tumour cells compared to 

normal cells [259]. In a cancer setting, an increase in ROS might be due to 

mitochondrial dysfunction, high metabolic rate, activation of oncogenes, peroxisomal 

activity and increased enzymatic activity of oxidase, cyclooxygenase and 

lipoxygenase enzymes [256]. Moreover, it has been observed that high levels of ROS 

within cells can chemically react with other cellular components causing damage to 

DNA, proteins and lipids. This may lead to altered gene regulation, loss of DNA repair 

activity, signal transduction dysregulation and mutations, resulting ultimately in 

altered cell growth, differentiation and apoptosis [250]. In this context, a crucial role 

for ROS in cancer tumour initiation and development has been proposed [260]. 

Accordingly, excessive ROS levels have been associated with mutations in oncogenes 

and tumour suppressor genes (e.g. PTEN, Ras, BCR-ABL and c-Myc) and activation 

of oncogenic signalling pathways. In this regard, it has been demonstrated that high 

H2O2 levels can lead to PTEN inactivation and concurrently Ras activation, which in 

turn activates survival pathways as the PI3K/Akt/mTOR and the MAPK/ERK 
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pathway, both involved in tumorigenesis [260]. High levels of ROS can also activate 

JNK, Nrf2 and NF-ĸB, all of which has been shown to translocate to the nucleus and 

promote tumour cell growth, angiogenesis and metastasis [260–262]. Moreover, ROS-

induced mitochondrial DNA mutations have also been associated with metastasis 

development [263]. In addition to the pro-tumour role of ROS, it has been reported 

that permanent elevated ROS levels can also induce cell death by triggering the 

apoptotic pathway. Indeed, ROS can disrupt the mitochondrial membrane, promoting 

the release of cytochrome c resulting in apoptosome formation [264, 265]. Thus, 

similar to autophagy, ROS can be considered a double-edge sword in cancer biology 

[253] (Figure 1.14).  

Nevertheless, it is worth noting that high levels of ROS in cancer cells are not 

deleterious as much as they would be in normal cells. In fact, it has been suggested 

that persistent high levels of ROS do not correlate with a proportional increase in 

oxidative stress in cancer cells. In fact, several studies have proposed that cancer cells 

have developed new redox balances in order to cope with ROS [247]. Therefore, it is 

not surprising that a high dependency on antioxidant systems has been observed in 

cancer cells as detoxification mechanisms from the high ROS microenvironment 

[256]. For example, higher  levels  of  cellular  GSH  were found in  human  fibroblast  

tumour  cell  lines  compared to normal fibroblasts [266–268]. Also, a constitutive 

upregulation of Nrf2 has been reported in pancreatic cancer cells and it has been linked 

to tumour maintenance [269]. Additionally, apart from an increase in the antioxidant 

systems, other cellular adaptations allow cancer cells to increase their metabolic and 

proliferation rate without inducing oxidative stress. An example of this is given by the 

metabolic reprogramming occurring in cancer cells, also known as the Warburg effect. 

The Warburg effect refers to the observation that cancer cells display a high glycolytic 

rate even when there are high levels of O2 [270, 271]. In fact, Otto Warburg showed 

for the first time that normal cells usually produce ATP via aerobic respiration in 

mitochondria, whereas cancer cells prefer to produce ATP via anaerobic glycolysis. It 

has been proposed that even though anaerobic glycolysis leads to reduced ATP 

production, it is faster than oxidative phosphorylation, thus it can support better the 

high proliferative rate of cancer cells. Moreover, since reduced levels of ROS are 

produced during anaerobic glycolysis, this may represent an adaptive mechanism that 

allows cancer cells to escape from the oxidative stress [247].  
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Figure 1.14 Cellular redox state during homeostasis, tumorigenesis and cell death. 

Under normal conditions, cells maintain homeostasis by producing enough antioxidants to balance ROS 

production. During tumorigenesis, mitochondrial dysfunction and a high metabolic rate results in 

increased levels of ROS which are counteracted by enhanced antioxidant responses. However, excessive 

and toxic ROS production can lead to a disruption of the cellular redox balance, resulting eventually in 

oxidative stress and cell death.  

 

The role of oxidative stress in oral cancer is not well understood. It has been proposed 

that ROS may play an important role in oral tumorigenesis, since the main risk factors 

associated with this type of cancer are generally considered external ROS sources. In 

fact, the exposure of the oral mucosa to tobacco and alcohol may lead to high levels 

of intracellular ROS, resulting in ROS-induced mutations and ultimately 

tumorigenesis. Additionally, high incidence of a single nucleotide polymorphism in 

the superoxide dismutase enzyme has been observed in OSCC patients who smoke 

compared to non-smokers [272]. Moreover, in vivo studies have shown that betel quid 

chewing is linked to oxidative stress in oral cancer [273]. Likewise, HPV may be 

associated with oral cancer through ROS-based mechanisms [274]. Given this, further 

studies are required to elucidate the role of ROS in OSCC.  

 

1.6.4. Oxidative stress and chemotherapy 

It has been demonstrated that many chemotherapeutic agents can induce ROS 

production within cells. As mentioned above, excessive ROS production may result in 

oxidative stress, due to the inability of the antioxidant systems to counteract ROS 

generation, leading eventually to cell death (Figure 1.14). Accordingly, intracellular 

accumulation of drug-induced ROS has been associated with activation of the 
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apoptotic pathway, suggesting that the cytotoxic effect of many drugs may be mediated 

by oxidative stress. Paclitaxel, 5-fluorouracil and cisplatin are examples of 

chemotherapeutic drugs correlated to an increase in ROS formation. For example, it 

has been found that cisplatin may form adducts with GSH, leading to its depletion and 

consequently ROS accumulation; this mechanism has been linked to cisplatin 

cytotoxicity through ROS-induced apoptosis [275, 276]. Accordingly, targeting ROS 

with the ROS scavenger N-acetyl cysteine (NAC) has been shown to prevent drug-

induced chemotoxicity [277, 278]. Interestingly, enhanced antioxidant systems, such 

as glutathione and Nrf2, have been found in several chemoresistant cell lines, 

suggesting that cancer cells can overcome the cytotoxic effect of drugs by 

counteracting drug-induced ROS [279, 280]. Accordingly, high levels of Nrf2 were 

found in doxorubicin-resistant breast cancer cells compared to the respective sensitive 

cells and were associated with an enhancement of the antioxidant response [281]. Also, 

overexpression of the GST enzyme, along with high GSH levels, have been reported 

to increase the rate of detoxification of ROS-induced chemotherapy agents, resulting 

in a decrease of their effectiveness [282]. Based on these findings, a potential role for 

the redox-signalling pathway in chemoresistance has been suggested. Therefore, 

targeting the antioxidant systems has been proposed as a valuable strategy to apply in 

the clinic to reduce chemoresistance [283]. In this context, several studies are currently 

investigating the beneficial effects of inhibiting glutathione and Nrf2 to increase the 

sensitivity of cells to chemotherapy [284–287].  

 

1.7. Drug-induced autophagy and oxidative stress modulation: state of 

the art in OSCC treatment 

As previously discussed, the implication of autophagy and oxidative stress in 

chemotherapy and chemoresistance has been widely investigated over the past 

decades. Currently, several studies are investigating whether targeting these pathways 

can be exploited in the clinic to improve cancer therapy. In the present study, the role 

of autophagy and oxidative stress during chemotherapy and their potential modulation 

for the treatment of OSCC was examined. A summary of the current state of the art in 

this field in OSCC has been reported in Table 1.2. Interestingly, a potential correlation 

between drug-induced autophagy and oxidative stress, along with an interesting 

interplay of these two pathways with various tumour-related processes (such as 
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apoptosis, angiogenesis, cell migration and EMT) may be suggested in OSCC. 

However, since the role of autophagy and oxidative stress seems to vary depending on 

the type of drug used, further studies are warranted to determine the beneficial effect 

of targeting these two pathways to improve the outcome of OSCC patients. 
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Treatments Induced 

pathways 

Role of 

induced 

pathways 

Combined 

modulators 

Effect of modulators Ref 

ANE Autophagy Pro-tumour 3-MA 

(autophagy inhib.) 

Increased apoptosis [288] 

Oxidative 

stress 

Pro-tumour NAC, 

(ROS inhib.) 

Increased apoptosis [288] 

Beicalein Autophagy Pro-tumour BAF 

(autophagy inhib.) 

Increased caspase 3 

activity 

[289] 

Oxidative 

stress 

Pro-tumour NAC 

(ROS inhib.) 

Increased caspase 3 

activity 

[289] 

Cisplatin Autophagy Pro-tumour 3-MA, CQ 

(autophagy inhib.) 

Increased apoptosis 

Reduced migration 

[191, 290, 

291] 

Cell death Rapamycin 

(autophagy activ.) 

Reduced tumour 

growth 

[292] 

Oxidative 

stress 

Cell death BSO 

(GSH inhib.) 

Slightly increased 

cell death 

[293] 

Cell death NAC 

(ROS inhib.) 

Reduced apoptosis 

and autophagy 

[294] 

Curcumin Autophagy Cell death 3-MA 

(autophagy inhib.) 

Protection from 

increased cell death 

[295] 

Oxidative 

stress 

Anti-tumour NAC 

(ROS inhib.) 

Reduced autophagic 

cell death 

[295] 

Erianin Autophagy Anti-tumour N/A N/A [296] 

Fisetin Autophagy Pro-tumour 3-MA 

(autophagy inhib.) 

Increased apoptosis [297] 

HCD Autophagy Cell death N/A N/A [298] 

Methotrexate Autophagy Pro-tumour N/A N/A [195] 

Obtaclax Autophagy Anti-tumour N/A N/A [299] 

Oxidative 

stress 

Anti-tumour N/A N/A [299] 

Plumbagin Oxidative 

stress 

Cell death GSH, NAC 

(ROS inhib.) 

Protection from 

increased cell death 

[300] 

Resveratrol Autophagy Pro-tumour 3-MA, 

Cudaxantrone 

(autophagy inhib.) 

Reduced EMT and 

cell migration 

[301] 

Safingol Autophagy Pro-tumour 3-MA, BAF 

(autophagy inhib.) 

Increased apoptosis [302] 

Oxidative 

stress 

Cell death NAC 

(ROS inhib.) 

Prevention of cell 

death 

[302] 

Sandensolide Oxidative 

stress 

Cell death NAC 

(ROS inhib.) 

Reduced cytotoxicity [303] 

Sulfasalazine Autophagy Cell death 3-MA 

(autophagy inhib.) 

Protection from 

reduced cell viability 

[196] 

Tetrandrine Autophagy Cell death 3-MA, BAF, CQ 

(autophagy inhib.) 

Protection from 

reduced cell viability 

[198] 

Thymoquinone Autophagy Cell death BAF 

(autophagy inhib.) 

Protection from 

increased apoptosis 

[197] 

YM155 Autophagy Cell death Rapamycin 

(autophagy activ.) 

Reduced tumour 

growth and 

angiogenesis 

[304, 305] 

Table 1.2 The effect of autophagy and oxidative stress modulation in OSCC.  
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1.8. Project aims 

The overall aim of this project is to identify the role of autophagy in OSCC and determine 

whether autophagy may be implicated in oral carcinogenesis and chemoresistance. 

Moreover, the present study aims to evaluate whether a combination of chemotherapy 

and autophagy inhibition may represent a novel treatment strategy against OSCC.  

More specifically the objectives are: 

1. To investigate cell death mechanisms induced in oral cancer cells in response to 

standard OSCC chemotherapeutics and to evaluate the role of autophagy in response 

to chemotherapy; 

2. To examine the signalling pathway(s) underlying drug-induced apoptosis and 

autophagy in OSCC;  

3. To evaluate the mechanism(s) implicated in chemoresistance in OSCC; 

4. To investigate the expression of autophagic proteins in oral cancer tissue samples 

during OSCC progression and to determine their relationship with clinical-

pathological factors. 

This project will determine the mechanisms implicated in the OSCC response to 

chemotherapeutics and whether their modulation may be considered in the design of new 

therapeutics for this malignancy. 
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2. Material and Methods 
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2.1. Materials and suppliers 

 

Materials Suppliers 

2’,7’-dichlorodihydrofluorescein-diacetate (H2DCFDA) Sigma-Aldrich 

3-methyladenine (3-MA) Sigma-Aldrich 

5-fluorouracil Sigma-Aldrich 

Acrylamide Ultra Pure 

Alamar Blue Life Technologies 

Ammonium Persulfate  Sigma-Aldrich  

Annexin V-FITC  iQ Products  

Anti-CD24-APC (SN3 A5-2H10) Invitrogen 

Anti-CD44-FITC (IM7) Invitrogen 

Anti-ATG5 (2630) Cell Signalling  

Anti-Bcl-xL (2764) Cell Signalling  

Anti-Beclin-1 (NB500-249) Novus Biological 

Anti-Caspase 3 (9662S) Cell Signalling  

Anti-Cleaved Caspase 3 (9664S) Cell Signalling  

Anti-GAPDH (6C5) Calbiochem  

Anti-LC3-I/II (2775S, 3868) Cell Signalling  

Anti-LC3 5F10 (0231-100) NanoTools 

Anti-HO-1 (5853) Cell Signalling  

Anti-Mouse (A9044) Sigma-Aldrich 

Anti-Mouse (W402B) Promega  

Anti-Nrf2 (12721) Cell Signalling  

Anti-p44/42 MAPK (Erk1/2) (9102) Cell Signalling 

Anti-p62 (ab56416) Abcam 

Anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)  

(9101) 
Cell Signalling  

Anti-phospho-SAP/JNK (Thr183/Tyr185) (4668) Cell Signalling 

Anti-Rabbit (A16035) Invitrogen 

Anti-Rabbit (W4011) Promega  

Anti-Ras (3965) Cell Signalling 

Anti-SAPK/JNK (9251) Cell Signalling 

Anti-α-tubulin (CP06) Calbiochem  

Anti-β-Actin (4967) Cell Signalling 
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Bafilomycin-A1 Sigma-Aldrich 

BCA protein reagents A and B  Pierce  

Bond Primary Antibody Diluent Ventana 

Bradford Sigma-Aldrich 

Bromophenol blue Sigma-Aldrich  

Bovine Serum Albumin (BSA) Sigma-Aldrich 

BSA protein standards  Pierce  

Buthionine sulfoximine (BSO) Tocris 

Calcium chloride  Sigma-Aldrich 

Carboplatin Sigma-Aldrich 

Chloroquine Enzo Life Sciences 

Cis-diammine platinium (II) dichloride Sigma-Aldrich  

Complete Ultra Protease Inhibitor Tablets  Roche  

Cryogenic tubes Nalene 

Crystal violet Sigma-Aldrich 

Cyto-ID® Autophagy Detection Kit Enzo Life Sciences 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Dulbecco’s Modified Eagle Medium (DMEM) Gibco 

Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 

 (DMEM-F12) 
Sigma-Aldrich 

Docetaxel Accord 

Dithiothreitol (DTT) Sigma-Aldrich 

Earle's Balanced Salt Solution (EBSS) Sigma-Aldrich 

ECL detection kit  Pierce  

Ethanol  Lennox 

Fetal bovine serum (FBS) Sigma-Aldrich 

Filter paper  Whatman  

Glycerol  Sigma-Aldrich  

Glycine  Sigma-Aldrich  

GSH/GSSG-Glo Kit Promega 

Hepes Sigma-Aldrich 

Hydrocortisol Sigma-Aldrich 

Iso-propanol  Sigma-Aldrich  

L-glutamine Sigma-Aldrich 

Lipoafectamine 2000 Invitrogen 
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Menadione Fluorochem 

Methanol  Lennox  

ML385 Sigma-Aldrich 

N-acetyl cystein (NAC) Sigma-Aldrich 

Non-fat dried milk  Marvel  

ON-target plus non-targeting pool siRNA Dharmacon 

ON-target plus SMART-pool ATG5 siRNA Dharmacon 

Opti-MEM Bioscience 

OptiView DAB IHC Detection Kit  Ventana 

PageRuler™ Plus Prestained Protein Ladder  Thermo Scientific 

Sterile PBS Gibco 

PBS tablets  Sigma-Aldrich  

Penicillin-streptomycin Sigma-Aldrich 

Phosphatase Inhibitor Cocktails 2 and 3  Sigma-Aldrich  

Propidium iodide (PI) Sigma-Aldrich 

Polyvinylidene difluoride (PVDF)  Millipore  

Rapamycin  Enzo Life Sciences 

RIPA lysis buffer  Sigma-Aldrich  

RNAse A Sigma-Aldrich 

SAR405 APExBIO 

Sodium chloride Sigma-Aldrich  

Sodium dodecyl sulfate (SDS) Sigma-Aldrich  

Sodium orthovanadate Sigma-Aldrich 

Sodium pyruvate Sigma-Aldrich 

Sorafenib LC laboratories 

SP600125 Fluorochem 

Sterile H2O Sigma-Aldrich  

TEMED  Sigma-Aldrich  

Tissue-Tek Prisma H&E Stain Kit Sakura 

Trizma base  Sigma-Aldrich  

TrypLe Express Gibco 

Tween-20  Sigma-Aldrich  

Ultraview/iView Amplification Kit Ventana 

X-ray Film Fisher Scientific 

Z-VAD-fmk Calbiochem 
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All sterile tissue culture flasks, pipettes, plates, pipette tips and universal tubes were from 

Greiner Bio-one Ld. Eppendorf® Refrigerated Microcentrifuge model 5417R was used to 

centrifuge 1.5 mL Eppendorf tubes and Sorvall T436 centrifuge was used for falcon tubes.  

 

2.2. Contact details of distributors 

Abcam: 330 Cambridge Science Park, Cambridge, CB4 OFL, U.K. 

orders@abcam.com 

APExBIO: 7505 Fannin street, Suite 410, TX 77054, Houston, U.S.A  

info@apexbt.com 

Bioscience: 3 Charlemont Terrace, Crofton Road, Dun Laoghaire, Co Dublin, A96 

K7H7, Ireland 

orders@biosciences.ie  

Brennan Co: Stillorgan Industrial Park, Dublin, Ireland  

enquiries@brennanco.ie  

Calbiochem: La Jolla, California 92-39-2087, U.S.A.  

CUSTOMER.SERVICE@MERCKBIOSCIENCES.CO.UK  

Cell Signalling Technology: 3 Trask Lane, Denvers, Massachusetts 09123, U.S.A.  

enquiries@brennanco.ie  

Cruinn Diagnostics Ltd: 5b/6b Hume Centre, Park West Industrial Estate, Dublin 12, 

Ireland  

info@cruinn.ie  

Dharmacon: cs.dharmacon.eu@horizondyscovery.com 

Enzo Life Sciences: 1 Colleton Crescent, Exeter, EX2 4DG, U.K. 

info-uk@enzolifesciences.com 

Fisher Scientific: Fisher Scientific Ireland, Suite3, Plaza212, Blanchardstown Corporate 

Park 2 Ballycoolin, Dublin 15 

Fluorochem Ltd: Unit 14, Graphite Way, Hadfield, Derbyshire, SK13 1QH, U.K. 

enquires@fluorochem.co.uk 

GraphPad Software Inc: 2236 Avendia de la Playa, La Jolla, California 90237, U.S.A.  

sales@graphpad.com  

Greiner Bio-One-Ltd: Brunel Way, Stroudwater Business Park, Stonehouse, 

Gloustershire L10 3SX, U.K. 
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orders@cruinn.ie  

Invitrogen Ltd: 3 Fountain Drive, Inchinnan Business Park, Paisley PA4 9RF, U.K.  

Millipore: Tullagreen, carrigtwohill, Co. Cork, Ireland  

eiorders@europe.sial.com 

MyBio: Kilkenny Research and Innovation Centre, Kilkenny, Ireland  

info@mybio.ie  

NanoTools Antikörpertechnik GmbH&Co. KG: Tscheulinstr. 21, D-79331 Teningen, 

Germany 

info@nanotools.de 

Pierce Biotechnology Ltd.: P.O. Box 117, Rockford, Illinois 61105, U.S.A.  

info@medical-supply.ie 

Promega: MyBio Ltd. Kilkenny Research & Innovation Centre, St. Kieran's College, 

Kilkenny, Ireland 

info@mybio.ie  

R&D Systems: 19 Barton Lane, Abingdon Science Park, OX14 3NB, U.K.  

info@RnDSystems.co.uk  

Roche Diagnostics Ltd.: Burgess Hill, West Sussex, RH159RY, U.K.  

burgesshill.ras@roche.com  

Sigma-Aldrich Ireland Ltd: Vale Road, Arklow, Wicklow, Ireland  

EIRCustsupport@sial.com  

Tocris: Tocris House, IO Centre, Moorend Farm Avenue, Bristol BS11 0QL, U.K. 

info@tocris.ie  

VWR: Northwest Business Park, Dublin 15, Ireland  

sales@ie.vwr.com 

 

2.3. Cell culture 

All cell culture procedures were carried out at room temperature in a class II tissue culture 

hood using aseptic technique. SCC4 and SCC9 cells were purchased from Sigma-Aldrich 

and supplied by European Collection of Authenticated Cell Cultures (ECACC). Both 

SCC4 and SCC9 cell lines are epithelial-like cells of human squamous carcinoma isolated 

from the tongue of a 51 and 25 years old males, respectively [306]. SCC4 are poorly 

differentiated cells which have shown overexpression of mutant p53 protein and 
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functional H-Ras protein, whilst SCC9 are moderately differentiated which have shown 

no expression of p53 protein and a non-synonymous mutation in H-Ras gene [21][307]. 

SCC4 cells were grown in Dulbecco’s Modified Eagles (DMEM) GlutaMAXTM 

supplemented with 10% (v/v) Foetal Bovine Serum (FBS) and 1% (v/v) penicillin-

streptomycin. SCC9 were cultured in DMEM-F12 medium supplemented with 10% (v/v) 

FBS, 1% (v/v) penicillin-streptomycin, 400 ng/mL hydrocortisone, 0.5 mM sodium 

pyruvate and 2.5 mM L-glutamine.  

 

2.3.1. Cell maintenance 

Cells were routinely maintained in 75 cm2 tissue culture flasks in a 5% CO2 atmosphere 

at 37°C and were passaged when 70-80% confluent, approximately twice a week. For 

sub-culturing, media was removed from the flask and cells were washed with 3 mL 

Phosphate Buffered Saline (PBS). Following the removal of PBS, cells were incubated 

with 3 mL of TrpLE Express at 37°C until they had detached from the flask. TrpLE 

Express was then neutralised with 3 mL of fresh media, and cells were collected into a 50 

mL falcon tube and centrifuged at 300 x g for 5 min. The pellet was resuspended in fresh 

media and diluted in a new cell culture flask with fresh growth media (10 mL). 

 

2.3.2. Cell freezing and recovery 

Cells were routinely stored in liquid nitrogen at -196°C. For freezing, cells were grown 

in a 75 cm2 flask to a maximum confluence of 70%-80%. Cells were detached and 

centrifuged at 300 x g for 5 min at room temperature. The pellet was resuspended in 3 

mL of freezing solution containing 90% (v/v) FBS and 10% (v/v) Dimethyl Sulfoxide 

(DMSO) and aliquoted into cryotubes (1 mL per tube). Then, cells were placed into a Mr. 

Frosty freezing container filled with isopropanol and stored at -80°C for approximately 

24 h before transferring to liquid nitrogen. For thawing, cells were removed from liquid 

nitrogen and defrosted rapidly in a 37°C water bath for approximately 1-2 min. Cells were 

transferred into a 50 mL falcon tube with 10 mL fresh media and centrifuged at 300 x g 

for 5 min to remove any trace of DMSO. The supernatant was removed, and the pellet 

was resuspended in fresh media and diluted for growth in a 25 cm2 flask. The following 

day the media was changed, and cells were passaged once confluent. 



65 

 

 

2.3.3. Cell counting 

Prior to each experiment cells were counted. From a 70-80% confluent flask, cells were 

detached and centrifuged as described above. The pellet was resuspended in 5-8 mL of 

fresh media and 10 µL of a 1:2 dilution of cells was pipetted onto a Neubauer 

hemocytometer for cell counting. The haemocytometer had nine 1 x 1 mm squares 

engraved in it and the chamber between the grid and the coverslip was 0.1 mm thickness. 

Cells were counted in the four large corner squares of the hemocytometer and the average 

per small square was acquired and multiplied by the dilution factor and by 104 to 

determine the number of cells per mL. 

 

2.4. Drug preparation 

 

2.4.1. Cisplatin 

Cisplatin (cis-diammine platinium (II) dichloride) was dissolved in sterile 0.9% NaCl to 

make a stock solution of 2 mM. The stock solution was filtered using syringe filters 0.2 

µm pore size, aliquoted and stored protected from the light at -20°C for a long period or 

at 4°C for a short period (2-3 months). From the stock solution, the desired concentrations 

of cisplatin for each experiment were made up by further dilution in 0.9% NaCl.  

2.4.2. 5-Fluorouracil 

5-fluorouracil was dissolved in DMSO to make a stock solution of 400 mM. The stock 

solution was stored protected from the light at 4°C for 5 months. Working dilutions were 

prepared fresh on the day in sterile PBS with the final DMSO concentration applied to 

the cells at 0.1% (v/v). 

2.4.3. Docetaxel 

Docetaxel Accord contains 20 mg of docetaxel per 1 mL (dissolved in ethanol). Desired 

dilutions were prepared in 100% ethanol with the final ethanol concentration applied to 

the cells at 1% (v/v). The principal stock and working solutions were stored at 4°C 

protected from the light. 
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2.4.4. Carboplatin 

Carboplatin was dissolved in sterile H2O to make a stock solution of 25 mM. The stock 

solution was stored protected from the light at room temperature. Working dilutions were 

made up with H2O to the concentration required. 

2.4.5. Sorafenib 

Sorafenib was dissolved in 100% ethanol to make a 10 mM stock. The stock solution was 

stored at 4°C.  From the stock solution, the desired concentrations of sorafenib for each 

experiment were made up by further dilution in PBS with the final ethanol concentration 

applied to the cells at 1% (v/v). 

2.4.6. Autophagy modulators 

Bafilomycin-A1 and SAR405 were dissolved in DMSO to make stock solutions of 100 

µM and 10 mM respectively. Chloroquine and rapamycin were supplied lyophilised in 

the Cyto-ID® Autophagy Detection kit. Chloroquine (7.5 µmoles) was reconstituted in 

125 µL deionised H2O and rapamycin (25 nmoles) in 50 µL DMSO, resulting in 60 mM 

and 500 µM stock solutions respectively. Stock solutions of bafilomycin-A1, SAR405, 

chloroquine and rapamycin were stored at -20°C and working solutions were prepared 

fresh on the day of the experiment in sterile PBS. Bafilomycin-A1, SAR405 and 

rapamycin were applied to the cells at a final concentration of 0.1% (v/v) DMSO. Finally, 

3-methyladenine (3-MA) working solutions were made up fresh for each experiment by 

dissolving the required amount of 3-MA in cell culture media up to a concentration of 5 

mM. Before applying to cells, working solutions were heated in a water bath to facilitate 

the dissolution of the compound and filtered using sterile syringe filters with 0.2 μm pore 

size to avoid bacterial contamination. 

2.4.7. Z-VAD-fmk 

1 mg of Z-VAD-fmk (caspase inhibitor I) was dissolved in 42.7 μL DMSO to give a 50 

mM stock (stored at -20oC). Dilutions were prepared fresh on the day in sterile PBS with 

the DMSO concentration applied to the cells at a final concentration of 0.1% (v/v). 

2.4.8. N-acetyl cysteine 

NAC was prepared as a 100 mM stock solution in H2O.  Since the pH of the stock solution 

was low (~1.5), it was adjusted to 7.0-7.5 using NaOH. The stock solution was filtered 
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using sterile syringe filters with 0.2 μm pore size to avoid bacterial contamination and 

then stored for maximum 3 months at 4oC. Working dilutions were made up with H2O to 

the concentration required. 

2.4.9. SP600125 

SP600125 was dissolved in DMSO to make a stock solution of 20 mM. The stock solution 

was stored protected from the light at 4°C. Working dilutions were prepared fresh on the 

day in sterile PBS with the final DMSO concentration applied to the cells at 0.1% (v/v). 

2.4.10.  Buthionine sulfoximine  

Buthionine sulfoximine (BSO) was prepared as a 20 mM stock solution in H2O. From the 

stock solution, the desired concentrations of BSO for each experiment were made up by 

further dilution in H2O. The principal stock and working solutions were stored at -20°C.  

2.4.11.  ML385 

5 mg of ML385 were diluted in 200 μL DMSO to give a 50 mM stock (stored at -20oC). 

Dilutions were prepared fresh on the day in sterile PBS with the DMSO concentration 

applied to the cells at a final concentration of 0.1% (v/v). 

 

2.5. Induction of cisplatin resistance in OSCC cells 

A cisplatin-resistant population of cells was generated from the SCC4 cell line by pulsed 

stepwise exposure to cisplatin over a period of 12 months (Figure 2.1). An untreated 

control set of parental SCC4 cells was grown alongside cisplatin treated cells in order to 

compare age-matched cell populations. Cells were seeded in 25 cm2 flasks at a density of 

300×103 cells/flask in complete media and allowed to attach overnight. The following 

day, cells were treated with 0.6 µM cisplatin (IC25) diluted in fresh media for 72 h. 

Cisplatin-free fresh media was supplied to control cells and flasks were incubated for 72 

h to mimic the treatment time. After incubation, the media was discarded in both sets of 

cells and replaced with cisplatin-free media in order to allow viable cells to recover. Fresh 

media was supplied every two days, and after 7-10 days resistant clones were obtained in 

the cisplatin-treated set of cells. Cells were passaged a couple of times before repeating 

the whole procedure again using stepwise increasing concentrations of cisplatin (0.7, 0.8, 

0.9 µM). Every generation of ‘cisplatin-resistant’ cells, along with the age-matched 
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parental cells, was frozen in liquid nitrogen. Following cell thawing and maintenance for 

a number of days in cisplatin-free growth medium, a cell viability assay was performed 

to evaluate any fold change in IC50 values compared to the parental cell line. Thus, the 

SCC4 parental cells and the SCC4 ‘cisplatin-resistant’ cells (SCC4cisR) were treated with 

several concentrations of cisplatin (0-25 µM) for 72 h and viability was determined 

through the alamar blue viability assay as detailed below.  

 

 

Figure 2.1 Generation of cisplatin-resistant SCC4cisR cells and age-matched parental SCC4 cells. 
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2.6. Cell viability assay 

An alamar blue assay was performed to study cell viability in OSCC cells. The active 

constituent in alamar blue is resazurin, a blue non-fluorescent cell dye that is reduced to 

resorufin in healthy viable cells because of their naturally reductive environment (Figure 

2.2). As the resorufin is pink and highly fluorescent, the viability of the cells can be 

quantitatively detected using a UV spectrophotometer at an emission and extinction 

wavelength of 544 nm and 590 nm respectively. 

 

 

 

Figure 2.2 The principle of alamar blue assay. 

 

2.6.1. Determination of the linear range of the assay 

The linear range of the assay was determined in order to optimise the protocol. SCC4 and 

SCC9 cells were seeded in triplicate in complete media in 96 well flat bottom plates (200 

µL/well) at varying cell densities (1-30 x 103 cells/well). Cells were allowed to grow at 

37°C for 48 and 72 h before adding 20 µL of alamar blue. Plates were incubated at 37°C 

for 6 h wrapped in the tinfoil. The fluorescence was measured at an excitation wavelength 

of 544 nm and an emission wavelength of 590 nm on a SpectraMax Gemini EM 

Microplate Reader using SOFTmax Pro version 4.9. The values obtained were normalised 

by the blank and the mean of each triplicate was calculated. Data were graphed using 

GraphPad Prism version 5.0 (GraphPad software Inc., San Diego, CA, USA). 

2.6.2. Determination of IC50 values of chemotherapeutic agents 

Cells were seeded in 96 well flat bottom plates in triplicate at a density of 5 × 103 

cells/well in complete media (~30-40% confluence) and allowed to attach overnight at 



70 

 

37°C. The following day, the media was replaced with varying concentrations of the 

relevant drug diluted in complete media (200 µL/well). Cells were incubated at 37°C for 

24, 48 and 72 h and cell viability was determined by the addition of 10% (v/v) alamar 

blue to each well. Plates were incubated in the dark for up to 6 h until a colour change 

was observed. The fluorescence was measured at an excitation wavelength of 544 nm and 

an emission wavelength of 590 nm on a SpectraMax Gemini EM Microplate Reader using 

SOFTmax Pro version 4.9. The values obtained were normalised by the blank. Vehicle 

treated cells were taken as 100% viability and wells treated with drugs were calculated as 

a percentage of the vehicle control. The mean of each triplicate was calculated. Dose 

response curves were plotted and IC50 values were determined using GraphPad Prism 

version 5.0. 

 

2.7. Colony forming assay 

The colony forming assay (CFA) was employed to evaluate the survival potential of 

SCC4 and SCC4cisR cells treated with cisplatin. The CFA is an in vitro assay that allows 

one to determine the ability of cells to survive and reproduce after treatment with 

cytotoxic agents, such as drugs or radiation. The CFA is based on the capacity of single 

cells to grow into colonies [308]. Colonies are defined as a cluster of cells >50. Assuming 

that each colony derives from a single cell, detection and quantification of the number of 

colonies formed following cytotoxic treatments is indicative of the number of surviving 

cells. 

2.7.1. Determination of the optimal seeding density for the CFA  

Optimisation of seeding density was determined by plating increasing concentrations of 

cells in 6 well plates. Cells were seeded at a cell density range of 250-1500 cells/well in 

2 mL of complete media and incubated at 37°C for 72 h to mimic the treatment times. 

The media was then replaced with 2 mL of fresh new media and cells were left to grow 

into colonies for 9 days. After the incubation, supernatants were discarded and colonies 

were washed with 1 mL of PBS. To fix and stain the colonies, each well was covered with 

1 mL of 0.5% crystal violet solution diluted in 25% methanol and the plates were 

incubated for 1 h at room temperature. Colonies were then washed several times with 

distilled H2O to remove any residue of the staining solution from the well surface, and 
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plates were left drying upside down on the bench. Images were acquired with the 

GelCount image scanner.  

2.7.2. Determination of the survival fractions following treatment with 

cisplatin 

Cells were seeded in 6 well plates at a density of 500 cells/well in complete media. After 

24 h, cells were treated with increasing concentrations of cisplatin (0-2 µM) for 48 h. 

After the treatment, surviving cells were incubated at 37°C in drug-free media for 9 days 

to allow cell recovery. Then, supernatants were discarded and colonies obtained were 

washed with PBS before being fixed and stained with 0.5% crystal violet solution diluted 

in 25% methanol. After 1 h, plates were washed with distilled H2O and left to dry at room 

temperature. Colonies were counted manually and images were acquired with the 

GelCount image scanner. The values obtained were used to calculate the plating 

efficiency (PE) and the survival fractions (SF) through the following formulas: 

 

𝑃𝐸 =
𝑛𝑜.  𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑓𝑜𝑟 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑛𝑜.  𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
 𝑥 100% 

 

𝑆𝐹 =  
𝑛𝑜.  𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑛𝑜.  𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑥 𝑃𝐸
        

 

Data obtained were then used to determine the cell survival curves which are 

representative of the relationship between treatment doses and survival fractions. Survival 

curves were plotted using GraphPad Prism version 5.0. A summary of the entire 

procedure is showing Figure 2.3.  
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Figure 2.3 Summary of colony forming assay (CFA) protocol. 

Image modified from [309]. 

 

2.8. Flow cytometry analysis 

Flow cytometric analysis was carried out to study the cell cycle, apoptosis, autophagy, 

oxidative stress and the stem cell population in OSCC cell lines. This technique represents 

a quantitative approach to count and profile cells in a heterogeneous population. 

Depending on the analysis of interest, cells were stained with one or two fluorescent dyes 

and then analysed using a BD Accuri C6 flow cytometer. 10,000 cells were appropriately 

gated on vehicle treated cells and cell debris and aggregates were excluded. Data were 

acquired and graphed using GraphPad Prism version 5.0 or FlowJo v10.  
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2.8.1. Cell cycle analysis 

Propidium iodide (PI) staining was used to measure the percentage of cells in G0/G1, S, 

G2/M and subG0/G1 peaks. PI is a fluorescent dye which binds stoichiometrically to 

DNA (excitation 488 nm and emission 600 nm). Thus, quantitative detection of PI 

fluorescence gives information about the amount of DNA in cells which correlates with 

the cell cycle phase of the cells as follows: G0/G1 (2n), S (2n-4n) and G2/M (4n). 

Furthermore, cells which have undergone apoptosis have fragmented DNA (<2n) 

resulting in low PI fluorescence. Apoptotic cells are represented as a subG0/G1 

population. 

Cells were seeded in 6 well plates at a density of 150×103 cells/well in complete media 

(~30-40% confluence). After 24 h, cells were treated with either vehicle (0.009% (v/v) 

NaCl) or varying concentrations of cisplatin at different time points. Cells were detached 

with 1 mL of TrpLE Express, harvested into a 50 mL falcon tube and centrifuged at 300 

x g for 5 min. Pellets were washed with 1 mL PBS and then resuspended in 100 µL PBS 

before fixing with 1 mL of 70% ice cold ethanol added dropwise whilst vortexing. 

Samples were stored immediately at -20°C for at least 16 h before the analysis. To remove 

the ethanol, 1 mL PBS was added to each sample and cells were centrifuged at 1000 x g 

with the brake set at 1. Pellets were resuspended in 200 µL PBS and transferred to 1.5 

mL Eppendorf tubes. Next, 10 μg/mL of RNase A and 100 μg/mL of PI were added to 

each tube and samples were incubated for 30 min at 37°C covered with tin foil before 

flow cytometric analysis. PI was detected using 585/40 bandpass filter and the percentage 

of cells in each peak was acquired using BD Accuri C6 software (Figure 2.4).  
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Figure 2.4 Gating strategy for cell cycle analysis. 

SCC4 cells were stained with propidium iodide (PI) and then analysed using a BD Accuri flow cytometer. 

Forward (FSC-A) vs side (SSC-A) scatter area was plotted to identify cell population and to exclude debris 

(A). Width vs PI (488 nm, FL-2 channel: 585/40 bandpass filter) area (PI-A) was then plotted to exclude 

clumped and doublet cells (B). This gate was further analysed on a PI-A histogram. Cell cycle stages were 

gated on the basis of the level of PI intensity (C). 

 

2.8.2. Apoptosis analysis 

Annexin V-Fluorescein Isothiocyanate (FITC) and PI staining was performed to study 

apoptosis in OSCC cells. This assay allows differentiation between early and late stage 

apoptosis based on cell positivity to annexin V and/or PI staining. Annexin V is a 

phospholipid binding protein with high affinity for phospholipid phospatidyl serine (PS). 

In this assay, annexin V is labelled with the fluorochrome FITC. Annexin V-FITC can 

bind PS only during the apoptotic process when PS translocates from the inner to the 

outer leaflet of plasma membrane [310]. PI is a red fluorescent dye which binds DNA and 

it can only enter cells which have lost membrane integrity (late apoptotic/necrotic stages). 

Thus, based on their annexin V-affinity, apoptotic cells can be distinguished from annexin 

V-negative living cells and the combination with PI allows a further distinction of late 

apoptotic (annexin V+/PI+) and early apoptotic (annexin V+/PI-) cells.  

Cells were plated as described above and treated with the relevant drugs. After incubation, 

cells were detached with TripLE Express and centrifuged at 300 x g for 5 min. The 

supernatant was discarded, and pellets were washed with 500 µL 1X annexin V Binding 

Buffer, diluted from the 20X solution in PBS (0.1 M HEPES, 1.4 M NaCl, 25 mM CaCl2, 

pH 7.4). Cells were then centrifuged and resuspended in 50 µL annexin V-FITC antibody 

(diluted 1:33.3 in 1X annexin V Binding Buffer) and incubated on ice in the dark. After 

20 min, cells were pelleted (600 x g, 5 min, 4°C) and resuspended in approximately 300 
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µL PI (diluted 1:2000 in 1X annexin V Binding Buffer) before flow cytometric analysis. 

annexin V-FITC (455 nm) was detected using 530/30 bandpass filter while PI (488 nm) 

with a 585/40 bandpass filter and the percentage of cells positive to annexin V and/or PI 

was acquired using BD Accuri C6 software (Figure 2.5). Single stained vehicles were 

used as compensation controls. 

 

 

Figure 2.5 Gating strategy for annexin V/PI analysis. 

SCC4 cells were stained with annexin V-FITC and PI and then analysed using a BD Accuri flow cytometer. 

Forward (FSC-A) vs side (SSC-A) scatter area was plotted to identify cell population and to exclude debris 

(A). Width vs forward scatter height (FSC-H) was plotted to exclude clump and doublet cells (B). This gate 

was further analysed on a FITC area (FITC-A) vs PI area (PI-A) dot plot. Viable cells: annexin V-/PI-; 

early apoptotic cells: annexin V+/PI-; late apoptotic cells: annexin V+/PI+ (C).  

 

2.8.3. Autophagy analysis 

The Cyto-ID Autophagy Detection Kit was used to analyse autophagy induction in SCC4 

and SCC9 cells. This assay represents a specific and quantitative approach for monitoring 

autophagy induction in live cells [311]. The green fluorescent dye supplied in the kit 

becomes brightly fluorescent in vesicles produced during autophagy and it can be 

detected through flow cytometric analysis at an extinction wavelength of 488 nm. The 

intensity of the signal is proportional to the number of autophagic vesicles, thus is 

indicative of autophagy activation. 

Cells were seeded in 6 well plates at a density of 150 × 103 cells/well (~30-40% 

confluence) and allowed to adhere overnight prior to the treatment. Cells were left 

untreated or treated with the relevant drugs. A combination of the autophagy inducer 

rapamycin (RAP) and the autophagy inhibitor chloroquine (CQ) was used as a positive 
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control and added to the cells 48 h before analysis. Cells were detached with 1 mL of 

TrpLE Express, harvested into a 50 mL falcon tube and centrifuged at 300 x g for 5 min. 

Pellets were then washed with 200 μL 1X Assay Buffer (diluted from the 10X solution in 

H2O) and transferred into 1.5 mL Eppendorf tubes. After centrifugation, cells were 

resuspended in 200 μL 1X Assay Buffer and 200 μL Cyto-ID® Green dye solution (diluted 

1:1000 in 1X Assay Buffer) was added in each tube. Samples were incubated for 30 min 

at 37°C covered with tinfoil. Cells were centrifuged (600 x g, 5 min) and resuspended in 

300 μL 1X Assay Buffer before flow cytometric analysis. Cyto-ID® Green dye (463/534 

nm) was detected using 530/30 bandpass filter and Median Fluorescence Intensity (MFI) 

was acquired using BD Accuri C6 software (Figure 2.6).  

 

 

Figure 2.6 Gating strategy for Cyto-ID analysis. 

SCC4 cells were stained with Cyto-ID® Green dye and then analysed using a BD Accuri flow cytometer. 

Forward (FSC-A) vs side (SSC-A) scatter area was plotted to identify cell population and to exclude debris 

(A). Width vs forward scatter height (FSC-H) was plotted to exclude clumped and doublet cells (B). This 

gate was further analysed on a FL1-A histogram to acquire MFI values (C).  

 

2.8.4. Measurement of intracellular Reactive Oxygen Species 

Intracellular levels of ROS were measured in OSCC cells using 2’,7’-

dichlorodihydrofluorescein-diacetate (H2DCFDA) staining. H2DCFDA is a cell permeant 

dye which can freely diffuse across cell membranes. In the cytoplasm, this compound is 

hydrolysed by intracellular esterases and it is converted to H2DCF through cleavage of 

the two acetate groups. Even though H2DCF is a non-fluorescent compound, it can be 

oxidised by ROS into the highly fluorescent molecule DCF (Figure 2.7). Thus, 

fluorescence depends on the presence of ROS within cells and fluorescence intensity 
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correlates with their accumulation. Accordingly, acquisition of fluorescence intensity 

through flow cytometry can be used as a quantitative method to measure ROS levels in 

cells.  

Cells were seeded in 6 well plates at a density of 150 × 103 cells/well (~30-40% 

confluence) and allowed to adhere overnight prior to the treatment. Cells were left 

untreated or treated with the relevant drugs for the required time. After incubation, 10 µM 

H2DCFDA was added to each well and plates were left for 30 min at 37°C covered with 

tinfoil. Then, supernatants were discarded, and 1 mL PBS was used to wash the cells. 

Following the detachment with 1 mL of TrpLE Express, cells were harvested into a 50 

mL falcon tube and centrifuged at 600 x g for 5 min. Pellets were then washed with 200 

μL PBS and transferred into 1.5 mL Eppendorf tubes. After centrifugation, cells were 

washed again with PBS and resuspended in 300 μL PBS prior to flow cytometric analysis. 

DCF dye (485/535) was detected using a 530/30 bandpass filter and MFI was acquired 

using Accuri C6 software through the same gating strategy as shown for the Cyto-ID 

analysis (Figure 2.6).  

 

 

Figure 2.7 H2DCFDA cellular staining for intracellular ROS detection. 

Image modified from [312]. 
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2.8.5. Analysis of CD44+/CD24- cells  

CD44 and CD24 are cell surface glycoproteins involved in tumor initiation and metastasis 

[313]. The presence of CD44 along with the lack of CD24 (CD44+/CD24-) on the cell 

surface has been proposed as a marker of CSC phenotype in various cancers, including 

breast cancer, colon cancer and as well OSCC [314]. Analysis of the CD44+/CD24- cell 

population was performed to investigate the stem-like properties of the SCC4 and 

SCC4cisR cells. In this assay, an anti-CD44 antibody labelled with the fluorochrome 

FITC and an anti-CD24 antibody labelled with the fluorochrome APC were utilised. 

Cells were seeded at a density of 150 x 103 cells/well on a 6-well plate (~30-40% 

confluence) and left to adhere to the plate overnight. The next day, the media was 

removed, and cells were detached with TripLE Express. After centrifugation at 300 x g 

for 5 min, the supernatant was discarded, and pellets were washed with 500 µL PBS and 

transferred into 1.5 mL Eppendorf tubes. Cells were centrifuged (600 x g, 5 min), 

resuspended in 100 µL CD44-FITC and CD24-APC antibodies (diluted 1:500 and 1:200 

respectively in PBS) and incubated at 4°C for 30 min in the dark. After the incubation, 

cells were centrifuged and washed with 500 μL PBS before being resuspended in 300 μL 

PBS and analysed in the BD Accuri C6 flow cytometer.  CD44+ (488/520 nm) and CD24+ 

(633/780) cells were detected using 530/30 and 675/25 bandpass filters respectively and 

MFI was acquired using BD Accuri C6 software.  

 

2.9. Glutathione assay 

The GSH/GSSG-Glo kit was employed to evaluate glutathione levels and the cellular 

redox state in OSCC cells. In cells, glutathione can exist in reduced state (GSH) or in 

oxidised state (GSSG). The GSH/GSSG-Glo kit is a luminescent-based system which 

allows the quantification of total glutathione (GSH+GSSG) and GSSG levels within cells. 

This assay results in the reduction of GSSG to GSH, which is used as substrate for a GSH-

dependent conversion of Luciferin-NT to luciferin. This process is then coupled to a 

firefly luciferase reaction to generate a quantifiable luminescent signal. Thus, the light 

from luciferase depends on the amount of luciferin formed, which in turn depends on the 

amount of GSH present. As shown in Figure 2.8, reduction of GSSG to GSH allows the 

determination of total glutathione (GSH+GSSG) levels within cells, whilst conversion of 
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GSSG to GSH along with the block of endogenous GSH using N-Ethylmaleimide (NEM) 

allows the quantification of only GSSG.  

The GSH/GSSG-Glo assay was performed according to the manufacturer's protocol and 

reagents were prepared as reported in Table 2.1 using the components provided in the kit. 

Two sets of cells (one for the total glutathione measurement and one for the oxidised 

glutathione measurement) were seeded in duplicate in sterile 96 well flat bottom plates at 

a density of 5 ×103 cells/well in complete media (~30-40% confluence) and allowed to 

attach overnight at 37°C. The following day, the media was replaced with the relevant 

drugs diluted in fresh media (200 µL/well) and cells were incubated at 37°C for the 

required time of the treatment. After the incubation, the treatment was discarded and 

replaced with either 50 µl of Total Glutathione Lysis Reagent for the total glutathione cell 

set, or 50 µl of Oxidised Glutathione Lysis Reagent for the oxidised glutathione cell set, 

and plates were incubated for 5 min at room temperature on a plate shaker. The Total 

Glutathione Lysis Reagent was used to release from cells the reduced and the oxidized 

glutathione and to convert all glutathione to the reduced form. The Oxidised Glutathione 

Reagent was used as well to release both the reduced and the oxidised glutathione, but 

the reaction of NEM with GSH resulted in the formation of a non-luminescent compound 

and consequentially in the blockage of endogenous GSH. Following cell lysis, 50 µl of 

Luciferin Generation Reagent was added to generate luciferin from the GSH-probe, 

Luciferin-NT, in the presence of GSH and plates were incubated for 30 min at room 

temperature. Finally, the contents of each well (100 µl final volume) were transferred to 

non-sterile white opaque 96 well plates before adding 100 µl of Luciferin Detection 

Reagent containing the Ultra-Glo™ Luciferase, which concurrently stopped the luciferin 

generation reaction and initiated a luminescent signal directly proportional to the amount 

of GSH derived from total glutathione (GSH + GSSG) or GSSG alone. After 15 min 

incubation at room temperature, luminescence was measured on a SpectraMax Gemini 

EM Microplate Reader using SOFTmax Pro version 4.9. Values obtained from 

luminescence measurements (in relative light units, RLU) were normalised by the blank 

and the mean of the two replicas was calculated. GSH levels were computed by 

subtracting the GSSG values from the total glutathione measurements (GSH+GSSG) and 

data were graphed using GraphPad Prism version 5.0. The GSH/GSSG ratio was 

calculated to evaluate oxidative stress. In fact, in healthy cells, more than 90% of 

glutathione exists as GSH, while in oxidant conditions, intracellular accumulation of 
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GSSG results as a consequence of GSH oxidation by glutathione peroxidase [257]. Given 

this, the GSH/GSSG ratio is considered a good indicator of the cellular redox state. As 

per guideline recommendations, since in this assay two moles of GSH are generated from 

one mole of GSSG, a twofold adjustment was applied to the GSSG values in order to 

obtain an accurate measurement of the GSSG levels. Accordingly, the GSH/GSSG ratio 

was calculated using the formula reported below, and values obtained were then graphed 

using GraphPad Prism version 5.0. 

𝐺𝑆𝐻 𝐺𝑆𝑆𝐺⁄ 𝑟𝑎𝑡𝑖𝑜 =  
𝑇𝑜𝑡𝑎𝑙 𝑔𝑙𝑢𝑡𝑎𝑡ℎ𝑖𝑜𝑛𝑒 − 𝐺𝑆𝑆𝐺

𝐺𝑆𝑆𝐺 2⁄
 

 

Total Glutathione Lysis 

Reagent 

Oxidized Glutathione Lysis 

Reagent 

Luciferin Generation 

Reagent 

2% Luciferin-NT  

20% Passive Lysis Buffer 5X 

H2O 

2% Luciferin-NT 

1% NEM, 25mM 

20% Passive Lysis Buffer 5X 

H2O 

2.5 % DTT, 100mM 

3% Glutathione-S 

Transferase 

Glutathione Reaction Buffer 

Table 2.1 Reagents for GSH/GSSG assay. 

 

Figure 2.8 Principle of GSH/GSSG-Glo Assay. 

Image taken from the GSH/GSSG-Glo™ Assay Technical Manual. 
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2.10. Western blot analysis of cultured cells 

Western Blot analysis was performed to study protein expression of key apoptotic and 

autophagic markers in OSCC cells. 

2.10.1. Protein extraction 

Cells were seeded in 25 cm2 flasks at a density of 300 × 103 cells/flask in complete media 

(~30-40% confluence). The following day, cells were treated with the relevant drugs and 

incubated at 37°C. After incubation, cells were harvested by scraping and centrifuged at 

300 x g for 5 min. Pellets were washed with 500 μl PBS and lysed straightaway or stored 

dry at -80°C until further use. The lysis of the samples was performed using ice-cold 

radioimmunoprecipitation (RIPA) buffer (Table 2.4) supplemented with 10% (v/v) 

protease inhibitor and 1% (v/v) phosphatase inhibitor cocktail 2 and 3. Approximately 

50-200 μL of complete lysis buffer was added to each tube and samples were incubated 

for 30 min on ice. After centrifugation (10,000 x g, 10 min, 4°C), the pellet was discarded, 

and the supernatant was transferred to a 1.5 mL Eppendorf tube and stored at -20°C. 

2.10.2. Protein quantification 

Quantification of protein concentration was carried out using the BCA assay. A stock 

solution of Bovine Serum Albumin (BSA) was serially diluted in H2O to prepare the BSA 

protein standards (0.062, 0.125, 0.25, 0.5, 1, 2 mg/mL) to create a standard curve (Table 

2.2). Standards and unknown samples (diluted 5-fold or 10-fold in H2O) were pipetted 

into a 96 well flat bottom plate in duplicate (10 μL/well). According to the user guide of 

the Pierce BCA Protein Assay Kit, the working reagent was prepared by mixing 50 parts 

of BCA Reagent A (containing bicinchoninic acid) with 1 part of BCA reagent B 

(containing cupric sulphate). 200 μL of BCA working reagent was added to each well and 

the plate was incubated at 37°C for 30 min. The absorbance was measured at 562 nm on 

a SpectraMax 340 PC Microplate Reader (Molecular Devices, LLC, CA, USA) and 

unknown sample values were interpolated with the standard curve to calculate protein 

concentrations using SoftMax Pro 6.0 software (Figure 2.9).  
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Vial 
Volume of Dilutent 

(μL) 

Volume and source of BSA 

(μL) 

Final 

Concentration of 

BSA (mg/mL) 

A 0 Stock Solution 2 

B 500 500 of A 1 

C 500 500 of B 0.5 

D 500 500 of C 0.25 

E 500 500 of D 0.125 

F 500 500 of E 0.0625 

G 500 --- 0 

Table 2.2 Preparation of BSA standards. 

 

 

Figure 2.9 Standard curve for BCA assay. 

 

2.10.3. Sample preparation 

Samples were denatured prior to SDS-PAGE immunoblotting analysis. To denature, 5X 

Laemlli Sample Buffer (Table 2.4) was mixed in 1:5 ratio with the required amounts of 

protein lysate and the mixture was boiled at 70°C for 10 min before adding 50 mM 

Dithiothreitol (DTT). Samples were loaded straightaway onto a SDS gel or stored at -

20°C until further use. 
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2.10.4. SDS-PAGE 

Proteins were separated based on their molecular weight using Sodium Dodecyl Sulphate 

Polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions. For the 

analysis, 1.5 mm thickness gels (15 wells) were assembled using Mini-PROTEAN® 

Tetra Cell Casting stands. A 12% or 15% resolving gel was prepared and poured in 

between the two glass plates and 200 µL isopropanol were added on the surface of the 

gel to avoid bubbles. After polymerisation, the isopropanol was removed by washing with 

H2O and a 5% stacking gel was poured on the top of the resolving gel. Resolving and 

stacking gels were made as described in the Table 2.3. The polymerised gel was then 

placed in the electrophoresis tank and 10-20 μg of proteins (no more than 30 μL) were 

loaded into each well alongside 5μL PageRuler Plus Prestained Protein Ladder. Samples 

were run in 1X Running Buffer diluted from a 10X solution (Table 2.4) in H2O at 80V 

through the stacking gel (approximately 20 min) and then at 120V through the resolving 

gel until the samples reached the end of the gel (approximately 2 h). If the gel was not 

immediately required, it was wrapped in wet tissue and stored at 4°C. 

 

Components 
Resolving gel 

12 % (10 mL) 

Resolving gel 

15 % (10 mL) 

Stacking gel 

5 % (5mL) 

H2O 3.3 2.3 3.4 

30% Acrylamide Mix 4.0 5.0 0.83 

Tris-Cl (1.5 M, pH 8.8) 2.5 2.5 - 

Tris-Cl (1 M, pH 6.8) - - 0.63 

10% SDS 0.1 0.1 0.05 

10% Ammonium Persulphate 

(APS) 
0.1 0.1 0.05 

TEMED 0.004 0.004 0.005 

Table 2.3 Components for preparation of gels for SDS-PAGE. 
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2.10.5. Immunoblotting 

SDS gels were transferred to Polyvinylidene difluoride (PVDF) membranes. Prior to 

transfer, the membrane was activated with 100% methanol for 2 min, and sponges and 

filter paper were soaked in the 1X Transfer Buffer diluted from the 10X solution (Table 

2.4) in H2O and supplemented with 100 mL 100% methanol. The gel and the membrane 

were sandwiched between sponges and filter papers (sponge > 2 filter papers > gel > 

membrane > 2 filter papers > sponge) and were kept tight in a gel holder cassette avoiding 

bubble formation. The cassette was then placed into a transfer tank filled completely with 

1X Transfer Buffer alongside an icepack to prevent overheating during transfer. The 

transfer was performed at 200 mA for 90 min and the pre-stained molecular weight 

protein ladder served as an indication of successful transfer.  

 

RIPA Buffer Laemmli Sample Buffer 10X Running Buffer 

150 mM NaCl 

50 mM Tris 

1.0% IGEPAL® CA-630 

0.5% (v/v) sodium deoxycholate 

0.1% (v/v) SDS 

H2O 

pH 8.0 

62.5 mM Tris-HCl (pH 6.7) 

10 % (v/v) Glycerol 

2 % (v/v) SDS 

0.002 % (w/v) bromophenol 

blue containing DTT 50 μM 

H2O 

25 mM Tris 

192 mM Glycine 

0.1 % (v/v) SDS 

H2O 

Blocking Buffer 10X Transfer Buffer 10X TBS 

5% (w/v) Marvel milk 

1X TBS-0.1% tween®20 

25 mM Tris 

192 mM Glycine 

H2O 

200 mM Tris 

1.5 M NaCl 

H2O 

pH 8 

Table 2.4 Buffers used for western blot analysis. 

 

2.10.6. Immunostaining 

Prior to detecting the proteins of interest, the PVDF membrane was kept in fresh Blocking 

Buffer (Table 2.4) for 1 h at room temperature with constant agitation. The membrane 

was then incubated with the primary antibody diluted in Blocking Buffer and left on a 

rocker overnight at 4°C. The next day, the membrane was washed 3 times for 10 min with 
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1X TBS diluted from the 10X solution (Table 2.4) in H2O and supplemented with 0.1% 

(v/v) Tween®20 before incubating for 1 h at room temperature with the secondary 

antibody conjugated to horseradish peroxidise (HRP) diluted in Blocking Buffer. The 

dilutions used for each antibody are reported in Table 2.5. The membrane was washed 

again 3 times for 10 min with 1X TBS-0.1% (v/v) Tween®20 and the bands were detected 

through enhanced chemiluminescence. After accurately washing with 1X TBS-0.1% 

(v/v) Tween®20, the same procedure was repeated with the loading controls (GAPDH, α-

tubulin or β-actin). 

 

Antibody Host Dilution 

Anti-ATG5 Rabbit 1:1000 

Anti- Cleaved caspase 3 Rabbit 1:500 

Anti-Caspase 3 Rabbit 1:1000 

Anti-GADPH Mouse 1:5000 

Anti-HO-1 Rabbit 1:1000 

Anti-LC3-I/II Rabbit 1:1000 

Anti-Nrf2 Rabbit 1:1000 

Anti-p42/44 (ERK1/2) Rabbit 1:2000 

Anti-p62 Mouse 1:1000 

Anti-phospho-p42/44 (ERK1/2) Rabbit 1:2000 

Anti-phospho-SAP/JNK Rabbit 1:1000 

Anti-SAP/JNK Rabbit 1:1000 

Anti-Ras Rabbit 1:1000 

Anti-α-Tubulin Mouse 1:5000 

Anti-β-Actin Mouse 1:2000 

Anti-Rabbit (W4011) Goat 1:2500 

Anti-Mouse (W402B) Goat 1:5000 

Table 2.5 Antibodies used for western blot analysis of cultured cells. 

 



86 

 

2.10.7. Protein detection and data analysis 

Protein bands were detected using electrochemiluminescence (ECL). Before the analysis, 

equal amount of Reagent 1 and Reagent 2 (Pierce ECL Western Blotting Substrate) were 

mixed and added to the membrane for 1 min. The blot was developed in a BioRad Gel 

DocTM XR+System and both chemiluminescent and colorimetric pictures were acquired 

using the Image Lab software to visualise the protein of interest and the protein marker. 

The images were then merged to provide an estimate of protein size. The relative amount 

of protein was calculated through densitometric analysis using Image Lab software. This 

programme automatically removes background noise and allows quantification of the 

density of the bands through the number of pixels. The relative density obtained for each 

protein of interest was normalised by the loading control and data were plotted on a bar 

chart using GraphPad Prism version 5.0.  

 

2.11. SiRNA knockdown 
 

Genetic inhibition of autophagy was performed in OSCC cells by using a small interfering 

RNA (siRNA) approach against ATG5 protein. SiRNAs are double-stranded RNA 

molecules formed by 21-28 nucleotides, which downregulate specific proteins by binding 

to their transcripts based on the sequence complementarity [315]. In the present study, a 

SMART-Pool technology (Dharmacon) combining four gene-specific siRNAs into a 

single reagent pool was employed to enhance the efficiency of the knockdown.  

SCC4 cells were seeded at a density of 200 x 103 cells/well on a 6-well plate (~50% 

confluence) in complete media and left to adhere to the plate overnight. The next day, 

cells were washed three times in PBS and antibiotic/FBS-free media was added to cells 

for two hours before transfection. ON-target plus SMART-pool ATG5 siRNA was 

employed for ATG5 knockdown, while ON-target plus non-targeting pool siRNA served as 

negative control. Both ATG5 siRNA or non-targeting siRNA was diluted into opti-MEM 

reduced serum media to a concentration of 250 nM, while Lipofectamine 2000 was 

diluted 1 in 50 into opti-MEM reduced serum media. Following 5 min incubation, the 

two solutions were pooled together in a 1:1 ratio, and the new solution obtained was 

incubated for further 20 min at room temperature to allow the formation of siRNA-

Lipofectamine complexes. The latter were then added to cells at a final concentration of 

25 nM. Following 5 h incubation at 37°C, media was replaced with antibiotic free media 
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enriched with FBS, and cells were incubated for 48 h or for 24 h before being treated with 

cisplatin (10 uM) for a further 24 h. After incubation, western blot analysis was performed 

as described above to confirm ATG5 knockdown and to investigate autophagy and 

apoptosis levels in ATG5 knockdown cells. 

 

2.12. Western blot analysis of patient tissue samples 

Protein levels of key autophagy markers were studied in fresh tissue samples by western 

blot. The analysis was performed at the University of Valencia, in the Molecular 

Oncology Laboratory of the General University Hospital Research Foundation. 57 oral 

biopsy samples (Normal N=20, Precancerous N=19 and OSCC N=21) were collected 

from patients over a period of 12 months by Prof Jose Bagan at the Department of 

Stomatology and Maxillofacial Surgery at the General University Hospital of Valencia 

after informed consent, and immediately frozen and stored at -80°C. Samples were 

defrosted beforehand and 12-15 mg of tissue was dissected using sterile scalpels and 

washed twice with PBS before adding 75 μL of RIPA buffer supplemented with 10% 

(v/v) protease inhibitor and 1 mM sodium orthovanadate. Then, samples were 

homogenised using an electric homogeniser (for approximately 5 min) and incubated for 

30 min on ice. After centrifugation (10,000 x g, 10 min, 4°C), supernatants were 

transferred into a new tube and stored at -20°C or used straight away. Protein 

quantification was performed using a Bradford assay. BSA standards were prepared (see 

Table 2.2) and pipetted into a 96 well flat bottom plate in triplicate (5 μL/well) alongside 

unknown samples diluted 1:10 or 1:20. 200 μL of Bradford reagent was added to each 

well and the plate was incubated in the dark for 5 min at room temperature. The 

absorbance was measured at 595 nm in a Victor 3 1420 Multilabel Counter. Samples were 

prepared and 60 μg of proteins were separated on a 15% SDS-PAGE gel, transferred to a 

PVDF membrane and blotted with the antibodies of interest as described above (Table 

2.6). The membrane was incubated in the dark with ECL for 1 min and then placed into 

a developing cassette between two transparent sheet protectors. In the dark room, an X-

ray film was placed on the top of the membrane and the cassette was closed. Films were 

exposed for 5-30 min before being submerged in the tray containing the developer 

solution (10 seconds), rinsed in the tray containing water and submerged in the tray 

containing fixer solution (15 seconds). Primary and secondary antibodies were then 
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removed by stripping the membrane with Stripping Solution (0.2 M glycine pH 2.5, 0.4 

% (w/v) SDS) for 15 min at room temperature. Thus, the membrane was re-probed with 

anti-β-actin antibody (loading control) with the same procedure. The relative amount of 

proteins was calculated through densitometric analysis using ImageJ software and values 

were graphed using GraphPad Prism version 5.0.  

 

Antibody Host Dilution 

Anti-LC3-I/II Rabbit 1:1000 

Anti-p62 Mouse 1:1000 

Anti-β-Actin Mouse 1:2000 

Anti-Rabbit (A16035) Goat 1:2000 

Anti-Mouse (A9044) Goat 1:80000 

Table 2.6 Antibodies used for western blot analysis of patient tissue samples. 

 

2.13. Immunohistochemical analysis of tissue patient samples 

Immunohistochemical staining of autophagy-related proteins was performed on paraffin-

embedded tissue samples at the Central Pathology Laboratory situated at St. James’ 

Hospital, Dublin. 29 oral biopsies were provided by Dr Mary Toner, lead pathologist of 

the Oral Maxillofacial & Pathology Unit in St. James’s Hospital. Samples were retrieved 

and cut into 4 µm sections by using the Thermo Scientific HM 355S Automatic 

Microtome. Sections were then mounted on microscope glass slides in a water bath and 

slides were left drying for 1 h at 60°C. Control slides were stained with a Haematoxylin 

& Eosin (H&E) stain using the automated Tissue-Tek Prisma® Plus Automated Slide 

Stainer for histological assessment. H&E slides were reviewed by Dr Mary Toner and the 

presence of Normal, Dysplasia and OSCC tissues was assessed for each slide. Overall, 

N=20 Normal, N=23 Dysplasia and N=17 OSCC tissue samples were analysed in this 

study. Immunohistochemical slides were stained on a Ventana BenchMark 

Immunostainer, which is a fully automated instrument that allows one to stain 30 slides 

at the same time, using different protocols. For each protein of interest, a specific protocol 

was optimised depending on the primary antibody, as reported in Table 2.7. Lung 

carcinoma tissue was used as positive control tissue for the optimisation of LC3 antibody. 

Colon tissue and kidney tissue were used as positive control tissue for the optimisation of 
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Beclin-1 antibody. Prostate tissue and gastric cancer tissue were used as positive control 

tissue for the optimisation of Bcl-xL antibody. During the pre-treatment step, samples 

were deparaffinised and antigen retrieval was performed using the Cell Conditioner 1 

(CC1), consisting of ethylene-diamine-tetra-acetic acid (EDTA)‐based heat‐induced 

antigen retrieval at pH=8. During the staining step, primary antibodies were manually 

added on the top of the slides at the dilution required (Table 2.8) and incubated at 36°C 

(an air vortex mixing ensured uniform reagent coverage across the surface of the slide). 

For the LC3 staining, an additional amplification step was also performed using the 

Ultraview/iView Amplification Kit. Upon antibody incubation, a counter-stain was 

performed with Hematoxylin and Bluing reagent. Primary antibodies were then detected 

and visualised using the OptiView DAB IHC Detection Kit, and slides were washed in 

water with a drop of dishwashing detergent before mounting the coverslip using a Tissue-

Tek Film Automated Coverslipper. Slides were viewed and imaged using the Olympus 

BX51 upright microscope with representative pictures taken at 10, 20 and 40X 

magnification. Immunostaining was double scored blindly (Magnano S. & Flis E.) based 

on the staining intensity and three score were assigned to the samples: +1 (weak staining), 

+2 (medium staining), +3 (strong staining) and +4 (very strong staining). The IHC scores 

obtained were then averaged and plotted using GraphPad Prism 5.0.  

 

 LC3 Beclin-1 Bcl-xL 

Antigen retrieval 64 min 48 min 64 min 

Primary antibody 16 min 32 min 32 min 

Amplification 8 min - - 

Counter staining 4 min 4 min 4 min 

Bluing Reagent 4 min 4 min 4 min 

Table 2.7 Immunohistochemistry (IHC) protocols for LC3, Beclin-1 and Bcl-xL staining. 

 

 

Antibody Host Dilution 

Anti-LC3 (monoclonal) Rabbit 1:50 

Anti-Beclin-1 (polyclonal) Rabbit 1:400 

Anti-Bcl-xL (monoclonal) Rabbit 1:300 

Table 2.8 Antibodies used for immunohistochemical analysis of patient tissue samples. 
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2.13.1. ROC analysis 

ROC analysis was performed to evaluate the diagnostic power of Beclin-1 and LC3 in 

OSCC. This analysis allows to determine the performance of a diagnostic test through the 

evaluation of sensitivity (true positive rate) and specificity (false positive rate) as 

measures of accuracy of test in comparison with gold standard status (e.g. patient’s 

disease status) [316]. The ROC curve consists of a graphical representation of sensitivity 

in function of 100-specificity of a certain parameter across all the possible threshold 

values [316]. The Area Under the Curve (AUC) represents a measure of the predictive 

power of test to discriminate between two groups (e.g. normal/disease) at the optimal cut 

off values [316]. AUC values close to 1 indicate that the test perfectly discriminates 

between the two groups, whilst AUC values close to 0.5 indicate that the test cannot 

distinguish between the two groups examined [317]. In the present study, the IHC scores 

obtained from the immunohistochemical analysis of Beclin-1 and LC3 were used to 

compute ROC curves. AUC, sensitivity and specificity at the optimal cut-off values were 

calculated using the MedCalc software.  

 

2.14. Statistical analysis 

Statistical analysis was carried out using GraphPad Prism version 5.0 and GraphPad 

Prism version 8.0. Results were expressed as mean ± the standard error of the mean 

(S.E.M.). For comparison of two treatment groups within the same cell line, a two-tailed 

unpaired t-test was performed. For comparison of more than two treatment groups within 

the same cell line, a one-way ANOVA followed by Dunnett’s or Tukey’s Multiple 

Comparison Tests was performed. For comparison of two independent cell lines in the 

presence/absence of the treatment, a two-way ANOVA followed by Multiple Comparison 

Tests was performed. For comparison of protein expression levels between groups of 

OSCC patients, a non-parametric Kruskal-Wallis H Test followed by Dunn’s Multiple 

Comparison Test and Mann-Whitney Test were performed. Association analysis between 

protein expression and histological stage of OSCC progression was performed using the 

Pearson’s chi squared test. Values of *p<0.05, **p<0.01 and ***p<0.001 were 

considered to be significant.  
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3. Evaluation of targeting autophagy for the 

treatment of OSCC 
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3.1. Introduction 

OSCC is a major health problem worldwide. It has been reported that nearly 5% of all 

cancers diagnosed in the world concern the oral cavity, and in 95% of cases they are 

classified as OSCC [4, 5]. The survival rate associated with OSCC is one of the lowest 

likely due to late diagnosis. In fact, it has been demonstrated that less than 50% of 

malignant lesions are detected and treated before development of  the cancer [318]. The 

fast progression of OSCC results in the prevalent diagnosis of advanced stages of 

malignancy, which correlates with a poor prognosis and a low survival rate. Additionally, 

a high morbidity rate has been associated with OSCC due to reduced quality of life and 

residual deformity following therapeutic treatments.  

Surgical removal of the tumour and radiation, in combination with chemotherapy, are the 

current treatment regimens against OSCC. The type of therapy carried out usually 

depends on the location and the stage of the tumour. Surgery and radiotherapy represent 

the main therapeutic strategies when the tumour is localised to an accessible region of the 

mouth, whereas chemotherapy has recently become an important adjuvant therapy for 

OSCC, which is used pre- and post-surgery or as a primary therapy when surgery is not 

possible [34]. Cisplatin, 5-fluouracil and docetaxel are standard chemotherapeutic agents 

commonly used in the treatment of OSCC. It has been reported that the sensitivity of 

tumours to anti-cancer drugs is highly variable, indicating that the choice of the drug for 

the treatment of OSCC should be personalised based on the type of tumour and the genetic 

mutations present [319].  

Cisplatin represents a frontline therapy for many types of cancer including lung, ovarian, 

breast as well as OSCC. Cisplatin is a square planar compound containing two amine and 

two chloride groups coordinated to a central platinum atom in a cis configuration [320].  

It is usually injected intravenously to patients and it can enter cells by simply diffusing 

through cell membranes or it can be actively transported into cells by copper transporters. 

Upon cisplatin influx into the cytoplasm, acquation reactions lead to the replacement of 

the chloride ions with two water or hydrogen groups, resulting in a positively charged 

molecule which becomes active by reacting with nucleophiles within cells [321]. 

Cisplatin mechanisms of action have been widely studied over the past 50 years. The 

ability of cisplatin to induce DNA damage has been considered the primary mechanism 

implicated in its cytotoxicity. In fact, cisplatin forms 1,2 or 1,3 intra- and inter-strand 

cross links with DNA by reacting with purines [321]. Formation of DNA adducts results 
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in DNA damage and consequentially in inhibition of DNA replication, cell cycle arrest 

and apoptosis [322].  

Although cisplatin exhibits overall high efficacy for the treatment of OSCC, several 

challenges have been attributed to the use of this drug. First of all, numerous undesirable 

side effects have been experienced by cancer patients treated with cisplatin; particularly 

nephrotoxicity, neurotoxicity, gastrointestinal disorders and haemorrhage [322]. To 

overcome this problem, several analogues to cisplatin have been synthesised and tested 

to enhance the therapeutic efficacy of cisplatin. Amongst them, just one, carboplatin, has 

been clinically approved so far, but others are still in clinical trials [323]. Carboplatin is 

currently used for the treatment of ovarian, lung and head and neck cancers. The 

advantage of using carboplatin as an alternative to cisplatin is due to reduced side effects, 

particularly the nephrotoxicity. However, it has been demonstrated that carboplatin is less 

potent than cisplatin, in fact four times more carboplatin is needed to achieve the same 

efficacy as cisplatin [323]. Another crucial issue associated with cisplatin is that 

numerous people do not respond to the treatment due to an innate or acquired resistance 

to the drug.  

Chemoresistance has been reported as one of the major problems arising during the 

treatment of OSCC. This results in the ability of cancer cells to reduce sensitivity to anti-

cancer drugs, leading to tumour recurrence and progression. As described in the general 

introduction, drug resistance can be innate or acquired, depending on whether it occurs 

before or after the treatment and it can be linked to several mechanisms. Combining 

different anticancer drugs has been proposed as a potential mechanism to enhance 

cytotoxicity and bypass drug resistance in several cancers [324]. In this regard, multidrug 

regimens with cisplatin and 5-fluorouracil or cisplatin and docetaxel/paclitaxel have been 

shown to stabilise tumour progression in advanced forms of head and neck cancer and 

OSCC by enhancing the cytotoxic effects of chemotherapy [325, 326]. Nevertheless, this 

strategy may lead to strong side effects due to the high toxicity of the drugs and to the 

development of multidrug resistance. Therefore, a greater understanding the mechanisms 

involved in chemoresistance is required in order to develop new and more valuable 

strategies. 

Autophagy is a catabolic process that allows the degradation and recycling of unnecessary 

or dysfunctional cellular components [327]. Autophagy occurs in cells at basal levels, 

playing a housekeeping role as it functions to remove redundant, damaged or 
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dysfunctional organelles. Even though it is considered a physiological process, autophagy 

is implicated in numerous pathologies as a mechanism to provide nutrients and supply 

energy under stressful conditions. In fact, an upregulation of autophagy has been observed 

during cellular stress, including nutrient depletion, hypoxia and exposure to cell toxins 

such as chemotherapeutics. Moreover, an interesting correlation between autophagy and 

cancer has been demonstrated in the last few years. A dual role of autophagy as a tumour 

suppressor and tumour promoter mechanism has been reported in various cancers [143], 

but the role of autophagy in OSCC remains poorly understood. 

Autophagy activation in response to chemotherapeutics has been demonstrated in several 

cancers [189]. On the one hand, autophagy may represent a protective mechanism for 

cells to overcome stress induced by chemotherapy. On the other hand, extended stress 

might lead to autophagy activation as an anti-tumour mechanism, resulting in cell death. 

In support of the protective role of drug-induced autophagy, recent studies suggest that 

tumour resistance to therapy could be related to cell survival through autophagy [328]. 

Thus, heightened autophagy may be a mechanism of resistance for cancer cells faced with 

metabolic and therapeutic stress. Accordingly, targeting autophagy has been proposed as 

a novel strategy to bypass drug resistance and improve patient outcomes. Nevertheless, 

even though the efficacy of combining autophagy inhibitors and chemotherapeutics has 

been demonstrated in several studies, this strategy appears to be context-specific, 

depending on the type of cancer, the genetic composition of cells and the type of drug the 

cells are exposed to [329].  

The role of autophagy in response to chemotherapeutics in OSCC and its implication in 

chemoresistance is still unclear. In this regard, the aim of this chapter was to investigate 

the cell death pathway(s) initiated by chemotherapeutic treatment in OSCC cell lines and 

to evaluate whether autophagy is indeed activated in response to chemotherapy. 

Furthermore, this chapter examined whether autophagy inhibition, through knockdown 

of key autophagic proteins and the use of pharmacological autophagy inhibitors, is 

effective in improving chemosensitivity. Combining chemotherapeutics with autophagy 

inhibition may represent a valuable treatment strategy to promote OSCC cytotoxicity and 

diminish resistance in OSCC patients. 
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3.2. Results 

 

3.2.1. Optimisation of the seeding density for the alamar blue assay in OSCC 

cell lines 

The alamar blue assay was employed to study cell viability in OSCC cell lines following 

treatment with standard chemotherapeutics. The active chemical resazurin is irreversibly 

reduced to resorufin in the presence of the naturally reductive environment of healthy 

viable cells, which results in a change of colour from blue to pink. Since resorufin is 

highly fluorescent, the acquisition of fluorescence values using an UV spectrophotometer 

allows quantification of cell viability [330]. Dead and damaged cells are less 

metabolically active and therefore present a lower rate of conversion. However, the 

validity of this assay is confirmed only when there is a linear correlation between 

fluorescence and cell density. In fact, a high seeding density may result in the saturation 

with resorufin, resulting in a fluorescence plateau, whereas a low seeding density may 

influence cell growth and viability due to lack of cell contact. Therefore, before 

commencing the experiments, optimisation of the assay was required by assessing the 

optimal seeding density in each cell line.   

The two OSCC cell lines, SCC4 and SCC9, were seeded in a 96 well plate at various cell 

densities. A seeding density range of 1-30x103 cells/well was evaluated for both cell lines, 

and cell viability was determined after 48, 72 and 96 h to mimic the treatment times. 6 h 

prior to analysis, cells were stained with alamar blue (10% (v/v)) and incubated at 37°C 

in the dark. Fluorescence was measured on a SpectraMax Gemini EM Microplate Reader 

at an excitation wavelength of 544 nm and an emission wavelength of 590 nm using 

SOFTmax Pro version 4.9. An increase in fluorescence was observed at increasing cell 

densities and incubation times in the SCC4 cell line, with fluorescence reaching a plateau 

at seeding densities above 10x103 cells/well at 48 and 72 h incubation (Figure 3.1). 

Conversely, in the SCC9 cell line, a linear correlation between cell density and 

fluorescence was found at all cell densities and time points examined. A cell seeding 

density of 5x103 cells/well was used for subsequent experiments in both cell lines as it 

falls within the linear range. 
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Figure 3.1 Optimisation of the seeding density for the alamar blue assay in SCC4 and SCC9 cell lines. 

SCC4 (A) and SCC9 (B) cell lines were seeded at various densities (1-30 x103 cells/well) in 96 well plates 

with a total volume of 200 μL in each well. Cells were incubated for 48, 72 or 96 h. 20 μl of alamar blue 

was added to each well and, after 6 h incubation, fluorescence was measured on the SpectraMax Gemini 

EM Microplate Reader at an excitation wavelength of 544nm and an emission wavelength of 590nm using 

SOFTmax Pro version 4.9. Results were plotted using Graphpad Prism 5. Values represent the mean ± 

S.E.M. of three independent experiments. 
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3.2.2. The effect of cisplatin, docetaxel and 5-fluorouracil on the viability of 

OSCC cell lines 

The alamar blue assay was employed to evaluate the effect of various OSCC anti-

neoplastic drugs on cell viability. Cisplatin, docetaxel and 5-fluorouracil were selected 

for this study as representative chemotherapeutic agents widely used for the treatment of 

oral cancer [331]. The effect of these drugs on cell viability was evaluated in two OSCC 

cell lines: SCC4 cells are generally considered poorly differentiated and SCC9 are 

generally considered moderately differentiated [21]. The SCC4 cell line was treated with 

several concentrations of cisplatin (0.75-100 µM), docetaxel (0.04-10 nM) and 5-

fluorouracil (3.1-200 µM), while a higher range of drug concentrations were used for the 

SCC9 cell line: cisplatin (1.5-200 µM), docetaxel (0.13-90 nM) and 5-fluorouracil (1.5-

400 µM). Cell viability was determined following a 24, 48 or 72 h treatment in both cell 

lines.  

Cisplatin decreased the viability of both SCC4 and SCC9 cell lines in a dose- and time-

dependent manner (Figure 3.2). Moreover, a higher sensitivity to cisplatin was observed 

in the SCC4 cell line compared to the SCC9 cell line, confirming the different 

susceptibility of the two cell lines to drug treatment. In order to estimate the variation in 

cell sensitivity to cisplatin, IC50 values were calculated. After a 24 h treatment, the 

concentration of cisplatin required to inhibit 50% of cell viability was 19.8±6.9 µM in 

SCC4 cell line, whereas even the highest concentration of 200 μM cisplatin did not reduce 

the viability below 50% in the SCC9 cell line. After a 48 h treatment, IC50 values of 

2.9±0.3 µM and 42.0±2.7 µM were obtained for SSC4 and SCC9 cell lines respectively, 

whilst IC50 values of 1.1±0.4 µM and 22.1±0.4 µM were obtained for SSC4 and SCC9 

cell lines respectively after a 72 h treatment. These results conclusively showed an effect 

of cisplatin in the micromolar range as early as 24 h, and a 12-15 fold difference in 

cisplatin sensitivity between the two OSCC cell lines. 

Likewise, docetaxel reduced the viability of OSCC cell lines in a dose- and time-

dependent manner (Figure 3.3). Although no significant effect was observed after the 24 

h treatment, IC50 values of 2.6±1.0 nM and 1.5±1.3 nM were obtained after 48 and 72 h 

treatment respectively in the SCC4 cell line. In contrast, a substantial decrease in cell 

viability was observed only at 72 h treatment in the SCC9 cell line (IC50= 0.2±0.4 nM).   
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Finally, a slight decrease only in cell viability was observed in OSCC cell lines treated 

with 5-fluorouracil (Figure 3.4) demonstrating a low sensitivity to this drug. An IC50 

value could only be obtained after a 72 h treatment in the SCC4 cell line (IC50= 25.6±2.7 

μM).  

From this preliminary screen, cisplatin was chosen as a representative OSCC 

chemotherapeutic drug for this study as both cell lines were sensitive to treatment with 

the drug at 48 h (Table 3.1 to 3.3). 
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Figure 3.2 Cisplatin reduces the viability of OSCC cell lines. 

OSCC cell lines were seeded at 5x103 cells/well in 96 well plates. Cells were left for 24 h to adhere to the 

plate and then were treated with a vehicle (0.009% (v/v) NaCl) or a range of concentrations of cisplatin 

(0.75-100 μM and 1.5-200 μM for SCC4 (A) and SCC9 (B) cell lines, respectively) for 24, 48 or 72 h. 

Alamar blue (10% (v/v)) was added to each well 6 h before the end of the treatment and plates were kept 

in the dark at 37°C. Fluorescence was measured on the SpectraMax Gemini EM Microplate Reader at an 

excitation wavelength of 544 nm and an emission wavelength of 590 nm. Values obtained from cells treated 

with cisplatin were normalised against vehicle treated cells and results were plotted using Graphpad Prism 

5. Values represent the mean ± S.E.M. of three independent experiments. 
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Figure 3.3 Docetaxel reduces the viability of OSCC cell lines. 

OSCC cell lines were seeded at 5x103 cells/well in 96 well plates. Cells were left for 24 h to adhere to the 

plate and then were treated with a vehicle (1% (v/v) ethanol) or a range of concentrations of docetaxel 

(0.04-10 nM and 0.13-90 nM for SCC4 (A) and SCC9 (B) cell lines, respectively) for 24, 48 and 72 h. 

Alamar blue (10% (v/v)) was added to each well 6 h before the end of the treatment and plates were kept 

in the dark at 37°C. Fluorescence was measured on the SpectraMax Gemini EM Microplate Reader at an 

excitation wavelength of 544 nm and an emission wavelength of 590 nm. Values obtained from cells treated 

with docetaxel were normalised against vehicle treated cells and results were plotted using Graphpad Prism 

5. Values represent the mean ± S.E.M. of three independent experiments. 
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Figure 3.4 5-Fluorouracil reduces the viability of OSCC cell lines. 

OSCC cell lines were seeded at 5x103 cells/well in 96 well plates. Cells were left for 24 h to adhere to the 

plate and then were treated with a vehicle (0.1% (v/v) DMSO) or a range of concentrations of 5-fluorouracil 

(3.1-200 μM and 1.5-400 μM for SCC4 (A) and SCC9 (B) cell lines, respectively) for 24, 48 and 72 h. 

Alamar blue (10% (v/v)) was added to each well 6 h before the end of the treatment and plates were kept 

in the dark at 37°C. Fluorescence was measured on the SpectraMax Gemini EM Microplate Reader at an 

excitation wavelength of 544 nm and an emission wavelength of 590 nm. Values obtained from cells treated 

with 5-fluorouracil were normalised against vehicle treated cells and results were plotted using Graphpad 

Prism 5. Values represent the mean ± S.E.M. of three independent experiments. 
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Cisplatin 

 24 h 48 h 72 h 

SCC4 19.8 ± 6.9 µM 2.9 ± 0.3 µM 1.1 ± 0.4 µM 

SCC9 ND 42.0 ± 2.7 µM 22.1 ± 0.4 µM 

Table 3.1IC50 values for 24, 48 or 72 h treatment with cisplatin in OSCC cell lines. 

ND = not determined. 

 

Docetaxel 
 

24 h 48 h 72 h 

SCC4 ND 2.6 ± 1.0 nM 1.5 ± 1.3 nM 

SCC9 ND ND 0.2 ± 0.4 nM 

Table 3.2 IC50 values for 24, 48 or 72 h treatment with docetaxel in OSCC cell lines. 

ND = not determined. 

 

5-Fluorouracil 

 24 h 48 h 72 h 

SCC4 ND ND 25.6 ± 2.7 µM 

SCC9 ND ND ND 

Table 3.3 IC50 values for 24, 48 or 72 h treatment with 5-fluorouracil in OSCC cell lines. 

ND = not determined. 
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3.2.3. The effect of cisplatin treatment on the cell cycle of OSCC cell lines 

The alamar blue assay showed a reduction in cell viability following treatment with 

cisplatin in OSCC cell lines. The decreased cell viability may be the result of cell cycle 

arrest, cell death or alternatively a combination of both. To investigate this, flow 

cytometric analysis of PI stained cells was carried out in order to determine the 

distribution of cells across each phase of the cell cycle and the presence of dead cells 

following cisplatin treatment.  

SCC4 and SCC9 cell lines were treated with vehicle or with increasing concentrations of 

cisplatin (1-15 μM and 12.5-100 μM, respectively) for 48 h. Cells were then fixed and 

stained with PI and the subG0/G1, G0/G1, S, G2/M peaks were determined using the BD 

Accuri flow cytometer. Cisplatin treatment increased the subG0/G1 peak in a dose-

responsive manner in SCC4 and SCC9 cell lines, suggesting an induction of cell death 

(Figure 3.5, Figure A.1, Table 3.4). In the SCC4 cell line, a statistically significant 

increase in the subG0/G1 peak was found in cells treated with 5 μM cisplatin 

(approximately 45% of cells) compared to vehicle treated cells (approximately 10% of 

cells) after 48 h of treatment. The percentage of cells in subG0/G1 peak increased with 

increasing concentrations, reaching a maximum of 66% of cells following treatment with 

15 μM cisplatin. A similar trend was obtained in the SCC9 cell line, where a statistically 

significant increase in the subG0/G1 peak was first found in cells treated with 25 μM 

cisplatin (approximately 12%) compared to vehicle treated cells (approximately 2%). A 

progressive increase in the subG0/G1 peak was then observed after treatment with 

increasing concentrations of cisplatin, reaching a maximum of 33% of cells in subG0/G1 

peak at the highest concentration tested (100 μM). Additionally, SCC9 cells treated with 

12.5 μM cisplatin showed a significant increase of almost 3-fold of cells in the S-phase 

compared with vehicle treated cells, suggesting cell cycle arrest at low concentrations of 

cisplatin. Similarly, a slight although non significant increase of cells in the S-phase was 

also displayed in SCC4 cells treated with 1 μM cisplatin compared to vehicle treated cells. 

Finally, a decrease in the percentage of cells in the S phase was observed with increasing 

concentrations of cisplatin along with the concomitant decrease in the G0/G1 and G2/M 

peaks in both cell lines likely linked with increased cell death. Taken together, these 

results suggest that low concentrations of cisplatin may induce cell cycle arrest followed 

by cell death at higher concentrations of cisplatin in OSCC cell lines. 
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Figure 3.5 Cisplatin induces S-phase arrest and cell death in OSCC cell lines. 

OSCC cell lines were seeded at 150 x 103 cells/well in 6 well plates. Cells were left for 24 h to adhere to 

the plate and then were treated with vehicle (0.009% (v/v) NaCl) or varying concentrations of cisplatin 

(CDDP): 1-15 μM and 12.5-100 μM for SCC4 (A) and SCC9 (B) cell lines, respectively. After 48 h, cells 

were harvested, fixed with 70% ice cold ethanol and stained with PI. Cells were analysed by flow cytometry 

using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the percentage 

of cells in the subG0/G1 peak and the G0/G1, S and G2/M phases of the cell cycle was determined. Results 

are representative of three independent experiments. Statistical analysis was performed for the subG0/G1 

and S peak using one-way ANOVA with Dunnett’s Multiple Comparison Test to compare mean values 

between vehicle and treated cells (Graphpad Prism 5). *** p<0.001, ** p<0.01, * p<0.05. 
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SCC4 

CDDP (μM) SubG0/G1 % G0/G1 % S % G2/M % 

Vehicle 9.3 ± 1.4 43.6 ± 26.2 17.6 ± 10.0 29.3 ± 17.4 

1 29.7 ± 8.5 24.7 ± 11.0 23.7 ± 12.4 24.2 ± 7.7 

5 47.6 ± 14.8 30.1 ± 14.8 12.1 ± 6.1 13.5 ± 16.4 

10 58.4 ± 5.2 25.5 ± 10.6 8.5 ± 4.5 10.2 ± 12.4 

15 66.3 ± 3.7 19.8 ± 7.03 7.4 ± 5.1 8.6 ± 10.7 

SCC9 

CDDP (μM) SubG0/G1 % G0/G1 % S % G2/M % 

Vehicle 1.4 ± 0.8 61.5 ± 5.0 10.4 ± 4.6 21.1 ± 1.9 

12.5 5.1 ± 1.9 19.5 ± 9.6 44.4 ± 10.0 25.2 ± 3.8 

25 11.6 ± 3.7 33.9 ± 10.1 30.9 ± 5.9 18.4 ± 1.4 

50 20.0 ± 3.4 39.9 ± 8.2 24.2 ± 7.3 11.6 ± 7.8 

100 33.0 ± 5.8 31.6 ± 1.8 19.7 ± 7.1 9.4 ± 10.1 

Table 3.4 Analysis of cell cycle profile of SCC4 and SCC9 cells treated with cisplatin. 

CDDP=cisplatin. Values represent the mean ± S.E.M of the percentage of cells in SubG0/G1, G0/G1, S 

and G2/M peaks. Data are the mean of three independent experiments. 
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3.2.4. Cisplatin induces apoptotic cell death in a dose- and time-responsive 

manner in OSCC cell lines 

Results from the cell cycle analysis showed that cisplatin induced cell death in OSCC cell 

lines. Cisplatin-induced cell death was further analysed by flow cytometric analysis of 

annexin V/PI stained cells and by western blot analysis of caspase 3 activation, in order 

to establish whether apoptotic cell death was induced following treatment with cisplatin. 

3.2.4.1. Flow cytometric analysis of cisplatin-induced apoptosis in OSCC cell lines 

Apoptosis induction was evaluated in relation to dose- and time-dependency in OSCC 

cell lines. Firstly, cells were treated with vehicle or with increasing concentrations of 

cisplatin (1-15 μM and 12.5-100 μM in SCC4 and SCC9 cells respectively) for 48 h. Cells 

were then double stained with annexin V-FITC and PI, and the percentage of cells positive 

to one or both stains was determined using the BD Accuri flow cytometer. A dot plot 

showed the different cell populations: healthy cells (annexin V-/ PI-) in the lower left 

quadrant, early apoptosis (annexin V+/ PI-) in the lower right quadrant, and late apoptosis 

(annexin V+/ PI+) in the upper right quadrant. Cisplatin induced apoptosis in a dose-

responsive manner in both SCC4 and SCC9 cell lines (Figure 3.6 and Figure 3.7). A 

substantial increase in the apoptotic rate (above 50%) was observed after 48 h of treatment 

when concentrations of cisplatin increased from 5 μM to 10 μM in SCC4 cells and from 

25 μM to 50 μM in SCC9 cells. Additionally, no apoptotic increase was displayed at 

higher cisplatin concentrations (15 μM and 100 μM in SCC4 and SCC9 cell lines 

respectively), resulting in a plateau of the apoptotic rate possibly due to the fact that cells 

were too damaged to be recognised as apoptotic cells.  

Moreover, time course analysis of annexin V/PI stained cells was performed to determine 

the effect of a single concentration of cisplatin at varying time points on OSCC cell lines. 

The SCC4 cell line was treated with 5 µM cisplatin for 4, 8, 16, 24 and 48 h, whilst the 

SCC9 cell line was treated with 25 µM cisplatin for 8, 16, 24, 48 and 72 h.  Cisplatin 

induced apoptosis in a time-responsive manner in both SCC4 and SCC9 cell lines 

(Figures 3.8-9). In the SCC4 cell line, a statistically significant apoptotic rate was 

observed as early as 24 h, whilst a significant level of apoptosis was first observed at 48 

h in the SCC9 cell line. These results are in agreement with the results from the alamar 

blue viability assay and confirm the enhanced sensitivity of SCC4 cells to cisplatin when 

compared with SCC9 cells. 
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Figure 3.6 Cisplatin induces apoptosis in SCC4 cells in a dose-dependent manner. 

The SCC4 cell line was seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to 

the plate and then were treated with vehicle (0.009% (v/v) NaCl) or varying concentrations of cisplatin 

(CDDP) (1-15 μM). After 48 h, cells were harvested, and double stained with annexin V/PI. Cells were 

then analysed by flow cytometry using BD FACS Accuri software. 10,000 single cells were gated on 

vehicle treated cells and the percentage of cells undergoing early and late apoptosis was determined. A. 

Representative dot plot of treated cells. B. Values represent the mean and S.E.M. of three independent 

experiments. Statistical analysis was performed using one-way ANOVA with Dunnett’s Multiple 

Comparison Test to compare mean values between vehicle and treated cells (Graphpad Prism 5). *** 

p<0.001. 
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Figure 3.7 Cisplatin induces apoptosis in SCC9 cells in a dose-dependent manner. 

The SCC9 cell line was seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to 

the plate and then were treated with vehicle (0.009% (v/v) NaCl) or varying concentrations of cisplatin 

(CDDP) (12.5-100 μM). After 48 h, cells were harvested, and double stained with annexin V/PI. Cells were 

then analysed by flow cytometry using BD FACS Accuri software. 10,000 single cells were gated on 

vehicle treated cells and the percentage of cells undergoing early and late apoptosis was determined. A. 

Representative dot plot of treated cells. B. Values represent the mean and S.E.M. of three independent 

experiments. Statistical analysis was performed using one-way ANOVA with Dunnett’s Multiple 

Comparison Test to compare mean values between vehicle and treated cells (Graphpad Prism 5). *** 

p<0.001, * p<0.05. 
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Figure 3.8 Cisplatin induces apoptosis in SCC4 cells in a time-dependent manner. 

The SCC4 cell line was seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to 

the plate and then were treated with either vehicle (0.009% (v/v) NaCl) or with 5 μM cisplatin (CDDP). 

After the indicated times, cells were harvested, and double stained with annexin V/PI. Cells were then 

analysed by flow cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle 

treated cells and the percentage of cells undergoing apoptosis was determined. A. Representative dot plot 

of treated cells. B. Values represent the mean and S.E.M. of three independent experiments. Statistical 

analysis was performed using unpaired two-tailed student t-test to compare mean values between vehicle 

and treated cells (Graphpad Prism 5). *** p<0.001, ** p<0.01, * p<0.05. 
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Figure 3.9 Cisplatin induces apoptosis in SCC9 cells in a time-dependent manner. 

The SCC9 cell line was seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to 

the plate and then were treated with vehicle (0.009% (v/v) NaCl) or with 25 μM cisplatin (CDDP). After 

the indicated times, cells were harvested, and double stained with annexin V/PI. Cells were then analysed 

by flow cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells 

and the percentage of cells undergoing apoptosis was determined. A. Representative dot plot of treated 

cells. B. Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was 

performed using unpaired two-tailed student t-test to compare mean values between vehicle and treated 

cells (Graphpad Prism 5). * p<0.05. 
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3.2.4.2. Western blot analysis of cisplatin-induced caspase 3 activation in OSCC cell 

lines 

The activation of the extrinsic or intrinsic apoptotic pathways leads to the cleavage of 

pro-caspase 3 resulting in the formation of cleaved caspase 3 (15-12 kDa), which is 

commonly considered a reliable marker of apoptosis [332]. To further investigate 

apoptotic cell death, the disappearance of the pro-enzyme form of caspase 3 along with 

the appearance of cleaved fragments was evaluated by western blot in the SCC4 cell lines.  

Firstly, cells were treated with increasing concentrations of cisplatin (1-15 μM) for 48 h. 

Secondly, in order to evaluate time-dependent activation of caspase 3, cells were treated 

with 5 µM cisplatin for 16, 24 and 48 h. Lysates were prepared and run on a 12% SDS-

PAGE gel before being probed for both the pro-form and cleaved caspase 3. Cisplatin 

induced caspase 3 cleavage in a dose- and time-dependent manner in the SCC4 cell line 

(Figures 3.10-11). The disappearance of pro-caspase 3 and the appearance of cleaved 

caspase 3 was displayed following treatment with 5 µM cisplatin in the SCC4 cell line 

and increased up to 10 µM. However, cells treated with 15 µM cisplatin showed a 

decrease in cleaved caspase 3 possibly due to the fact that cells were very damaged. 

Activation of caspase 3 was observed as early as 24 h after treatment, reaching a peak at 

48 h.  

These results correlate with the flow cytometric analysis results, suggesting that cisplatin 

induced apoptosis in a dose- and time-dependent manner. 
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Figure 3.10 Cisplatin induces activation of caspase 3 in SCC4 cells in a dose-responsive manner. 

SCC4 cells were seeded at 300 x103 cells/flask in T25 flasks. Cells were left for 24 h to adhere to the flask 

and then were treated with vehicle (V) (0.009% (v/v) NaCl) or with varying concentrations of cisplatin 

(CDDP) (0-15 μM). After 48 h, cells were lysed and 20 μg of protein was loaded and separated on a 12% 

SDS-PAGE gel, transferred to a PVDF membrane and probed with the pro-form of caspase 3 and cleaved 

caspase 3 antibodies; α-tubulin served as loading control. A. Results are representative of three independent 

experiments. B. Densitometric analysis of cleaved caspase 3 bands was performed using ImageLab 

software and values were normalised by the loading control. Statistical analysis was performed using one-

way ANOVA with Dunnett’s Multiple Comparison Test to compare mean values between vehicle and 

treated cells (Graphpad Prism 5). *** p<0.001, * p<0.05. 
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Figure 3.11 Cisplatin induces activation of caspase 3 in SCC4 cells in a time-responsive manner. 

SCC4 cells were seeded at 300 x103 cells/flask in T25 flasks. Cells were left for 24 h to adhere to the flask 

and then were treated with vehicle (0.009% (v/v) NaCl) or with 5 μM cisplatin (CDDP). After the indicated 

times, cells were lysed and 20 μg of protein was loaded and separated on a 12% SDS-PAGE gel, transferred 

to a PVDF membrane and probed with the pro-form of caspase 3 and cleaved caspase 3 antibodies. α-

tubulin served as loading control. A. Results are representative of three independent experiments. B. 

Densitometric analysis of cleaved caspase 3 bands was performed using ImageLab software and values 

were normalised by the loading control. Statistical analysis was performed using unpaired two-tailed 

student t-test to compare mean values between vehicle and treated cells (Graphpad Prism 5). ** p<0.05. 
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3.2.5. Cisplatin triggers caspase-dependent apoptosis in OSCC cells 

Apoptosis has previously been reported to be mediated through both caspase-dependent 

and -independent pathways [120]. The role of caspase activation in the cell death 

mediated by cisplatin in OSCC cell lines was further investigated using the pan-caspase 

inhibitor Z-VAD-fmk.  

Cells were pre-treated with 50 μM Z-VAD-fmk for 1 h prior to the treatment with 

cisplatin (5 μM and 25 μM in SCC4 and SCC9 cell lines, respectively) for 48 h. Cells 

were then double stained with annexin V-FITC and PI, and the percentage of cells in early 

and late apoptosis was acquired using the BD Accuri flow software. Pre-treatment of 

OSCC cells with Z-VAD-fmk completely protected against apoptosis, suggesting that 

cisplatin-induced apoptosis occurs in a caspase-dependent manner (Figure 3.12-13) 
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Figure 3.12 The pan-caspase inhibitor Z-VAD-fmk protects against cisplatin-induced apoptosis in 

the SCC4 cell line. 

The SCC4 cell line was seeded at 150x103 cells/well in 6 well plates and left for 24 h to adhere to the plate. 

Cells were treated either with vehicle (0.009% (v/v) NaCl), Z-VAD-fmk alone (50 μM), 5 μM cisplatin 

(CDDP) alone or with Z-VAD-fmk (50 µM) for 1 h before being treated with cisplatin (5 µM). After 48 h, 

cells were harvested, and double stained with annexin V/PI. Cells were then analysed by flow cytometry 

using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the percentage 

of cells undergoing early and late apoptosis was acquired. A. Representative dot plot of treated cells. B. 

Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was performed 

using unpaired two-tailed student t-test to compare mean values between cells treated with cisplatin and 

cells treated with cisplatin in combination with Z-VAD-fmk (Graphpad Prism 5). * p<0.05. 
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Figure 3.13 The pan-caspase inhibitor Z-VAD-fmk protects against cisplatin induced apoptosis in 

the SCC9 cell line. 

The SCC9 cell line was seeded at 150 x103 cells/well in 6 well plates and left for 24 h to adhere to the plate. 

Cells were treated either with vehicle (0.009% (v/v) NaCl), Z-VAD-fmk alone (50 μM), 25 μM cisplatin 

(CDDP) alone or with Z-VAD-fmk (50 µM) for 1 h before being treated with cisplatin (25 µM). After 48 

h, cells were harvested, and double stained with annexin V/PI. Cells were then analysed by flow cytometry 

using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the percentage 

of cells undergoing early and late apoptosis was acquired. A. Representative dot plot of treated cells. B. 

Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was performed 

using unpaired two-tailed student t-test to compare mean values between cells treated with cisplatin and 

cells treated with cisplatin in combination with Z-VAD-fmk (Graphpad Prism 5). ** p<0.01.  
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3.2.6. Evaluation of basal levels of autophagy in OSCC cell lines 

Basal levels of autophagy and its activation in response to external stimuli were next 

evaluated in SCC4 and SCC9 cell lines. Autophagy was assessed under normal and 

starvation conditions by using western blot analysis of LC3-I/II and p62 protein levels. 

Western blot analysis of LC3-I/II and p62 protein expression represents a reliable method 

for the indirect measurement of autophagy activity [151]. During the autophagic process, 

LC3 is cleaved by the cysteine protease ATG4 to a LC3-I fragment, which is then 

conjugated with phosphatidylethanolamine (PE) to form LC3-II. The lipidation of LC3 

can be detected by western blot analysis because of the difference in the molecular weight 

of the two fragments, resulting in two distinct bands. In fact, LC3-I shows an apparent 

molecular weight of 16–18 kDa on SDS-PAGE gels, while LC3-II migrates around 14–

16 kDa. The conversion of LC3-I to the LC3-II form is considered a reliable marker to 

study autophagy induction [333]. Moreover, the evaluation of p62 degradation by western 

blot is an alternative method widely used to monitor autophagic activity [151]. In fact, 

the interaction of p62 with LC3-II leads to the internalisation of p62 into the 

autophagosome. Thus, autophagy induction results in a decrease of p62 protein due to its 

degradation by lysosomal enzymes.  

Autophagy activity was evaluated by monitoring autophagy flux, which is defined as the 

balance between autophagosome generation and clearance [333–336]. Inhibition of the 

flux by using lysosomal autophagy inhibitors (such as bafilomycin-A1 or chloroquine) 

represents the conventional way of monitoring the autophagic flux [151]. In fact, blocking 

autophagy at the late stages prevents autophagosome turnover, thus allowing the 

determination of autophagy activation over the period of the experiment [151].  

OSCC cell lines were left untreated or treated with a starvation media (Earle’s Balanced 

Salt Solution - EBSS) for 2 or 4 h in presence/absence of bafilomycin-A1 (100 µM) added 

1 h before the end of the incubation period. LC3-I/II and p62 protein expression levels 

were then determined by western blot analysis. Results obtained showed an accumulation 

of LC3-II and p62 in cells treated with bafilomycin-A1 compared to control cells in both 

SCC4 and SCC9 cell lines, suggesting that basal levels of autophagy are constitutively 

activated in these cell lines under normal conditions (Figure 3.14). Additionally, 

conversion of LC3-I in LC3-II and degradation of p62 was observed in both SCC4 and 
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SCC9 cells treated with EBSS for 2 and 4 h, indicating activation of the autophagic flux 

under starvation conditions.  

This result confirms the ability of these cell lines to undergo autophagy in response to 

external stimuli such as starvation. EBSS treated cells were used as positive control for 

autophagy in subsequent western blot experiments. 
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Figure 3.14 Evaluation of basal levels of autophagy in OSCC cell lines. 

SCC4 (A) and SCC9 (B) cells were seeded at 300 x103 cells/well in 6 well plates. Cells were left for 24 h 

to adhere to the plate and then were treated with EBSS for 2 or 4 h in presence/absence of bafilomycin-A1 

(100 µM) added 1 h before the end of the treatment. Cells were lysed and 20 μg of protein was loaded and 

separated on a 15% SDS-PAGE gel, transferred to a PVDF membrane and probed with anti-p62 and anti-

LC3-I/II antibodies. GAPDH served as loading control. Blots are representative of three independent 

experiments. 
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3.2.7. Flow cytometric analysis of cisplatin-induced autophagy in OSCC cell 

lines 

Several reports have indicated that cisplatin can simultaneously induce autophagy and 

apoptosis in cancerous cells such as ovarian cancer and oesophageal cancer [334, 337]. 

Basal levels of autophagy and autophagy activation in response to cisplatin in OSCC cell 

lines was next investigated by flow cytometric analysis of Cyto-ID stained cells. The 

Cyto-ID green autophagy dye (Enzo Life Sciences) is a fluorescent cationic amphiphilic 

tracer that diffuses into the autophagosomes [338]. The integration of the dye into 

autophagic vesicles results in a change in fluorescence which can be measured through 

flow cytometric analysis at an extinction wavelength of 488 nm. Since the amount of 

autophagic vesicles correlates with autophagy induction, the Cyto-ID Autophagy 

Detection Kit provides a rapid and quantitative approach for monitoring autophagic 

activity at the cellular level [311].  

SCC4 and SCC9 cells were treated with 5 μM and 25 μM cisplatin respectively for 48 h. 

Cells were then stained with the Cyto-ID green autophagy dye and analysed on a BD 

Accuri flow cytometer. Rapamycin (autophagy inducer) in combination with chloroquine 

(lysosomal autophagy inhibitor) was used as positive control. In fact, the induction of 

autophagy followed by its inhibition at the end of the process leads to a build-up of 

autophagosome vesicles, which results in high levels of fluorescence. Both SCC4 and 

SCC9 cells treated with cisplatin showed a notable shift to the right of the fluorescence 

peak indicating a statistically significant increase in autophagic vesicles compared to 

vehicle treated cells after 48 h treatment (Figure 3.15).  

In addition, autophagic flux was monitored in cisplatin-treated OSCC cells for a more 

accurate estimation of autophagic activity [335]. In fact, the number of autophagosomes 

is a function of the balance between the rate of their generation and the rate of their 

conversion into autolysosomes. Thus, a high amount of autophagosomes can represent a 

consequence of autophagy induction or, alternatively, suppression of  autophagosome 

maturation [336]. On the other hand, a low amount of autophagosomes can be due to an 

impairment in the autophagy process or a high turnover rate of the autophagosome 

vesicles as result of autophagy induction [151]. Evaluation of cisplatin-induced 

autophagic flux was determined in the presence/absence of the lysosomal autophagy 

inhibitor chloroquine. OSCC cell lines were treated with cisplatin alone (5 and 25 µM in 

SCC4 and SCC9 respectively), chloroquine (10 µM) alone and cisplatin in combination 
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with chloroquine, for 48 h. Cells were then stained with the Cyto-ID green autophagy dye 

and analysed on the BD Accuri cytometer. Rapamycin in combination with chloroquine 

was again used as positive control. As expected, OSCC cells treated with chloroquine 

alone showed a slight increase in autophagic vesicles versus vehicle treated cells, likely 

due to the block of autophagosome turnover resulting in a build-up of autophagosomes 

(Figure 3.16, Figure A.2). Moreover, a significant increase in autophagic vesicles was 

observed in both OSCC cell lines treated with chloroquine in combination with cisplatin 

compared to cells treated with chloroquine alone or cisplatin alone. This increment 

reflects the number of autophagosomes induced by cisplatin that would have been 

degraded by autophagy during the treatment period.  

Taken together, these results suggest that treatment with cisplatin promotes an increase 

in autophagic vesicles due to the activation of autophagic flux and excludes secondary 

accumulations due to autophagic degradation blockade. 
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Figure 3.15 Treatment with cisplatin increases the number of autophagic vesicles in OSCC cell lines. 

OSCC cells were seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the 

plate and then were treated with the vehicle (0.009% (v/v) NaCl) or with cisplatin (CDDP) 5 μM and 25 

μM in SCC4 (A-B) and SCC9 (C-D) cells respectively. Rapamycin (RAP) 0.5 µM in combination with 

chloroquine (CQ) 10 µM was used as positive control. After 48 h, cells were harvested and stained with 

Cyto-ID green autophagy dye. Cells were then analysed on the flow BD FACS Accuri cytometer. 10,000 

single cells were gated on vehicle treated cells and fluorescence values were acquired. A-C. Representative 

flow cytometric histogram of vehicle and cisplatin treated cells alongside the positive control. B-D. Values 

represent the mean ±S.E.M. of three independent experiments. Statistical analysis was performed using 

unpaired two-tailed student t-test to compare mean values between vehicle and treated cells (Graphpad 

Prism 5). ** p<0.01, * p<0.05. 
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Figure 3.16 Cisplatin promotes autophagic flux activation in OSCC cell lines. 

OSCC cells were seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the 

plate and then were treated with the vehicle (0.009% (v/v) NaCl), chloroquine (CQ) 10 μM alone, cisplatin 

(CDDP) alone (5 μM and 25 μM in SCC4 (A) and SCC9 (B) cells respectively) or cisplatin in combination 

with chloroquine. Rapamycin (RAP) 0.5 µM in combination with chloroquine 10 µM was used as positive 

control. After 48 h, cells were harvested and stained with Cyto-ID green autophagy dye. Cells were then 

analysed on the flow BD FACS Accuri cytometer. 10,000 single cells were gated on vehicle treated cells 

and fluorescence values were acquired. Values represent the mean ±S.E.M. of three independent 

experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s Multiple 

Comparison Test (Graphpad Prism 5). ** p<0.01, * p<0.05.  
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3.2.8. Cisplatin induces autophagy in OSCC cell lines in a dose- and time-

dependent manner  

Time-dependency of cisplatin-induced autophagy was investigated in OSCC cell lines by 

flow cytometric analysis of Cyto-ID stained cells. SCC4 were treated with 5 μM cisplatin 

for 4, 8, 16, 24 and 48 h, while SCC9 cells were treated with 25 μM cisplatin for 4, 8, 16, 

24, 48 and 72 h. Results obtained showed a progressive increase of autophagic vesicles 

in cisplatin treated cells in a time-dependent manner in both OSCC cell lines. A 

statistically significant increase of vesicles occurred as early as 48 h following cisplatin 

treatment in both SCC4 and SCC9 cells. This increment increased up to the 72 h time 

point in SCC9 cells (Figure 3.17, Figure A.3).  

Dose-dependency of cisplatin-induced autophagy was next investigated in OSCC cell 

lines by western blot analysis of LC3-I/II and p62 protein expression. SCC4 cells were 

treated with increasing concentrations of cisplatin (1-15 µM). Samples were lysed and 

run on a 15% SDS-PAGE gel before being probed for p62 and LC3-I/II. Serum starved 

cells incubated for 4 h in EBSS were used as a positive control for autophagic induction. 

Densitometric analysis of p62, LC3-I and LC3-II bands was performed using ImageLab 

software. Autophagy induction was quantified through the acquisition of the LC3-II/LC3-

I ratio. A statistically significant increase in the LC3-II/LC3-I ratio was observed in cells 

treated with increasing concentrations of cisplatin (with a peak at 10 and 15 µM) along 

with a progressive decrease in p62 protein expression (Figure 3.18). Taken together, these 

results suggest that in addition to apoptosis, autophagy is induced in a dose- and time-

responsive manner in OSCC cell lines treated with cisplatin.  
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Figure 3.17 Cisplatin induces autophagy in OSCC cell lines in a time-responsive manner. 

OSCC cells were seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the 

plate and then were treated with the vehicle (V) (0.009% (v/v) NaCl) or with cisplatin (CDDP) 5 or 25 μM 

in SCC4 (A) and SCC9 (B) respectively for the indicated times. Rapamycin (RAP) 0.5 µM in combination 

with chloroquine (CQ) 10 µM was used as positive control. Cells were harvested and stained with Cyto-ID 

green autophagy dye. Cells were then analysed on the flow BD FACS Accuri cytometer. 10,000 single cells 

were gated on vehicle treated cells and fluorescence values were acquired. Values represent the mean 

±S.E.M. of three independent experiments. Statistical analysis was performed using one-way ANOVA with 

Dunnett’s Multiple Comparison Test to compare mean values between vehicle and treated cells (Graphpad 

Prism 5). *** p<0.001, ** p<0.01, * p<0.05. 
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Figure 3.18 Cisplatin induces autophagy in the SCC4 cell line in a dose-responsive manner. 

SCC4 cells were seeded at 300 x103 cells/mL in T25 flasks. Cells were left for 24 h to adhere to the flask 

and then were treated with the vehicle (V) (0.009% (v/v) NaCl) or with varying concentrations of cisplatin 

(CDDP) (1-15 μM) for 48 h. Cells treated with EBSS for 4 h were used as a positive control. After 

incubation, cells were lysed and 20 μg of protein was loaded and separated in a 15% SDS-PAGE gel, 

transferred to a PVDF membrane and probed with anti-p62 and anti-LC3-I/II antibodies. GAPDH served 

as loading control. A. Results are representative of three independent experiments. B. Densitometric 

analysis of p62, LC3-I and LC3-II bands was performed using ImageLab software and values were 

normalised to the loading control. Data represent the mean ±S.E.M. of three independent experiments. 

Statistical analysis was performed using one-way ANOVA with Dunnett’s Multiple Comparison Test to 

compare mean values between vehicle and treated cells (Graphpad Prism 5). * p<0.05. 
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3.2.9. Evaluation of targeting autophagy for the treatment of OSCC 

The effect of genetic and pharmacological autophagy inhibitors was evaluated in OSCC 

cell lines to determine whether autophagy plays a role in cisplatin resistance and whether 

targeting autophagy may be a valuable strategy to overcome chemoresistance in OSCC. 

Since autophagic flux can be blocked at different stages, several autophagy inhibitors 

were examined in this study. They were generically classified as early and late stage 

autophagy inhibitors. The inhibitory activity of the autophagy inhibitors was validated by 

flow cytometric analysis of Cyto-ID stained cells or by western blot analysis of LC3-I/II 

protein levels, whilst cisplatin-induced apoptosis was investigated by flow cytometric 

analysis of annexin V/PI stained cells and by western blot for the evaluation of caspase 3 

activation. 

 

3.2.9.1. Targeting autophagy with early stage pharmacological autophagy 

inhibitors does not sensitise OSCC cells to cisplatin-induced apoptosis  

The effect of 3-methyladenine (3-MA) and SAR405 on cisplatin-induced autophagy and 

apoptosis was first investigated in OSCC cell lines. It has previously been reported that 

3-MA is a pan-PI3kinase inhibitor, whereas SAR405 acts as selective ATP-competitive 

inhibitor of PtdIns3K complex. Both have been classified as early stage autophagy 

inhibitors [141, 339, 340].  

Inhibition of autophagosome formation with 3-MA and SAR405 was evaluated through 

quantification of autophagic vesicles in the SCC4 cell line. Cells were pre-treated with 3-

MA (5 mM) or SAR405 (1 µM) for 1 h before treatment with cisplatin 5 µM for 48 h. 

Cells were then stained with Cyto-ID green autophagy dye and analysed on BD Accuri 

flow cytometer. Rapamycin in combination with chloroquine was used as a positive 

control. As expected, cisplatin treated cells showed a significant increase in autophagic 

vesicles compared to vehicle treated cells, due to autophagy activation (Figure 3.19, 

Figure A.4). A statistically significant decrease in autophagic vesicles was observed when 

cells were treated with cisplatin in combination with SAR405 compared to cells treated 

with cisplatin alone. Furthermore, an observable (although non-significant) decrease was 

also found in cells treated with cisplatin in combination with 3-MA compared to cells 

treated with cisplatin alone. This result validates the activity of 3-MA and SAR405 as 

autophagy inhibitors and additionally suggests the higher efficacy of SAR405.   
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The effects of 3-MA and SAR405 on cisplatin-induced apoptosis were then investigated 

by flow cytometric analysis of annexin V/PI stained cells in SCC4 and SCC9 cell lines. 

Cells were treated as described above (5 μM and 25 μM cisplatin was used in SCC4 and 

SCC9 cell lines, respectively) and after 48 h cells were double stained with annexin V-

FITC and PI. The percentage of cells in early and late apoptosis was acquired using the 

BD Accuri flow software. As shown in Figure 3.20 and Figure 3.21, treatment of cells 

with both 3-MA and SAR405 alone showed no substantial changes to the basal rate of 

apoptosis in both SCC4 and SCC9 cell lines. However, a small increase in the apoptotic 

rate was observed in SCC4 cells treated with 3-MA alone, suggesting a potential off-

target activity of this autophagy inhibitor. Moreover, as expected, treatment of cells with 

cisplatin induced apoptosis in both cell lines. Inhibition of autophagosome formation with 

3-MA slightly increased cisplatin-induced apoptosis in both cell lines although this 

increase was not significant, whilst a marked and significant drop in the apoptotic rate 

was displayed in OSCC cells treated with SAR405 in combination with cisplatin 

compared to cells treated with cisplatin alone. 

Taken together, these results suggest that targeting autophagy with the early stage 

pharmacological autophagy inhibitors 3-MA and SAR405 does not appear to sensitise 

OSCC cells to cisplatin-induced apoptosis. However, no firm conclusions could be drawn 

at this stage regarding the role of autophagy in mediating cisplatin resistance. Therefore, 

further experiments using late stage autophagy inhibitors were next conducted. 
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Figure 3.19 3-MA and SAR405 inhibits autophagosome formation in SCC4 cells. 

SCC4 cells were seeded at 150 x103 cells/well in 6 well plates. Cells were pre-treated with either 3-MA (5 

mM) or SAR405 (1 µM) for 1 h before adding cisplatin (5 µM) for a further 48 h. Rapamycin (RAP) 0.5 

µM in combination with chloroquine 10 µM was used as positive control. After 48 h, cells were harvested 

and stained with Cyto-ID green autophagy dye. Cells were then analysed on the flow BD FACS Accuri 

cytometer. 10,000 single cells were gated on vehicle treated cells and fluorescence values were acquired. 

Values represent the mean ±S.E.M. of three independent experiments. Statistical analysis was performed 

using one-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 5). *** p<0.001, * 

p<0.05, NS: non-significant. 
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Figure 3.20 Effect of early stage autophagy inhibitors on cisplatin-induced apoptosis in SCC4 cells. 

SCC4 cells were seeded at 150 x103 cells/well in 6 well plates. Cells were pre-treated with either 3-MA (5 

mM) or SAR405 (1 µM) for 1 h before adding cisplatin 5 µM for 48 h. Cells were then analysed by flow 

cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the 

percentage of cells undergoing early and late apoptosis was acquired. A. Representative dot plot of treated 

cells. B. Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was 

performed using one-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 5). *** 

p<0.001, ** p<0.01. NS: non-significant. 



131 

 

Figure 3.21 Effect of early stage autophagy inhibitors on cisplatin-induced apoptosis in SCC9 cells. 

SCC9 cells were seeded at 150 x103 cells/well in 6 well plates. Cells were pre-treated with 3-MA (5 mM) 

or SAR405 (1 µM) for 1 h before adding cisplatin 25 µM for 48 h. Cells were then analysed by flow 

cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the 

percentage of cells undergoing early and late apoptosis was acquired. A. Representative dot plot of treated 

cells. B. Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was 

performed using one-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 5). *** 

p<0.001, * p<0.05. NS: non-significant. 
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3.2.9.2. Targeting autophagy with late stage pharmacological autophagy inhibitors 

enhances cisplatin-induced apoptosis in OSCC cells 

 

3.2.9.2.1. Chloroquine 

Chloroquine is a late stage autophagy inhibitor that blocks  autophagic flux by preventing 

the fusion of the lysosome with the autophagosome [341]. The effect of chloroquine on 

cisplatin-induced apoptosis was investigated by flow cytometric analysis of annexin V/PI 

stained cells in both SCC4 and SCC9 cell lines. Cells were treated with cisplatin (5 and 

25 µM in SCC4 and SCC9 cells, respectively), chloroquine (10 µM) alone and cisplatin 

in combination with chloroquine, for 48 h. Cells were then double stained with annexin 

V-FITC and PI, and the percentage of cells in early and late apoptosis was acquired using 

the BD Accuri flow cytometer. As shown in Figure 3.22 and Figure 3.23, OSCC cells 

treated with chloroquine alone exhibited no increase in the apoptotic rate when compared 

to vehicle treated cells. On the other hand, both SCC4 and SCC9 cells treated with 

chloroquine in combination with cisplatin displayed a substantial and significant increase 

in the rate of apoptosis when compared to cells treated with cisplatin alone, suggesting 

that chloroquine sensitises cells to cisplatin-induced apoptosis in OSCC cell lines.  

Additionally, this result was further confirmed by western blot analysis of SCC4 cells. In 

Figure 3.24, cells were treated as described above whilst serum starved cells were used 

as a positive control for autophagic induction. In agreement with the result presented in 

Figure 3.16, cisplatin induced an increase in LC3-II protein expression in the SCC4 cell 

line. Moreover, co-treatment with chloroquine led to a further LC3-II buildup due to the 

inhibition of the autophagic flux at the very late stages, resulting in the block of LC3-II 

turnover (Figure 3.24A). This result validates the inhibitory effect of chloroquine on 

autophagy and additionally confirmed autophagy activation in response to cisplatin by 

monitoring the autophagic flux, as previously shown in Figure 3.16.  

Analysis of caspase 3 activation in SCC4 cells treated with cisplatin and cisplatin in 

combination with chloroquine was then performed. As expected, cisplatin induced 

caspase 3 cleavage in SCC4 cells, resulting in the appearance of cleaved caspase 3 

fragments while chloroquine alone exhibited no effect (Figure 3.24A). From the 

densitometric analysis of cleaved caspase 3 fragment, a statistical increase in caspase 3 

cleavage was observed in cells treated with cisplatin in combination with chloroquine 
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compared to cells treated with cisplatin alone, suggesting that chloroquine indeed 

enhances caspase 3 activation and thus apoptosis in SCC4 cells (Figure 3.24B). 

Taken together, these results suggest that chloroquine enhances cisplatin-induced 

apoptosis and caspase 3 activation in OSCC cell lines. This is in marked contrast to the 

results obtained with the early stage autophagy inhibitor SAR405 which was shown to 

significantly inhibit cisplatin-induced apoptosis (Figures 3.20-21).  
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Figure 3.22 Chloroquine enhances cisplatin-induced apoptosis in the SCC4 cell line. 

SCC4 cells were seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with vehicle (0.009% (v/v) NaCl), 10 μM chloroquine (CQ) alone, 5 μM cisplatin 

(CDDP) alone, or cisplatin in combination with chloroquine for 48 h. Cells were then analysed by flow 

cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the 

percentage of cells undergoing early and late apoptosis was acquired. A. Representative dot plot of treated 

cells. B. Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was 

performed using one-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 5). *** 

p<0.001, * p<0.05.  
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Figure 3.23 Chloroquine enhances cisplatin-induced apoptosis in the SCC9 cell line. 

SCC9 cells were seeded at 150 x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with vehicle (0.009% (v/v) NaCl), 10 μM chloroquine (CQ) alone, 25 μM cisplatin 

(CDDP) alone, or cisplatin in combination with chloroquine for 48 h. Cells were then analysed by flow 

cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the 

percentage of cells undergoing early and late apoptosis was acquired. A. Representative dot plot of treated 

cells. B. Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was 

performed using one-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 5). ** 

p<0.01, * p<0.05. 
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Figure 3.24 Chloroquine inhibits autophagic flux and enhances caspase 3 activation in SCC4 cells 

treated with cisplatin. 

SCC4 cells were seeded at 300 x103 cells/flask in T25 flasks. Cells were left for 24 h to adhere to the flask 

and then were treated with the vehicle (0.009% (v/v) NaCl), chloroquine (CQ) 10 μM alone, cisplatin 

(CDDP) 5 μM alone or cisplatin in combination with chloroquine for 48 h. Cells treated with EBSS for 4 h 

were used as a positive control. After incubation, cells were lysed and 20 μg of protein was loaded and 

separated on a 12% SDS-PAGE gel, transferred to a PVDF membrane and probed with anti-LC3-I/II, anti-

caspase 3 and anti-cleaved caspase 3 antibodies. α-tubulin served as loading control. A. Results are 

representative of three independent experiments. B. Densitometric analysis of cleaved caspase 3 bands was 

performed using ImageLab software and values were normalised by the loading control. Statistical analysis 

was performed using one-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 5). 

***<0.001, ** p<0.01, * p<0.05. 
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3.2.9.2.2. Bafilomycin-A1 

Bafilomycin-A1 is an inhibitor of vacuolar (V)-type ATPases, which prevents the fusion 

of lysosomes with autophagosomes, inhibiting the later stages of autophagy [342]. The 

effect therefore of a second late stage autophagy inhibitor, bafilomycin-A1, on cisplatin-

induced apoptosis was next investigated by flow cytometric analysis of annexin V/PI 

stained cells. OSCC cells were treated with cisplatin (5 or 25 µM in SCC4 and SCC9 

respectively) alone, bafilomycin-A1 (20 nM) alone or cisplatin in combination with 

bafilomycin-A1 for 48 h. Both SCC4 and SCC9 cell lines treated with bafilomycin-A1 

alone exhibited no increase in the apoptotic rate when compared to vehicle treated cells 

(Figure 3.25-26). On the contrary, OSCC cells treated with bafilomycin-A1 in 

combination with cisplatin displayed a significant increase in the percentage of apoptosis 

when compared to cells treated with cisplatin alone, suggesting that bafilomycin-A1 

enhances cisplatin-induced cytotoxicity in OSCC cell lines.  

The statistically significant increase in apoptosis observed in cisplatin-treated SCC4 cells 

in the presence of bafilomycin-A1 was confirmed by western blot analysis. Cells were 

treated as described above and in addition serum starved cells incubated for 4 h in EBSS 

were used as a positive control for autophagic induction. Samples were lysed and run on 

a 12 and 15% SDS-PAGE gels before being probed for LC3-I/II, caspase 3 and cleaved 

caspase 3. As expected, conversion of LC3-I to LC3-II was observed in SCC4 cells 

treated with EBSS and with cisplatin compared to vehicle treated cells (Figure 3.27). 

Moreover, bafilomycin-A1 alone and in combination with cisplatin led to a further LC3-

II accumulation due to a block in autophagic flux at the very late stages, validating the 

inhibitory effect on autophagy in SCC4 cells. Interestingly, analysis of caspase 3 

activation showed a decrease in caspase 3 and a statistically significant increase in cleaved 

caspase 3 in cells treated with cisplatin in combination with bafilomycin-A1 compared to 

cells treated with cisplatin alone, suggesting that bafilomycin-A1 may enhance caspase 3 

activation in cisplatin treated cells, and hence apoptotic cell death.  

Taken together the results obtained implied that targeting autophagic flux with late stage 

autophagy inhibitors sensitises OSCC cells to cisplatin treatment.  However, these results 

were in marked contrast with those obtained with the early stage inhibitors SAR-405 and 

3-MA. SAR-405 was shown to significantly inhibit cisplatin-induced apoptosis whilst 3-

MA elicited no significant effect. Since pharmacological inhibitors of autophagy have 

previously been shown to elicit off-target effects [343, 344], an RNA-interference 
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approach was required to further delineate the role of autophagy in mediating resistance 

to cisplatin-induced apoptosis. 
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Figure 3.25 Bafilomycin-A1 enhances cisplatin-induced apoptosis in the SCC4 cell line. 

SCC4 cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with vehicle (0.009% (v/v) NaCl), 20 nM bafilomycin-A1 (BAF) alone, 5 μM 

cisplatin (CDDP) alone or cisplatin in combination with bafilomycin-A1. After 48 h, cells were harvested 

and double stained with annexin V/PI. Cells were then analysed by flow cytometry using BD FACS Accuri 

software. 10,000 single cells were gated on vehicle treated cells and the percentage of cells undergoing 

early and late apoptosis was acquired. A. Representative dot plot of treated cells. B. Values represent the 

mean ±S.E.M of three independent experiments. Statistical analysis was performed using one-way ANOVA 

with Tukey’s Multiple Comparison Test (Graphpad Prism 5). ** *p<0.001, * p<0.05. 
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Figure 3.26 Bafilomycin-A1 enhances cisplatin-induced apoptosis in the SCC9 cell line. 

SCC9 cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with vehicle (0.009% (v/v) NaCl), 20 nM bafilomycin-A1 (BAF) alone, 25 μM 

cisplatin (CDDP) alone or cisplatin in combination with bafilomycin-A1. After 48 h, cells were harvested 

and double stained with annexin V/PI. Cells were then analysed by flow cytometry using BD FACS Accuri 

software. 10,000 single cells were gated on vehicle treated cells and the percentage of cells undergoing 

early and late apoptosis was acquired. A. Representative dot plot of treated cells. B. Values represent the 

mean ±S.E.M of three independent experiments. Statistical analysis was performed using one-way ANOVA 

with Tukey’s Multiple Comparison Test (Graphpad Prism 5). ** p<0.01, * p<0.05. 
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Figure 3.27 Bafilomycin-A1 inhibits autophagic flux and enhances caspase 3 activation in SCC4 cells 

treated with cisplatin. 

SCC4 cells were seeded at 300x103 cells/flask in T25 flasks. Cells were left for 24 h to adhere to the flask 

and then were treated with vehicle (0.009% (v/v) NaCl), bafilomycin-A1 (BAF) 20 nM alone, cisplatin 

(CDDP) 5 μM alone and cisplatin in combination with bafilomycin-A1 for 48 h. Cells treated with EBSS 

for 4 h were used as a positive control for autophagy induction. After incubation, cells were lysed and 20 

μg of protein was loaded and separated in a 15% SDS-PAGE gel, transferred to a PVDF membrane and 

probed with anti-LC3-I/II, anti-caspase 3 and anti-cleaved caspase 3 antibodies. GAPDH served as loading 

control. A. Results are representative of three independent experiments. B. Densitometric analysis of 

cleaved caspase 3 bands was performed using ImageLab software and values were normalised by the 

loading control. Statistical analysis was performed using one-way ANOVA with Tukey’s Multiple 

Comparison Test (Graphpad Prism 5). ***<0.001, * p<0.05. 
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3.2.9.3. Genetic inhibition of autophagosome formation does not enhance cisplatin-

induced apoptosis in OSCC cells 

An RNA-interference approach targeting autophagic proteins was next performed. This 

method represents a more accurate strategy to specifically target autophagy, avoiding the 

non-specific off-target effects of drug treatment. Autophagy-related 5 (ATG5) is a key 

autophagic protein involved in the extension of the phagophore membrane during 

autophagosome formation. In fact, association of ATG5 with ATG12 and subsequently 

with ATG16 results in the formation of the autophagy elongation complex (ATG5-12/16) 

which is necessary for LC3 lipidation and autophagosome generation [345]. Knockdown 

of ATG5 has been widely reported to block the autophagic flux in several studies [346–

348]. The effect of ATG5 siRNA on cisplatin-induced apoptosis was therefore evaluated 

in the SCC4 cell line.  

Firstly, the efficiency of the knockdown was examined by western blot analysis of ATG5 

and LC3-I/II protein expression. SCC4 cells were transfected with Non-Targeting (NT) 

control siRNA or with ATG5 siRNA for 48 h using lipofectamine. Cells treated with 

lipofectamine alone served as negative control for this experiment. As shown in Figure 

3.28, SCC4 cells transfected with ATG5 siRNA exhibited a substantial and significant 

decrease in ATG5-ATG12 protein expression compared to NT siRNA transfected cells 

and lipofectamine treated cells, suggesting that ATG5 siRNA specifically targets ATG5 

mRNA resulting in its knockdown. Moreover, western blot analysis of LC3-I/II protein 

expression showed a slight although non-significant increase in the conversion of LC3-I 

to LC3-II in cells transfected with NT siRNA compared to lipofectamine treated cells, 

likely due to autophagy activation in response to siRNA reagents. However, a significant 

reduction in the conversion of LC3-I in LC3-II was observed when cells were transfected 

with ATG5 siRNA compared to NT siRNA transfected cells. This result indicates that 

knock down of ATG5 results in a failure of LC3 activation, necessary during the 

autophagosome formation, hence indicating an inhibition of the autophagic flux.  

The effect of ATG5 knockdown on cisplatin-induced apoptosis was then investigated in 

order to determine whether genetic inhibition of autophagy may sensitise cells to 

cisplatin. SCC4 cells were transfected with NT control siRNA or with ATG5 siRNA for 

24 h before adding cisplatin 10 µM for further 24 h. Lipofectamine treated cells and cells 

transfected with NT siRNA or with ATG5 siRNA alone for 48 h served as controls for 

this experiment. Cells were then double stained with annexin V-FITC and PI, and the 
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percentage of cells in early and late apoptosis was acquired using the BD Accuri flow 

cytometer. As shown in Figure 3.29, transfection of cells with both NT and ATG5 siRNA 

resulted in a slight but non-significant increase in the apoptotic rate compared to 

lipofectamine treated cells. Addition of cisplatin to NT and ATG5 transfected cells was 

shown to substantially increase the apoptotic rate. However, no significant differences 

were found between cells transfected with ATG5 siRNA in combination with cisplatin 

and cells transfected with NT siRNA in combination with cisplatin, indicating that ATG5 

knockdown does not sensitise cells to cisplatin-induced apoptosis. Furthermore, these 

results correlate with the results obtained using the early stage pharmacological 

autophagy inhibitors, suggesting that targeting the autophagic flux at early stages does 

not sensitise OSCC cells to cisplatin.     

Taken together, these results suggest that autophagy may not be implicated in 

chemoresistance in OSCC cells. On the contrary cisplatin-induced autophagy may be 

closely related to cisplatin-induced apoptosis through a crosstalk mechanism between the 

two pathways. 
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Figure 3.28 Knockdown of ATG5 protein inhibits autophagy in SCC4 cells. 

SCC4 cells were seeded at 200 x103 cells/well in 6 well plates. Cells were transfected with Non-Targeting 

(NT) control siRNA or with ATG5 siRNA for 48 h by using lipofectamine. Cells treated with lipofectamine 

(Lipo) alone served as negative control. After incubation, cells were lysed and 20 μg of protein was loaded 

and separated in a 15% SDS-gel, transferred to a PVDF membrane and probed with anti-ATG5-ATG12 

and anti-LC3-I/II antibodies. GAPDH served as loading control. A. Results are representative of three 

independent experiments. B. Densitometric analysis of ATG5-ATG12, LC3-I and LC3-II bands was 

performed using ImageLab software and values were normalised to the loading control. Data represent the 

mean ±S.E.M. of three independent experiments. Statistical analysis was performed using unpaired two-

tailed student t-test to compare mean values between siRNA NT and siRNA ATG5 transfected cells 

(Graphpad Prism 5). ** p<0.05. 
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Figure 3.29 Knock down of ATG5 protein does not sensitise SCC4 cells to cisplatin. 

SCC4 cells were seeded at 200 x103 cells/well in 6 well plates. Cells were transfected with NT control 

siRNA or with ATG5 siRNA for 24 h before the addition of cisplatin (10 µM) for a further 24 h. 

Lipofectamine treated cells and cells transfected with NT siRNA or with ATG5 siRNA alone for 48 h 

served as negative control. Cells were then analysed by flow cytometry using BD FACS Accuri software. 

10,000 single cells were gated on vehicle treated cells and the percentage of cells undergoing early and late 

apoptosis was acquired. A. Representative dot plot of treated cells. B. Values represent the mean and S.E.M. 

of three independent experiments. Statistical analysis was performed using unpaired two-tailed student t-

test to compare mean values between siRNA NT and siRNA ATG5 transfected cells treated with cisplatin 

(Graphpad Prism 5). NS: non-significant. 
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3.3. Discussion 

OSCC is one of the most common cancers worldwide. Despite much scientific effort to 

improve  therapies, the prognosis of OSCC patients is still poor and mortality rates have 

not reduced in recent years [4, 349]. Chemotherapy is an important adjuvant therapy for 

OSCC and it can be used pre- and post-surgery or as a primary treatment when surgery is 

not possible. However, resistance to chemotherapy is one of the major problems during 

the treatment of OSCC. Chemoresistance has been linked to the ability of cancer cells 

to survive under stressful conditions and to protect themselves from anti-cancer drugs. It 

may result not only in the failure of chemotherapeutic treatments, but also in tumour 

recurrence and progression. Thus, new treatment strategies are required to bypass 

chemoresistance in OSCC patients.  Recent studies suggest that tumour resistance to 

therapy could be related to cell survival through autophagy [328]. Therefore, heightened 

autophagy may be a mechanism of resistance for cancer cells faced with metabolic and 

therapeutic stress. Targeting autophagy has thus been proposed as a new strategy to 

bypass drug resistance and improve patient outcomes. However, the role of autophagy in 

OSCC still remains unclear. In the present study it was hypothesised that autophagy may 

be activated in OSCC in response to chemotherapeutics and may lead to chemoresistance. 

 In this chapter cell death programmes initiated in OSCC cells in response to the 

chemotherapeutic agents were first investigated. Cisplatin, docetaxel and 5-fluorouracil 

are widely used chemotherapeutic agents for the treatment of OSCC [331]. In this chapter, 

the effect of cisplatin, docetaxel and 5-fluorouracil treatment was examined in two 

representative OSCC cell lines: the SCC4 and SCC9 cell lines. Both cell lines are derived 

from squamous cell carcinoma (SCC) of the tongue, which is considered the most 

aggressive form of OSCC [7]. SCC4 cells were isolated from a 55-year-old male who had 

received radiation and methotrexate treatment for the tumour for 16 months, while SCC9 

cells were taken from a 25-year-old male who had received no treatment for the tumour 

[306]. Results presented herein demonstrated that cisplatin, docetaxel and 5-fluorouracil 

reduced the viability of both OSCC cells in a dose- and time-dependent manner. However, 

a higher sensitivity to these drugs was observed in SCC4 cells compared to SCC9 cells, 

likely due to the different degree of differentiation and the genetic asset of the two cell 

lines. In fact, SCC4 cells are commonly considered poorly differentiated cells, whilst 

SCC9 cells are commonly considered moderately differentiated cells [21]. Accordingly, 

in gastric cancer cells, it has been demonstrated that since the chemotherapeutic drugs act 
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on proliferating cells, they have a greater effect in poorly differentiated cells because of 

their ability to divide faster [350]. In addition, genomic data from Barretina et al. 

published in Nature in 2012 described the genetic profile of several head and neck 

squamous cell carcinoma cell lines [307]. From this analysis, different genetic mutations 

were reported for SCC4 and SCC9 cell lines. In particular, a different p53 expression 

pattern and H-Ras status was reported. In fact, SCC4 cells displayed overexpression of 

mutant p53 protein and functional H-Ras protein, whilst SCC9 cells displayed no 

expression of p53 protein and a non-synonymous mutation in H-Ras gene. Ras mutations 

have been associated with lack of response to anti-EGFR agents in colorectal cancer and 

accordingly, a recent study has proposed Ras mutation status as a predictor of 

chemotherapy response in colorectal cancer patients [351–354]. Additionally, studies 

carried out in ovarian and prostatic cancer have shown that the absence of p53 can be 

associated with cisplatin and docetaxel resistance [355–357]. Although no evidence has 

been reported so far, it cannot be excluded that p53 and Ras status may contribute to the 

different grade of sensitivity to chemotherapeutics observed in SCC4 and SCC9 cell lines. 

Results obtained in the present study showed that the IC50 values obtained after 72 h 

treatment with cisplatin were 1.1 ± 0.4 µM and 22.1 ± 0.4 µM in SCC4 and SCC9 

respectively, whilst the IC50 values obtained with docetaxel were 1.5 ± 1.3 nM and 0.2 ± 

0.4 nM. Overall, the low micromolar and nanomolar range obtained for the cell sensitivity 

to cisplatin and docetaxel respectively in both cell lines correlated with data reported in 

the GDSC (Genomics of Drug Sensitivity in Cancer). In contrast, results obtained for 5-

fluorouracil in this study (IC50 value of 25.6 μM in SCC4 at 72 h) did not correlate 

particularly well with the GDSC database, wherein an IC50 values of 231 μM after 72 h 

of treatment was reported in the SCC4 cells. Any differences observed may be due to the 

differences in the techniques employed to assess viability [358]. Due to this discrepancy 

it was decided not to proceed with the use of 5-fluorouracil in subsequent 

experimentation. 

Given the wide use of cisplatin as a first-line chemotherapeutic agent for the treatment of 

OSCC [359], it was selected as the representative anticancer drug for further analyses in 

the present study . In order to investigate whether cisplatin treated cells were undergoing 

a decrease in viability due to cell death or cell cycle arrest, flow cytometric analysis of PI 

stained cells was performed. Cell cycle arrest was observed at low concentrations of 

cisplatin, resulting in a significant increase of cells in S-phase at 12.5 μM cisplatin in 
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SCC9 cells. Moreover, a progressive increase in the subG0/G1 peak with increasing 

concentrations of cisplatin was shown in both OSCC cell lines, suggesting that cisplatin-

induced cell death occurs in a dose-dependent manner. Taken together these results may 

suggest that low concentrations of cisplatin induce S-phase arrest in OSCC as an initial 

response to DNA damage, with higher concentrations of cisplatin resulting in extensive 

cell damage leading to cell death. According to Basu et al., cell cycle checkpoints are 

activated following cisplatin-induced DNA damage to provide time for DNA repair, 

resulting in a delay of cell cycle progression [357]. In this regard, the activation of ChK1 

has been reported and linked to Cdc25A degradation and S-phase arrest in HeLa cells 

treated with cisplatin [360]. Furthermore, results in the present study correlate with recent 

findings on the cell cycle in human promyelocytic leukaemia cells showing that almost 

40% of the cells in the G0/G1 peak were reduced after 48 h treatment with low 

concentrations of cisplatin with a corresponding accumulation of cells in S and subG0/G1 

peaks [361]. This was followed by a progressive increase in the subG0/G1 after treatment 

of cells with increasing concentrations of cisplatin. Thus, treatment with high 

concentrations of cisplatin leads to a drastic cellular response resulting in the elimination 

of genetically unstable cells by cell death induction.  

To establish whether apoptotic cell death occurs in OSCC cells following treatment with 

cisplatin, flow cytometric analysis of annexin V/PI stained cells was performed. 

Cisplatin-induced apoptosis was observed in a dose-dependent manner in both OSCC cell 

lines. After 48 h treatment, a noticeable increase in the apoptotic rate was first displayed 

at 5 μM and 25 μM cisplatin in SCC4 and SCC9 cells, respectively. The increase in the 

apoptotic rate obtained from the annexin V/PI assay correlated with the increase in the 

subG0/G1 peak obtained from cell cycle analysis, confirming that cisplatin-induced cell 

death in OSCC cells mainly occurs through apoptosis. Apoptotic cell death induced by 

cisplatin was further confirmed by western blotting through the evaluation of caspase 3 

cleavage in SCC4 cells. Cisplatin-induced caspase 3 activation was first observed at 5 

μM cisplatin and increased in a dose-dependent manner, providing a strong correlation 

with results obtained from the flow cytometric analysis of annexin V/PI stained cells. 

Additionally, the time dependency of cisplatin-induced apoptosis was also demonstrated 

in this study. From the flow cytometric analysis of annexin V/PI stained cells, a slight 

increase in the apoptotic rate of cisplatin treated cells compared to vehicle treated cells 

was first observed at the 16 h time point in both cell lines which progressively increased 
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with time, becoming significant at 24 h treatment in SCC4 cells and 48 h treatment in 

SCC9 cells. Moreover, from the western blot analysis a time-dependent activation of 

caspase 3 was observed in SCC4 cells treated with cisplatin, with a statistically significant 

increase in cleaved caspase 3 at 48 h treatment. Finally, various studies have demonstrated 

that cisplatin-induced apoptosis can occur either in a caspase-dependent or -independent 

manner [362, 363]. In the present study, it was shown that induction of apoptosis by 

cisplatin occurred as a caspase-dependent event in both SCC4 and SCC9 cell lines as pre-

treatment with the pan-caspase inhibitor Z-VAD-fmk totally suppressed cisplatin-

induced apoptosis.  

Given that cisplatin induced apoptosis in OSCC cell lines, autophagy levels under normal 

conditions and in response to cisplatin treatment were then investigated. It has been 

reported that autophagy can be generally sub-classified as basal autophagy and induced 

autophagy [364, 365]. Basal autophagy is constitutively activated in order to allow the 

turnover of cytosolic components, whilst induced autophagy is activated in response to 

several stimuli such as starvation, oxidative stress or chemotherapeutic drugs. Mutation 

of autophagic genes or dysregulation of the autophagic pathway may lead to enhancement 

or repression of basal autophagy. Dysregulation of basal levels of autophagy have been 

observed in different cancer cell lines, suggesting a role for  autophagy in tumorigenesis 

[167]. Whether autophagy acts as a tumour suppressive or tumour promoting mechanism 

is still poorly understood and is probably dependent on the type of tumour, the genetic 

asset of cells and the stage of malignancy. In the present study, basal levels of autophagy 

were assessed in SCC4 and SCC9 cell lines by western blot analysis of LC3-I/II and p62 

protein expression. To date, the expression analysis of LC3-I/II and p62 proteins by 

western blot, alongside electron microscopy for autophagosome formation, are reported 

to be the best ways to detect autophagy activation [333, 366]. LC3 is a Ubl-conjugation 

system crucial during autophagosome formation and maturation. Autophagy activation 

results in the cleavage of LC3 by the cysteine protease ATG4 into a LC3-I fragment, 

which is then conjugated with phosphatidylethanolamine (PE) to form LC3-II [148]. 

p62/SQTM1 is a cargo receptor for selective autophagy and it is involved in the delivery 

of ubiquitinated proteins to the autophagosome for degradation [146]. The conversion of 

LC3-I to the LC3-II form alongside the degradation of p62 have been considered a 

reliable marker to study autophagy induction [151]. In order to evaluate basal levels of 

autophagy in OSCC cell lines, autophagic flux was investigated by using the lysosomal 
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inhibitor bafilomycin-A1. According to Mizushima et al., determination of  autophagic 

flux is important to estimate autophagic activity [335]. The term ‘autophagic flux’ 

denotes the dynamic process of the autophagosome formation, fusion with the lysosome 

and degradation of the autophagic substrates into the autophagolysosome [151]. The use 

of lysosomal inhibitors is considered the best way to monitor the autophagic flux, as 

preventing the completion of autophagy in the final steps leads to an accumulation of 

autophagic vesicles, which is evidence of efficient autophagic flux. On the other hand, 

the failure of autophagic vesicle accumulation in the presence of such inhibitors, may be 

indicative of a defect or a delay in vesicle trafficking, prior to degradation at the 

autophagolysosome [366]. Results obtained from western blot analysis herein showed 

that autophagic flux is constitutively activated at basal levels in both cell lines. 

Interestingly, a different expression pattern of LC3-II protein was found in the two cell 

lines, with higher levels of LC3-II in SCC9 cells compared to SCC4 cells under normal 

conditions. Since LC3-II expression positively correlates to basal levels of autophagy, 

this result may suggest higher basal levels of autophagy in the SCC9 cell line compared 

to the SCC4 cell line. A study conducted on 10 colorectal cancer (CRC) cell lines has 

proposed a correlation between basal levels of autophagy and sensitivity to drugs. 

According to this study, the CRC cell lines with lower basal levels of autophagy were 

shown to be more sensitive to the anti-cancer drug omega‐3 fatty acid docosahexaenoic 

acid (DHA) compared to cells with high basal levels of autophagy [367]. A similar study 

has also reported a correlation between basal autophagic flux and sensitivity toward 

rLGALS9 treatment in CRC cells cell lines [368]. Moreover, oncogenic mutations of Ras 

have also been associated with high levels of basal autophagy in a panel of human cancer 

cell lines, implying a cell survival role of autophagy during tumorigenesis in Ras-driven 

cancers [178, 368, 369]. Taken together, these findings correlate with the results obtained 

in the present study, where the Ras-mutated SCC9 cell line exhibited less sensitivity to 

drugs and concurrently higher basal levels of autophagy. Additionally, starvation of cells 

with EBSS for 2 or 4 h was shown to induce LC3-I/II conversion in both SCC4 and SCC9 

cell lines, confirming the ability of these cell lines to induce autophagy in response of 

external stimuli.  

Autophagy has been shown to be induced in various cancers in response to 

chemotherapeutics [189, 370, 371]. Indeed, autophagy activation in response to cisplatin 

has been reported in ovarian cancer cells, human bladder cells, lung adenocarcinoma cells 
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and as well as in oral squamous carcinoma cells [290, 372–374]. In the present study, 

activation of autophagy in response to cisplatin in OSCC cells was demonstrated by flow 

cytometric analysis of Cyto-ID stained cells. This approach allows the quantification of 

autophagosomes through the detection of fluorescence [311]. The Cyto-ID Autophagy 

Detection Kit is reported to stain autophagic vesicles in a more specific manner than other 

lysosomotropic dyes such as acridine orange [333]. Results obtained herein demonstrated 

an increase of autophagic vesicles in both OSCC cell lines after 48 h treatment with 

cisplatin. Moreover, this result was further confirmed by evaluation of the autophagic 

flux. In fact, the static analysis of autophagic structures at certain time points may be 

difficult to interpret, as the appearance of more autophagosomes do not necessarily imply 

autophagy induction. Thus, the combinatorial evaluation of the samples in the 

presence/absence of lysosomal inhibitors permits an evaluation as to whether there has 

been an effective induction of autophagy or whether an accumulation of vesicles is 

occurring because of an inhibition of  autophagic flux [151]. In this study, chloroquine 

was used as a late stage autophagy inhibitor to study cisplatin-induced autophagic flux. 

A significant increase in autophagosome levels was observed in both OSCC cell lines 

treated with chloroquine in combination with cisplatin compared to cells treated with 

chloroquine alone or cisplatin alone. This result suggests that treatment with cisplatin 

promotes autophagic flux activation and excludes secondary accumulations due to 

autophagic degradation blockade.  

The time- and dose-dependent nature of autophagy induction in response to cisplatin was 

also examined in OSCC cell lines. Cyto-ID analysis showed a progressive increase in 

autophagic vesicles in a time-dependent manner in SCC4 and SCC9 cells, indicating that 

significant autophagy activation occurs at 48 h cisplatin treatment in both cell lines and 

increases up to 72 h treatment in SCC9 cells. Additionally, western blot analysis showed 

that cisplatin induced autophagy in a dose-dependent manner in OSCC cells lines, 

resulting in a progressive increase in LC3-II levels and a concomitant decrease in p62 

levels. Taken together, these results suggest that autophagy is induced in a time- and dose-

responsive manner in OSCC cell lines treated with cisplatin. Interestingly, these results 

highlight a parallel activation of cisplatin-induced autophagy and apoptosis in OSCC 

cells, suggesting the interplay of the two pathways in response to chemotherapeutics. In 

fact, treatment of SCC4 cells with a low concentration of cisplatin (1 µM) for 48 h did 

not elicit any effect on either the apoptotic or the autophagic pathway. On the other hand, 
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from 5 to 15 µM cisplatin, a strong enhancement of apoptosis and caspase 3 activation 

was associated with an increase in the LC3-II/I ratio and a decrease in p62 levels. 

Moreover, treatment of SCC4 cells with 5 µM cisplatin resulted in a noticeable 

autophagosome formation along with caspase 3 cleavage as early at 24 h, although a small 

increase in the apoptotic rate was observed by flow cytometric analysis already at 16 h. 

Both autophagy and apoptosis substantially and significantly increased at 48 h treatment 

with cisplatin.  

Given that cisplatin induced both autophagy and apoptosis in OSCC cell lines, 

investigation into the role of cisplatin-induced autophagy was next undertaken. As 

previously discussed, the role of autophagy in cancer remains highly controversial. It can 

act as a pro-tumour mechanism that allows cells to adapt to stressful conditions, or as an 

anti-tumour mechanism leading to cell death [375]. Likewise, this dual role of autophagy 

has been reported in autophagy induced by treatment with chemotherapeutics in various 

types of cancer [189]. The pro-survival effect of autophagy has been demonstrated in 

colorectal cancer cells treated with 5-fluorouracil, in hepatocellular carcinoma cells 

treated with sorafenib and in breast cancer cells treated with epirubicin [201, 376, 377]. 

On the other hand, the pro-death effect of autophagy has been reported in oral squamous 

cell carcinoma cells following treatment with curcumin and in glioma cells treated with 

imatinib or cannabinoids [295, 378, 379]. It has been suggested that this paradoxical role 

of autophagy may be dependent on the anti-cancer drug employed and the cancer type 

[189].  

Autophagy induced specifically by cisplatin has been shown to exert a pro-survival role 

in several types of cancer, such as oesophageal cancer, breast cancer and cervical cancer 

[192, 380, 381]. The pro-tumour effect of autophagy in response to cisplatin has been 

associated with the acquisition of a resistant phenotype, as it represents a cell mechanism 

to adapt to stress conditions induced by the drug. In human non-small lung carcinoma 

cells, the reduced expression of BIRC5 gene and the concomitant overexpression of 

Beclin-1 have been linked to cisplatin resistance [382]. In ovarian cancer cells, inhibition 

of ERK has resulted in a decrease in cisplatin-induced autophagy leading to an increase 

in cisplatin-induced apoptosis [372]. In bladder cancer cells, pharmacological autophagy 

inhibitors and ATG7/ATG12 shRNAs significantly enhanced cytotoxicity of cisplatin 

[373]. Overall, these studies support the idea that cisplatin-induced autophagy contributes 

to chemoresistance and acts as a survival pathway in a wide range of malignancies. 



153 

Accordingly, the potential role of autophagy in chemoresistance indicates that the 

manipulation of the autophagic pathway can be used to develop more effective anti-

cancer therapies. Thus, targeting autophagy has been proposed as novel strategy to bypass 

cisplatin resistance in many cancers, such as osteosarcoma, ovarian and lung cancer [372, 

383, 384].  

However, the role of autophagy in OSCC remains controversial, and whether autophagy 

inhibition may represent a strategy to overcome cisplatin resistance in this type of cancer 

has been poorly reported. In this study, the relationship between apoptosis and autophagy 

in response to cisplatin in OSCC was investigated by targeting autophagy at early and 

late stages of autophagic flux. Two pharmacological early stage autophagy inhibitors 

were used to block cisplatin-induced autophagy in OSCC cells: 3-methyladenine (3-MA) 

and SAR405. 3-MA is a pan-PI3K inhibitor, which targets both the class I and class III 

PI3K indiscriminately, while SAR405 selectively inhibits the PtdIns3K complex  [385–

387]. Interestingly, following autophagy analysis, a small enhancement of autophagy was 

observed when cells were treated with 3-MA alone compared to vehicle treated cells. 

Conversely, a slight but non-significant decrease in autophagy was found when 3-MA 

was applied to cisplatin treated cells compared to cells treated with cisplatin alone. A 

similar inconsistency has been reported by Wu  et al., who showed that 3-MA can 

promote autophagy when applied to cells alone for a long period in complete media, 

whilst it can inhibit autophagy induced by starvation for a short period [385]. This dual 

role of 3-MA has been linked to its mechanism of action, since it can initiate a transient 

suppression of class III PI3K (negative autophagy regulator) and a permanent suppression 

of class I PI3K (positive autophagy regulator) [385]. Moreover, the ability of 3-MA to 

bind indiscriminately to both class I and III PI3K and possibly other survival-related 

enzymes has been reported in various studies in the literature and this has been associated 

with autophagy activation rather than inhibition [388, 389]. For example, O’Donovan  et 

al. have shown that treatment of cells with 3-MA did not inhibit autophagy but led to 

enhanced vesicle formation and LC3 accumulation in oesophageal cancer [389]. In 

contrast, a stronger inhibitory activity has been reported in the literature for SAR405, 

which was shown to prevent autophagy induced by starvation or AZD8055 (mTOR 

inhibitor) treatment in Hela cells by selectively inhibiting the catalytic activity of Vp34 

[390]. Consistently, in the present study, SAR405 significantly reduced cisplatin-induced 

autophagy in SCC4 cells.  
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Following  apoptotic analysis of OSCC cells treated with cisplatin in combination with 

the two early stage autophagy inhibitors, a slight but non-significant increase in cisplatin-

induced apoptosis was found in SCC4 and SCC9 cells pre-treated with 3-MA, whilst 

conversely significantly reduced levels of apoptosis were detected when SCC4 and SCC9 

cells were pre-treated with SAR405. Overall, these results showed a non-consistent effect 

of the two inhibitors on cisplatin-induced apoptosis in OSCC cells. Studies in the 

literature have reported an enhancement of cisplatin-induced apoptosis following 

treatment of cells with 3-MA in several cancers, including OSCC. For example, Zaho et 

al. have found that pre-treatment of CAL-27 cells with 3-MA resulted in enhanced 

cisplatin-induced apoptosis and caspase 3 activation in OSCC [290]. Likewise, in the 

same cell line, Lin et a.l have reported a reduced cell viability following treatment of cells 

with 3-MA in combination with cisplatin compared with cells treated with cisplatin alone 

[291]. In both studies, the authors proposed a pro-survival role for cisplatin-induced 

autophagy in OSCC and an involvement of autophagy in chemoresistance. In contrast 

with these findings,  non-specific activity of 3-MA has also been proposed and linked to 

some off-target effects, including activation of several biological pathways such as 

glycogen metabolism, lysosomal acidification and endocytosis [141]. As a result of these 

reported off-target effects of 3-MA and the positive inhibitory activity of SAR405 on 

cisplatin-induced autophagy demonstrated in the present study, results herein obtained 

with SAR405 may be considered the more robust. Nevertheless, the protective effect 

observed on cisplatin-induced apoptosis following treatment of SCC4 and SCC9 cells 

with SAR405 was in contrast with studies reported in the literature. For example, SAR405 

was shown to increase apoptosis and caspase 3/7 activity in breast cancer cells treated 

with lapatinib [391]. Similarly, SAR405 was shown to reduce cell viability in a panel of 

urothelial carcinoma cells treated with cisplatin [392].  

Due to the inconsistent results obtained with the two early stage autophagy inhibitors, 

evaluation of targeting the later stages of autophagic flux in OSCC cells was performed. 

Chloroquine and bafilomycin-A1 were used as late stage autophagy inhibitors, since they 

both prevent the fusion of the autophagosome with the lysosome [341, 342]. Analysis of 

annexin V/PI stained OSCC cells treated with cisplatin alone or cisplatin in combination 

with chloroquine or bafilomycin-A1 showed an increase in the apoptotic rate when the 

autophagic flux was inhibited, indicating that targeting the late stages of the autophagy 

may sensitise OSCC cells to cisplatin treatment. This result was further confirmed by 
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western blot analysis through the evaluation of caspase 3 activation. Accordingly, the use 

of chloroquine and bafilomycin-A1 in vitro has been widely reported to enhance the 

cytotoxic effect of many drugs. For instance, targeting autophagy with chloroquine and 

bafiloycin-A1 has been shown to promote 5-fluorouracil-induced apoptosis in gallbladder 

carcinoma cells and gastric cancer cells, respectively [200, 393]. Moreover, inhibition of 

autophagy with chloroquine and bafilomycin-A1 have also been shown to sensitise cells 

to radiotherapy in ovarian and in breast cancer [394, 395]. Nevertheless, in the present 

study, results obtained using late stage autophagy inhibitors were shown to be in direct 

contrast with results obtained using the early stage autophagy inhibitor SAR405, 

suggesting that targeting different phases of the autophagic flux may determine different 

effects on cisplatin-induced apoptosis. In this regard, a recent paper has reported the effect 

of autophagy inhibition at different stages in glioblastoma (GBM) cells [396]. Similar to 

what has been found in the present study, inhibition of early steps of autophagy through 

Beclin-1 knockdown decreased the cytotoxic effect of arsenic trioxide (ATO) in GBM 

cell lines, whilst inhibition of autophagy flux at late stage using chloroquine enhanced 

ATO cytotoxicity. According to the authors, the opposing effects observed can be linked 

to the complex mechanism of crosstalk between the autophagic and the apoptotic 

pathways. In fact, it has been proposed that autophagosomes may represent a platform for 

caspase activation, thus inhibition of autophagy at early stages can induce a decrease in 

autophagosome formation and consequently reduce caspase activation and apoptosis 

[205, 235, 396]. In this regard, Young et al. demonstrated that caspase 8 can be activated 

in an autophagy-dependent manner by a death-inducing signalling complex (DISC)-like 

complex which assembles on autophagosomal membranes [397]. Given that, depletion of 

key autophagic genes such as p62 and ATG5 resulted in the suppression of the caspase 

8/3 cascade in mouse embryonic fibroblasts (MEF) cell lines treated with the pan-

sphingosine kinase inhibitor SKI-I [397]. Interestingly, in the same study, inhibition of 

autophagy using lysosomal inhibitors such as chloroquine and bafilomycin-A1 in 

combination with SKI-I enhanced caspase 3 activation, likely because of the decreased 

autophagosome turnover. 

Besides caspase activation, autophagosome accumulation in response to autophagy 

inducers and inhibitors has also been linked to enhanced apoptosis through increased ROS 

generation which resulted in mitochondrial permeabilisation and eventual cell death 

[398]. In  addition, other studies have reported that both chloroquine and bafilomycin 
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may sensitise breast and tongue carcinoma cells to chemotherapy through autophagy-

independent mechanism(s) [399, 400]. For example, in mouse breast cancer cell lines, 

67NR and 4T1, autophagy was induced by cisplatin and chloroquine decreased the 

viability of cells treated with this chemotherapeutic drug. However, this effect could not 

be mimicked with bafilomycin-A1, the other late stage autophagy inhibitor or with 

ATG12 or Beclin-1 knockdown, which both inhibit early steps of the autophagy process 

[399]. These researchers therefore proposed that although chloroquine might be helpful 

in combination with chemotherapeutic drugs, its sensitising effects can occur 

independently of autophagy inhibition. 

In the present study, both chloroquine and balfilomycin-A1 elicited similar effects and 

sensitised OSCC cells to cisplatin. However, whether the effect of these inhibitors on 

cisplatin cytotoxicity depends on accumulation of autophagic vesicles or other 

autophagy-independent mechanisms is still not clear. Nevertheless, regardless of their 

mechanism of action, treatment with these two compounds may represent a new strategy 

to enhance the chemotherapy in OSCC and improve the clinical outcome of patients. To 

date, the use of bafilomycin-A1 in combination with anticancer drugs has been tested in 

vitro and in vivo in several cancers, including colorectal cancer, gastric cancer cells and 

breast cancer, whilst chloroquine has been tested in various clinical trials as potential 

adjuvant therapy for the treatment of brain cancer and glioblastoma [371, 401–405]. 

However, clinical trials using chloroquine so far only showed moderate beneficial effects 

accompanied by many side effects [144]. Accordingly, hydroxychloroquine (HCQ), 

a less toxic metabolite of chloroquine, has been utilised over chloroquine in numerous 

clinical trials [202, 406]. 

As contrasting results were obtained between early and late stage pharmacological 

autophagy inhibitors with respect to improving sensitivity of OSCC cells to cisplatin, 

genetic inhibition of autophagosome formation through ATG5 knockdown was herein 

employed. As previously mentioned, ATG5 is a key autophagic protein which takes part 

in the autophagosome formation by forming an autophagosome elongation complex 

(ATG5-12/16) necessary for LC3 lipidation [345]. Knockdown of ATG5 has been shown 

to block LC3 lipidation and inhibit autophagic flux in several studies [346–348]. 

Consistently, in the present study, suppression of ATG5 using RNA interference was 

shown to reduce the LC3-II/LC3-I ratio in SCC4 cells, indicating autophagy inhibition. 

Interestingly, a notable but non-significant decrease in the apoptotic rate was observed in 
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ATG5 knockdown cells compared to ATG5 wild type cells, suggesting that genetic 

inhibition of autophagy does not result in enhanced cell death in OSCC cells. Similarly, 

reduced sensitivity toward staurosporine and doxorubicin has been reported in the 

literature in ATG5-deficient HeLa and breast cancer MDA-MA-231 cells respectively 

[237]. Also, suppression of IFN-γ-induced cell death was observed following ATG5 

knockdown in Hela cells [407]. All these findings support the hypothesis that targeting 

autophagy through ATG5 knockdown may result in reduced chemotherapy-induced cell 

death. In contrast with these data, a body of evidence has instead shown enhanced cell 

death following ATG5 suppression. For example, inhibition of autophagy by ATG5 

siRNA was shown to promote cisplatin-induced apoptosis in human lung cancer cells 

[408]. Likewise, ATG5 knockdown was shown to enhance bufalin-induced apoptosis in 

human gastric cancer cells [409]. Intriguingly, Hollomon et al. have reported that 

autophagy inhibition through shRNA-mediated knockdown of ATG5 had an opposing 

effect on two osteosarcoma cell lines treated with camptothecin (CPT), a natural 

anticancer drug [410]. In this study, ATG5-deficient DLM8 cells treated with CPT 

displayed increased viability compared to the corresponding ATG5 wild type cells, whilst 

ATG5-deficient K7M3 cells treated with CPT showed reduced viability when compared 

to the corresponding ATG5 wild type cells. According to the authors, such inconsistency 

between the two cell lines may be linked to the higher basal levels of autophagy observed 

in the K7M3 cell line, which may correlate with an increased dependence on autophagy. 

In fact, suppression of autophagy in the K7M3 cell line also resulted in reduced metabolic 

activity and cell growth. It is important to also take into consideration the autophagy-

independent role of many ATG proteins and their potential implication in apoptosis 

regulation. In this regard, it has been demonstrated that ATG5 can negatively regulate the 

extrinsic apoptosis pathway by interrupting the interaction between FADD and DISC. On 

the other hand, ATG5 can also positively regulate the intrinsic apoptotic pathway through 

a calpain-mediated ATG5 cleaved product which can translocate to the mitochondria 

promoting cytochrome c release and eventually cell death [346]. Additionally, some 

studies have recently reported that the activation of an ATG5-independent form of 

autophagy may occur in ATG5-deficient cells. In this scenario, a double knockdown of 

ATG5 in combination with other key autophagic proteins such as Beclin-1 would be 

required to ensure actual autophagy inhibition.  
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In conclusion, this chapter demonstrated the novel finding that both apoptosis and 

autophagy are activated in response to cisplatin in SCC4 and SCC9 cells. However, the 

role of cisplatin-induced autophagy in these cells still remains controversial. Autophagy 

inhibition using a specific early stage autophagy inhibitor SAR405 was shown to reduce 

the cytotoxic effect of cisplatin, suggesting that cisplatin-induced autophagy may not 

represent a protective mechanism in these OSCC cell lines, thus autophagy may not be 

involved in chemoresistance. This conclusion was supported by data showing that 

knockdown of a key autophagy protein, ATG5, which resulted in a failure of LC3 

activation necessary during the autophagosome formation, did not significantly modulate 

sensitivity to cisplatin. In contrast, treatment of cells with two late stage autophagy 

inhibitors, chloroquine and bafilomycin-A1 were shown to significantly sensitise OSCC 

cells to cisplatin treatment. However, off-target, autophagic-independent effects of these 

inhibitors could not be ruled out. Given this, no firm conclusions could be drawn at this 

stage in respect of the role of autophagy in mediating chemoresistance in OSCC. 

Moreover, it must be considered that one of the weakness of this study is the limited 

number of cell lines employed. In fact, it is well known that cancer cells can genetically 

differ among patients but also within the same tumour specimen [411]. This inter/intra-

tumour heterogeneity usually occurs as consequence of genetic mutations and 

environmental changes, and it can result in poor prognosis and treatment failure due to 

inadequate clues to predict the overall treatment response in genetically different cells 

[412]. Therefore, the use of only two OSCC cell lines in this study can raise some doubts 

on whether these cell lines may be truly representative of primary oral cancers and 

whether they may represent a good model to predict human responses. Although similar 

results were obtained in the two OSCC cell lines employed in this study, it must be 

highlighted that a greater number of oral cancer cell lines from various regions of the 

mouth should be considered for future work to increase the reliability of this pre-clinical 

study. Also, further analysis is required through the generation and the evaluation of a 

cisplatin-resistant OSCC cell line. Additionally, results presented in this chapter 

warranted further study into the crosstalk between apoptotic and autophagic pathways in 

OSCC. 
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4. Investigation into the signalling pathway(s) 

underlying cisplatin-induced apoptosis and 

autophagy 
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4.1. Introduction 

Cisplatin is considered one of the most effective drugs used in chemotherapy and it 

represents a first-line therapy for several cancers, including lung, breast, brain and head 

and neck cancers [323]. Over the past 50 years, the mechanism of action of cisplatin and 

the signalling pathways implicated in its cytotoxicity have been widely investigated. 

DNA has been identified as the main target of cisplatin [323]. In fact, it has been 

demonstrated that cisplatin can bind to the N7 reactive centre on purine residues, forming 

1,2 or 1,3 intra- and inter-strand cross links with DNA [321]. Formation of DNA adducts 

results in DNA damage and consequentially in inhibition of DNA replication, cell cycle 

arrest and cell death [322]. The ability of cisplatin to induce DNA damage has been 

considered the primary mechanism implicated in its cytotoxicity [323]. This has been 

confirmed by several studies which demonstrated the high sensitivity to cisplatin of cells 

deficient in DNA repair [323, 413, 414]. Moreover, DNA damage in response to cisplatin 

has been associated with induction of apoptosis [415]. In fact, formation of DNA adducts 

leads to genotoxic stress and the consequential cellular response, consisting of the 

activation of DNA damage recognition proteins and in the transmission of DNA damage 

signals to downstream effectors, such as p53, mitogen-activated protein kinase (MAPK) 

and p73, which ultimately induce apoptosis through both the intrinsic and extrinsic 

pathways [415].  

Apart from genotoxic stress, cisplatin cytotoxicity has also been associated with oxidative 

stress [416]. In fact, it has been proposed that exposure to cisplatin can also lead to the 

disruption of essential mitochondrial functions, including reduction of mitochondrial 

protein synthesis and impairment of the electron transport chain, resulting in the 

consequent enhancement of ROS generation [417]. Even though low levels of ROS are 

physiologically produced to maintain cell homeostasis, intracellular accumulation of ROS 

can result in oxidative stress and cytotoxicity. In this context, oxidative stress represents 

an imbalance in the cellular redox state caused by intracellular accumulation of ROS, 

likely due to the failure of antioxidant defence systems to counteract them [248]. 

Cisplatin-induced oxidative stress has been linked to the ability of cisplatin to enhance 

ROS formation, but also to its capacity of interacting with thiol proteins, such as 

glutathione [418, 419]. Glutathione is one of the major antioxidant systems within cells 

and it can exist in a reduced (GSH) or oxidised form (GSSG). Oxidation of glutathione is 

important for ROS reduction and neutralisation [420]. The ability of cisplatin to bind the 
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thiol group of GSH results in depletion of glutathione, which consequentially leads to 

intracellular ROS accumulation [323, 421, 422]. Once accumulated in cells, ROS can 

induce oxidative damage, which includes damage to several cellular components such as 

proteins, DNA and lipids resulting in cell death [423]. In this regard, several papers have 

reported activation of both the intrinsic and extrinsic apoptotic pathways in response to 

cisplatin-induced ROS [265]. 

The cisplatin mechanisms of action so far reported can result in apoptotic cell death 

through activation of multiple transduction pathways. Among them, it is worth 

mentioning the stress-induced MAPK pathway. MAPKs are a family of serine/threonine 

protein kinases which regulate fundamental cellular processes involved in cell growth, 

differentiation and survival. The MAPK protein family includes three major groups of 

enzymes: the extracellular signal-related kinases (ERKs), the c-Jun N-terminal kinases 

(JNKs), and the p38 kinases. Even though ERK (ERK1/2) has been generally recognised 

as a cell survival regulator, several studies have shown that cisplatin-induced ERK 

activation can lead to p53 phosphorylation, which in turn regulates the expression of 

apoptotic genes, such as the pro-apoptotic Bax, resulting in apoptotic cell death [424, 

425]. Moreover, activation of JNK (JNK1/2) and p38 in response to cisplatin-induced 

stress has also been linked to apoptosis induction, through the activation of transcription 

factors and proteins involved in the apoptotic pathways, including ATF2, Elk1, p53, c-

Jun, MEF-2C, p73 and p18 [425–428]. 

Interestingly, activation of the MAPK signalling pathway has also been implicated in 

autophagy induction. In this regard, a role for ERK and p38 in the regulation of autophagy 

at maturation stage has been proposed, whilst a role for JNK has been reported in ATG 

gene expression regulation [429, 430]. As mentioned above, autophagy can be activated 

as a stress response mechanism following exposure to chemotherapeutics. Autophagy 

activation in response to cisplatin has been extensively reported in several cancers, 

although its role still remains controversial. The potential implication of common 

regulatory pathways in both apoptosis and autophagy induction have suggested a tight 

correlation between these two processes. In this regard, a key role for JNK has been 

proposed. In fact, it has been reported that JNK can mediate both apoptosis and autophagy 

activation by regulating the interplay between Bcl-2 and Beclin-1 [430]. The Beclin-

1/Bcl-2 complex represents a crucial node in the crosstalk between apoptosis and 

autophagy. Activation of JNK has been shown to promote Bcl-2 phosphorylation, leading 
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to its dissociation from Beclin-1. Release of Beclin-1 from the Beclin-1/Bcl-2 complex 

has been associated with autophagy induction, whilst JNK-induced phosphorylation of 

Bcl-2 has been correlated to apoptosis activation through the mitochondrial apoptotic 

pathway [215].   

The last chapter demonstrated that both apoptosis and autophagy are activated 

concomitantly in response to cisplatin treatment in OSCC cells. A complex crosstalk 

between these two pathways has already been demonstrated in many cancerous cell types 

but further analysis is required in OSCC. Therefore, the aim of this chapter was to 

examine the relationship between cisplatin-induced apoptosis and autophagy in OSCC 

cells and to evaluate the molecular mechanisms underlying cisplatin-induced cytotoxicity 

in OSCC. In particular, the role of oxidative stress and the involvement of the JNK 

signalling pathway in apoptosis and autophagy in response to cisplatin were herein 

investigated. 
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4.2. Results 

 

4.2.1. Cisplatin induces intracellular ROS generation in OSCC cell lines 

Flow cytometric analysis of H2DCFDA stained cells was employed to examine the levels 

of intracellular ROS generated in response to cisplatin treatment in OSCC cell lines. The 

H2DCFDA or 2’,7’-dichlorodihydrofluorescein-diacetate is a cell permeant dye widely 

used to detect ROS accumulation within cells [431]. After its diffusion into cells, cleavage 

of the two acetate groups by the intracellular esterase leads to the conversion of 

H2DCFDA, a non-fluorescent compound, which can be then oxidised by ROS into 2’,7’-

dichlorofluorescein or DCF. Since DCF is highly florescent, the acquisition of 

fluorescence intensity through flow cytometry can be used as an indicator of ROS levels 

in cells. 

The validity of this assay was first established using menadione, a well-known ROS 

inducer. Menadione, or vitamin K3, is a redox cycling quinone recently used as 

chemotherapeutic agent for the treatment of several cancers [432]. The potent cytotoxic 

activity of menadione has been linked to its ability to induce ROS [433]. In fact, the 

naturally reductive environment of cells leads to the reduction of menadione to 

semiquinone radicals, which can induce the Fenton reaction resulting in ROS production 

[434]. Levels of ROS in response to menadione were assessed in OSCC cell lines through 

flow cytometric analysis of H2DCFDA stained cells in order to demonstrate the 

specificity of the dye to ROS and the ability of cells to accumulate intracellular ROS. 

SCC4 cells were treated with vehicle (0.1% (v/v) DMSO) or with menadione 50 µM for 2 

h. Cells were then stained with the H2DCFDA dye and analysed on the BD Accuri 

cytometer. As shown in Figure 4.1, a notable shift to the right of the fluorescence peak 

was observed in menadione treated cells compared to vehicle cells, indicating a 

statistically significant increase in ROS levels after treatment with menadione. This result 

validates the specificity of the assay. 

Levels of intracellular ROS were then examined in OSCC cells in response to cisplatin 

treatment. SCC4 and SCC9 cells were treated with 5 μM and 25 μM cisplatin respectively 

for 48 h. Cells were then stained with the H2DCFDA dye and analysed on the BD Accuri 

flow cytometer. Both SCC4 and SCC9 cells treated with cisplatin showed a statistically 

significant increase in ROS production compared to vehicle treated cells (Figure 4.2, 
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Figure A.5). Moreover, a 2.7 fold difference in ROS generation between vehicle and 

cisplatin treated cells was found in the SCC4 cell line, while a 2.0 fold difference was 

detected in the SCC9 cell line. These results suggest that treatment with cisplatin 

promotes ROS accumulation in OSCC cells. Also, although a lower concentration of 

cisplatin was used in SCC4 cells, a marked increase in ROS levels was observed in this 

cell line compared to the SCC9 cell line, suggesting a potential correlation between ROS 

accumulation and sensitivity to cisplatin.  
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Figure 4.1 Validation of the H2DCFDA assay in SCC4 cells. 

SCC4 cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with the vehicle (0.1% (v/v) DMSO) or with menadione 50 μM for 2 h. After 

incubation, 10 μM of H2DCFDA dye was added to each well for 30 min. Cells were then harvested and 

analysed on the flow BD FACS Accuri cytometer. 10,000 single cells were gated on vehicle treated cells 

and the median fluorescence intensity (MFI) was acquired. A. Representative flow cytometric histogram 

of vehicle and menadione treated cells. B. Bar graph of the ROS levels in vehicle and menadione treated 

cells. MFI values of menadione treated cells were normalised by MFI values of vehicle treated cells to 

determine the fold change in ROS levels. Values represent the mean ±S.E.M. of three independent 

experiments. Statistical analysis was performed using an unpaired two-tailed student t-test to compare mean 

values between vehicle and treated cells (Graphpad Prism 5). ** p<0.01. 
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Figure 4.2 Cisplatin induces intracellular ROS generation in OSCC cell lines. 

OSCC cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with the vehicle (0.009% (v/v) NaCl) or with cisplatin (CDDP) (5 μM and 25 μM in 

SCC4 (A) and SCC9 (B) cells respectively). After 48 h, 10 μM H2DCFDA dye was added to each well for 

30 min. Cells were then harvested and analysed on the flow BD FACS Accuri cytometer. 10,000 single 

cells were gated on vehicle treated cells and the median fluorescence intensity (MFI) was acquired. MFI 

values of cisplatin treated cells were normalised by MFI values of vehicle treated cells to determine the 

fold change in ROS levels. Values represent the mean ±S.E.M. of three independent experiments. Statistical 

analysis was performed using an unpaired two-tailed student t-test to compare mean values between vehicle 

and treated cells (Graphpad Prism 5). ** p<0.01. 
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4.2.2. Cisplatin induces oxidative stress in OSCC cell lines 

Oxidative stress is defined as the imbalance between ROS generation and antioxidant 

capacity [248]. In order to determine whether ROS accumulation in response to cisplatin 

was associated with oxidative stress, the antioxidant capacity of OSCC cells treated with 

cisplatin was evaluated. It has been reported that glutathione is one of the main 

antioxidative systems within cells and it can exist in a reduced (GSH) or oxidised (GSSG) 

form [420]. In oxidant conditions, GSH is converted to GSSG by the glutathione 

peroxidase, whilst in reduced conditions, glutathione transferase can reduce GSSG to 

again form GSH. Thus, the conversion of GSH to GSSG is generally considered a good 

marker for oxidative stress [255].  

The GSH/GSSG kit was employed to evaluate the levels of GSH and GSSG in OSCC 

cells following treatment with cisplatin. This assay utilises a luciferin-based reaction 

where a GSH probe, Luciferin-NT, is converted to luciferin by a glutathione transferase 

enzyme in the presence of GSH. Light from luciferase depends on the amount of luciferin 

formed, which in turn depends on the amount of GSH present. Thus, the luminescent 

signal is proportional to the amount of GSH. As shown in the Materials and Methods 

(Figure 2.8), conversion of GSSG to GSH allows the determination of total glutathione 

(GSH+GSSG) levels within cells, whilst conversion of GSSG to GSH along with a block 

in endogenous GSH allows the quantification of only GSSG. Determination of the 

GSH/GSSG ratio is indicative of the conversion of GSH to GSSG, thus is an indicator of 

oxidative stress [255, 435].  

SCC4 and SCC9 cells were treated with 5 μM and 25 μM cisplatin respectively for 48 h. 

Cells were then analysed with the GSH/GSSG kit and luminescence intensity was 

detected using the SpectraMax Gemini EM Microplate Reader. A marked and statistically 

significant reduction of the GSH/GSSG ratio in response to cisplatin was observed in the 

SCC4 cell line, whilst a more modest reduction was found in the SCC9 cell line (Figure 

4.3). Taken together, these results suggest a conversion of GSH to GSSG following 

treatment with cisplatin in both cell lines, with a marked conversion observed in the SCC4 

cell line. This may imply that cisplatin induces oxidative stress in OSCC cells likely as a 

consequence of ROS accumulation. 
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Figure 4.3 Treatment with cisplatin significantly decreases the GSH/GSSG ratio in SCC4 cells. 

OSCC cells were seeded at 5x103 cells/well in 96 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with the vehicle (0.009% (v/v) NaCl) or with cisplatin (CDDP) (5 μM and 25 μM in 

SCC4 (A) and SCC9 (B) cells respectively). After 48 h, cells were analysed using the GSH/GSSG kit and 

luminescence was measured on the SpectraMax Gemini EM Microplate Reader. GSH/GSSG ratio was 

calculated and values obtained from cisplatin treated cells were normalised by values obtained from vehicle 

cells to determine the fold difference in the GSH/GSSG ratio. Values represent the mean ± S.E.M. of three 

independent experiments. Statistical analysis was performed using an unpaired two-tailed student t-test to 

compare mean values between vehicle and treated cells (Graphpad Prism 5). * p<0.05. 
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4.2.3. The antioxidant N-acetyl cysteine abrogates cisplatin-induced 

oxidative stress by suppressing ROS in OSCC cell lines 

In order to evaluate the role of cisplatin-induced oxidative stress in OSCC, the antioxidant 

N-acetyl cysteine (NAC) was employed. NAC is an aminothiol and synthetic precursor 

of intracellular cysteine and glutathione which can promote cell detoxification. It has been 

reported that the antioxidant activity of NAC can be correlated to its ROS scavenging 

property and as well to its ability of increasing intracellular GSH levels [436].  

The antioxidant potential of NAC was firstly evaluated by assessing the GSH/GSSG ratio 

in SCC4 cells treated with NAC (5 mM) alone, cisplatin (5 μM) alone, or pre-treated with 

NAC for 1 h before adding cisplatin. After 48 h, cells were analysed with the GSH/GSSG 

kit and luminescence intensity was detected using the SpectraMax Gemini EM 

Microplate Reader. As expected, a decrease in the GSH/GSSG ratio was observed in 

SCC4 cells treated with cisplatin alone compared to control cells, whilst no difference in 

the GSH/GSSG ratio was found in SCC4 cells treated with NAC alone compared to 

control cells (Figure 4.4). Moreover, an increase in the GSH/GSSG ratio was displayed 

in SCC4 treated with cisplatin in combination with NAC compared to cells treated only 

with cisplatin. Although not significant, this result may suggest that NAC can reduce 

cisplatin-induced oxidative stress in OSCC cells.  

Furthermore, to investigate the ROS scavenging property of NAC, ROS levels were 

examined by flow cytometric analysis of H2DCFDA stained cells. OSCC cells were pre-

treated with NAC (5 mM) for 1 h before adding cisplatin 5 µM or 25 µM in SCC4 or in 

SCC9 cells respectively. In Figure 4.5, Figure A.6, treatment with cisplatin increased 

ROS levels in both cell lines, as expected. Moreover, pre-treatment of cells with NAC 

significantly reduced cisplatin-induced ROS generation in both SCC4 and SCC9 cell 

lines, suggesting that NAC exerts its antioxidant activity by acting as a ROS scavenger. 
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Figure 4.4 Pre-treatment with N-acetyl cysteine increases the GSH/GSSG ratio of SCC4 cells treated 

with cisplatin. 

SCC4 cells were seeded at 5x103 cells/well in 96 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with the vehicle (0.009% (v/v) NaCl), 5 mM NAC alone, 5 μM cisplatin (CDDP) 

alone or cisplatin in combination with NAC. After 48 h, cells were analysed using the GSH/GSSG kit and 

luminescence was measured on the SpectraMax Gemini EM Microplate Reader. GSH/GSSG ratio was 

calculated and values obtained from treated cells were normalised by values obtained from vehicle cells to 

determine the fold difference in the GSH/GSSG ratio. Values represent the mean ± S.E.M. of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s 

Multiple Comparison Test (Graphpad Prism 5).  
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Figure 4.5 Pre-treatment with N-acetyl cysteine suppresses cisplatin-induced ROS in OSCC cell lines. 

OSCC cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with vehicle (0.009% (v/v) NaCl), NAC alone (5mM), cisplatin (CDDP) (5 μM or 

25 μM in SCC4 (A) and SCC9 (B) cells respectively) or cisplatin in combination with NAC. After 48 h, 10 

μM H2DCFDA dye was added to each well for 30 min. Cells were then harvested and analysed on the flow 

BD FACS Accuri cytometer. 10,000 single cells were gated on vehicle treated cells and the median 

fluorescence intensity (MFI) was acquired. MFI values of treated cells were normalised by MFI values of 

vehicle cells to determine the fold change in ROS levels. Values represent the mean ± S.E.M. of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s 

Multiple Comparison Test (Graphpad Prism 5). *** p<0.001, ** p<0.01, * p<0.05. 



172 

4.2.4. Cisplatin-induced oxidative stress plays a role in cisplatin-induced 

cytotoxicity in OSCC 

Results obtained in Figures 4.2 and 4.3 above showed a higher ROS generation and lower 

GSH/GSSG ratio in the SCC4 cell line treated with cisplatin compared to the SCC9 cell 

line. The differential sensitivity of the two cell lines to cisplatin suggested a potential 

implication of oxidative stress in cisplatin-induced cytotoxicity. The correlation between 

cisplatin-induced oxidative stress and cisplatin cytotoxicity was next investigated through 

evaluation of cell viability of OSCC cells treated with cisplatin alone or in combination 

with the antioxidant NAC. 

SCC4 and SCC9 cells were treated with cisplatin (5 μM or 25 μM respectively) alone, 

NAC (5 mM) alone or cisplatin in combination with NAC for 48 h. Alamar blue assay 

was performed to determine cell viability. As expected, a decrease in cell viability was 

displayed in cisplatin treated cells compared to control treated cells in both cell lines 

(Figure 4.6). Moreover, cells treated with cisplatin in combination with NAC showed a 

statistically significant increase in cell viability compared to cisplatin treated cells, 

suggesting that pre-treatment with NAC somewhat protects OSCC cells against cisplatin-

induced reduction of viability. This result suggests that oxidative stress may play a role 

in cisplatin-induced cytotoxicity in OSCC. 
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Figure 4.6 Pre-treatment with N-acetyl cysteine partially protects against cisplatin-induced reduction 

in OSCC cell viability. 

OSCC cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with the vehicle (0.009% (v/v) NaCl), NAC alone (5mM), cisplatin (CDDP) (5 μM 

or 25 μM in SCC4 (A) and SCC9 (B) cells respectively) or cisplatin in combination with NAC. Alamar 

blue (10% (v/v)) was added to each well 6 h before the end of the treatment and plates were kept in the dark 

at 37°C. Fluorescence was measured on the SpectraMax Gemini EM Microplate Reader at an excitation 

wavelength of 544 nm and an emission wavelength of 590 nm. Values represent the mean ± S.E.M. of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s 

Multiple Comparison Test (Graphpad Prism 5). *** p<0.001, ** p<0.01, * p<0.05. 
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4.2.5. The antioxidant N-acetyl cysteine abrogates cisplatin-induced 

apoptosis and autophagy in OSCC cell lines 

Several studies have  implicated  ROS in various signalling pathways regulating cell 

survival and cell death [437]. Thus, the role of oxidative stress in cisplatin-induced 

apoptosis and autophagy was next examined in OSCC cell lines.  

Firstly, the role of oxidative stress was examined in cisplatin-induced apoptosis in SCC4 

and SCC9 cell lines by flow cytometric analysis of annexin V/PI stained cells. OSCC 

cells were treated with cisplatin alone (5 μM or 25 μM in SCC4 and SCC9 cells, 

respectively), 5 mM NAC alone or cisplatin in combination with NAC. Cells were then 

double stained with annexin V-FITC and PI, and the percentage of cells in early and late 

apoptosis was acquired using the BD Accuri software. A substantial decrease in the 

apoptotic rate was observed in SCC4 and SCC9 cells treated with cisplatin in combination 

with NAC compared to cells treated with cisplatin alone, suggesting that NAC inhibits 

cisplatin-induced apoptosis in OSCC cell lines (Figures 4.7-8). This result was then 

confirmed through the evaluation of caspase 3 activation in the SCC4 cell line. Cells were 

treated as described above and the expression of caspase 3 and cleaved caspase 3 was 

determined by western blot analysis. As shown in Figure 4.9, pre-treatment with NAC 

reduced caspase 3 activation in SCC4 cells treated with cisplatin, resulting in an increase 

in the full-length caspase 3 form and a concurrent decrease in the cleaved caspase 3 form. 

This result correlates with the flow cytometric analysis, suggesting a role for ROS in 

cisplatin-induced apoptosis. 

Secondly, the role of ROS in cisplatin-induced autophagy was also investigated in SCC4 

cells. Cells were treated with cisplatin alone or pre-treated with NAC for 1 h before 

adding cisplatin and the expression of p62 and LC3-I/II was determined by western blot 

analysis. EBSS treated cells (4 h) were used as a positive control for autophagy induction. 

Results in Figure 4.10 showed that pre-treatment with NAC inhibited cisplatin-induced 

autophagy, resulting in a significant decrease in the LC3-II/LC3-I ratio and a marked 

increase in p62 protein expression in SCC4 cells treated with cisplatin in combination 

with NAC compared to cells treated with cisplatin alone.  

In conclusion, these data suggest that ROS may mediate both cisplatin-induced apoptosis 

and autophagy in OSCC cell lines.  
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Figure 4.7 Pre-treatment with N-acetyl cysteine partially protects against cisplatin-induced apoptosis 

in SCC4 cells. 

SCC4 cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with vehicle (0.009% (v/v) NaCl), 5 mM NAC alone, 5 μM cisplatin (CDDP) alone 

or cisplatin in combination with NAC. After 48 h, cells were harvested, and double stained with annexin 

V/PI. Cells were then analysed by flow cytometry using BD FACS Accuri software. 10,000 single cells 

were gated on vehicle treated cells and the percentage of cells undergoing early and late apoptosis was 

acquired. A. Representative dot plot of treated cells. B. Values represent the mean ± S.E.M of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s 

Multiple Comparison Test (Graphpad Prism 5). *** p<0.001, ** p<0.01. 
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Figure 4.8 Re-treatment with N-acetyl cysteine protects against cisplatin-induced apoptosis in SCC9 

cells.  

SCC9 cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to adhere to the plate 

and then were treated with vehicle (0.009% (v/v) NaCl), 5 mM NAC alone, 25 μM cisplatin (CDDP) alone 

or cisplatin in combination with NAC. After 48 h, cells were harvested, and double stained with annexin 

V/PI. Cells were then analysed by flow cytometry using BD FACS Accuri software. 10,000 single cells 

were gated on vehicle treated cells and the percentage of cells undergoing early and late apoptosis was 

acquired. A. Representative dot plot of treated cells. B. Values represent the mean ± S.E.M of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s 

Multiple Comparison Test (Graphpad Prism 5). ** p<0.01. 
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Figure 4.9 N-acetyl cysteine partially inhibits caspase 3 activation in the SCC4 cell line treated with 

cisplatin. 

SCC4 cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask and then were 

treated with vehicle (0.009% (v/v) NaCl), 5mM NAC alone, 5 μM cisplatin (CDDP) alone or cisplatin in 

combination NAC for 48 h. After incubation, cells were lysed and 20 μg of protein was loaded and separated 

on a 12% SDS-PAGE gel and transferred to a PVDF membrane. A. Membranes were probed with anti-

caspase 3 and anti-cleaved caspase 3. α-Tubulin served as loading control. B. Densitometric analysis of 

cleaved caspase 3 bands was performed using ImageLab software and values were normalised by the 

loading control and the vehicle. Values represent the mean ± S.E.M of three independent experiments 

Statistical analysis was performed using one-way ANOVA with Tukey’s Multiple Comparison Test 

(Graphpad Prism 5). ** p<0.01. 
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Figure 4.10 N-acetyl cysteine inhibits autophagy in the SCC4 cell line treated with cisplatin. 

SCC4 cells were seeded at 300 x103 cells/flask. Cells were left for 24 h to adhere to the flask and then were 

treated with vehicle (0.009% (v/v) NaCl), 5mM NAC alone, 5 μM cisplatin (CDDP) alone or cisplatin in 

combination NAC for 48 h. EBSS for 4 h was used as a positive control for autophagy induction. After 

incubation, cells were lysed and 20 μg of protein was loaded and separated on a 15% SDS-PAGE gel and 

transferred to a PVDF membrane. A. Membranes were probed with p62 and LC3-I/II antibodies. GAPDH 

served as loading control. B. Densitometric analysis of p62 and LC3-I/II bands was performed using 

ImageLab software and values were normalised by the loading control and the vehicle. Values represent 

the mean ± S.E.M of three independent experiments. Statistical analysis was performed using one-way 

ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 5). ** p<0.01. 
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4.2.6. Cisplatin induces activation of JNK signalling through ROS generation 

in OSCC cell lines 

JNK is a protein kinase belonging to the MAPK family. Activation of JNK occurs through 

its phosphorylation at  residues Thr183/Tyr185 and it can be induced by several kind of 

stimuli, including DNA damage and oxidative stress, suggesting a central role of JNK in 

stress signalling pathways [428]. In the present study the role of JNK in response to 

cisplatin was examined in OSCC cells.  

Firstly, JNK activation in response to cisplatin was investigated by western blot analysis 

in SCC4 cells treated with cisplatin (5 µM) for 4, 8, 16, 24 and 48 h. Lysates were 

prepared and run on a 12% SDS-PAGE gel before being probed with an anti-phospho-

JNK antibody. Cisplatin induced JNK activation in a time-dependent manner in SCC4 

cells, with a first appearance of phospho-JNK observed as early as 8 h, followed by a 

peak at 16 h and then a progressive disappearance (Figure 4.11).  

Additionally, in order to determine whether JNK activation occurred in a ROS-dependent 

manner, SCC4 cells were treated with cisplatin 5 µM alone, NAC (5mM) alone or pre-

treated with NAC for 1 h before adding cisplatin for 24 h. Evaluation of phospho-JNK 

and total JNK was performed by western blot and densitometry analysis was employed 

to determine the ratio of phospho-JNK/JNK for an accurate measurement of JNK 

activation. As shown in Figure 4.12, increased levels of phospho-JNK/JNK ratio were 

observed in cisplatin treated cells compared to vehicle treated cells, confirming that 

treatment with cisplatin induced JNK activation in OSCC cells. Moreover, decreased 

levels of phospho-JNK/JNK ratio were found in cells treatment with NAC in combination 

with cisplatin compared to cells treated with cisplatin alone, suggesting that NAC 

abrogates cisplatin-induced JNK activation in OSCC cells.   

Taken together, these results indicate that cisplatin induces JNK activation through ROS 

generation in OSCC cells. 
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Figure 4.11 Cisplatin induces transient phosphorylation of JNK in SCC4 cells. 

SCC4 cells were seeded at 300x103 cells/flask in T25 flasks. Cells were left for 24 h to adhere to the flask 

and then were treated with vehicle (0.009% (v/v) NaCl) or with 5 μM cisplatin (CDDP). After the indicated 

times, cells were lysed and 20 μg of protein was loaded and separated on a 12% SDS-PAGE gel, transferred 

to a PVDF membrane and probed with anti-p-JNK antibody. GAPDH served as loading control. Results 

are representative of three independent experiments.  
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Figure 4.12 N-acetyl cysteine inhibits JNK activation in SCC4 cells treated with cisplatin. 

SCC4 cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask and then were 

treated with vehicle (0.009% (v/v) NaCl), 5mM NAC alone, 5 μM cisplatin (CDDP) alone or cisplatin in 

combination NAC for 24 h. After incubation, cells were lysed and 20 μg of protein was loaded and separated 

on a 12% SDS-PAGE gel and transferred to a PVDF membrane. A. Membranes were probed with anti-p-

JNK and anti-JNK antibodies. GAPDH served as loading control. B. Densitometric analysis of p-JNK and 

JNK bands was performed using ImageLab software and values were normalised by the loading control 

and the vehicle. Values represent the mean ±S.E.M of three independent experiments. Statistical analysis 

was performed using one-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 5). ** 

p<0.01. 
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4.2.7. Cisplatin-induced JNK activation may partially mediate caspase 3 

activation and autophagy in OSCC cell lines 

The role of JNK in cisplatin-induced apoptosis and autophagy was next investigated in 

OSCC cells. In order to determine whether induction of apoptosis and autophagy in 

response to cisplatin occurred in a JNK-dependent manner, the JNK inhibitor SP600125 

was employed. SP600125 is a novel and selective JNK inhibitor which acts by competing 

with ATP for the phosphorylation of c-Jun [438].  

The activity of SP600125 was firstly evaluated by western blot analysis of phospho-JNK 

and total JNK protein expression. SCC4 cells were treated with cisplatin (5 µM) alone, 

SP600125 (20 µM) alone or pre-treated with SP600125 for 1 h before adding cisplatin 

for 24 h. Lysates were prepared and run on a 12% SDS-PAGE gel before being probed 

with the required antibodies. As expected, an increase in phospho-JNK expression was 

observed in cells treated with cisplatin compared to control cells (Figure 4.13). Also, cells 

treated with SP600125 in combination with cisplatin showed a substantial (although non-

significant) reduction in the phospho-JNK/JNK ratio compared to cells treated with 

cisplatin alone, suggesting that pre-treatment of cells with SP600125 may inhibit 

cisplatin-induced JNK activation in SCC4 cells. This result validates the activity of 

SP600125 as a JNK inhibitor. 

Moreover, expression analysis of cleaved caspase 3 was also performed by western blot 

for the evaluation of cisplatin-induced apoptosis. SCC4 cells were treated with cisplatin 

5 µM alone, SP600125 (20 µM) alone or pre-treated with SP600125 for 1 h before adding 

cisplatin for a further 48 h. As shown in Figure 4.14, a significant increase in cleaved 

caspase 3 levels was observed in cells treated with cisplatin. Interestingly, pre-treatment 

of cells with SP600125 reduced (although not significantly) cisplatin-induced cleaved 

caspase 3, suggesting a link between the JNK signalling pathway and apoptosis activation 

in response to cisplatin in SCC4 cells.  

Finally, analysis of autophagy was performed by western blot through the evaluation of 

p62 and LC3-I/II protein levels. SCC4 cells were treated as described above and EBSS 

treated cells were used as positive control for autophagy induction. Higher levels of p62 

were observed in cells treated with SP600125 alone or in combination with cisplatin 

compared to control cells or cisplatin treated cells (Figure 4.15). Moreover, a significant 

increase in the LC3-II/LC3-I ratio was found in cells treated with SP600125 in 
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combination with cisplatin compared to cells treated with cisplatin alone or SP600125 

alone. This result suggests that suppression of JNK using SP600125 may result in the 

accumulation of autophagic vesicles, possibly due to late stage autophagy inhibition.  

Taken together, these results suggest that JNK activation in response to cisplatin, which 

is in turn controlled by ROS generation, can partially affect both cisplatin-induced 

caspase 3 activation and autophagy in OSCC cells. 
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Figure 4.13 Effect of SP600125 on JNK activation in SCC4 cells treated with cisplatin. 

SCC4 cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask and then were 

treated with vehicle (0.009% (v/v) NaCl), 20 μM SP600125 alone, 5 μM cisplatin (CDDP) alone or cisplatin 

in combination with SP600125 for 24 h. After incubation, cells were lysed and 20 μg of protein was loaded 

and separated on a 12% SDS-PAGE gel and transferred to a PVDF membrane. A. Membranes were probed 

with anti-p-JNK and anti-JNK antibodies. GAPDH served as loading control. B. Densitometric analysis of 

p-JNK and JNK bands was performed using ImageLab software and values were normalised by the loading 

control and the vehicle. Values represent the mean ± S.E.M of three independent experiments. Statistical 

analysis was performed using one-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 

5).  
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Figure 4.14 Effect of SP600125 on caspase 3 activation in SCC4 cells treated with cisplatin. 

SCC4 cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask and then were 

treated with vehicle (0.009% (v/v) NaCl), 20 μM SP600125 alone, 5 μM cisplatin (CDDP) alone or cisplatin 

in combination with SP600125 for 48 h. After incubation, cells were lysed and 20 μg of protein was loaded 

and separated on a 12% SDS-PAGE gel and transferred to a PVDF membrane. A. Membranes were probed 

with an anti-cleaved caspase 3 antibody. GAPDH served as loading control. B. Densitometric analysis of 

cleaved caspase 3 bands was performed using ImageLab software and values were normalised by the 

loading control and the vehicle. Statistical analysis was performed using one-way ANOVA with Tukey’s 

Multiple Comparison Test (Graphpad Prism 5). * p<0.05. 
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Figure 4.15 SP600125 inhibits autophagy in SCC4 cells treated with cisplatin. 

SCC4 cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask and then were 

treated with vehicle (0.009% (v/v) NaCl), 20 μM SP600125 alone, 5 μM cisplatin (CDDP) alone or cisplatin 

in combination with SP600125 for 48 h. EBSS (4 h) was used as positive control for autophagy. After 

incubation, cells were lysed and 20 μg of protein was loaded and separated on a 12% SDS-PAGE gel and 

transferred to a PVDF membrane. A. Membranes were probed with anti-p62 and anti-LC3-I/II antibodies. 

GAPDH served as loading control. B. Densitometric analysis of p62, LC3-I and LC3-II bands was 

performed using ImageLab software and values were normalised by the loading control and the vehicle. 

Statistical analysis was performed using one-way ANOVA with Tukey’s Multiple Comparison Test 

(Graphpad Prism 5). * p<0.05. 
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4.2.8. The pan-caspase inhibitor Z-VAD-fmk abrogates cisplatin-induced 

autophagy in OSCC cell lines 

In the previous chapter, targeting autophagy with genetic and pharmacological autophagy 

inhibitors was shown to affect the apoptotic pathway, suggesting a potential crosstalk 

between apoptosis and autophagy in OSCC cells treated with cisplatin. In order to further 

investigate the relationship between autophagy and apoptosis, analysis of autophagy in 

OSCC cells treated with cisplatin in combination with the pan-caspase inhibitor Z-VAD-

fmk was performed. 

SCC4 cells were treated with cisplatin (5 µM) alone, Z-VAD-fmk (50 µM) alone or pre-

treated with Z-VAD-fmk for 1 h before adding cisplatin for 48 h. Cells treated with EBSS 

for 4 h were used as a positive control for autophagy induction. Expression levels of p62 

and LC3-I/II proteins were assessed by western blot analysis for the evaluation of 

autophagy. Lysates were prepared and run on a 15% SDS-PAGE gel before being probed 

with the required antibodies. Inhibition of caspases using Z-VAD-fmk induced 

accumulation of p62 in SCC4 cells treated with cisplatin compared to cells treated with 

cisplatin alone (Figure 4.16). Moreover, a significant decrease in LC3-II/LC3-I ratio was 

observed in cells treated with cisplatin in combination with Z-VAD--fmk compared to 

cells treated with cisplatin alone, suggesting that inhibition of cisplatin-induced apoptosis 

abrogates cisplatin-induced autophagy in OSCC cells.  

This result suggests that cisplatin-induced apoptosis and autophagy may be interlinked in 

OSCC, thus inhibition of one of the two signalling pathways leads an alteration of the 

other one.  
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Figure 4.16 The pan-caspase inhibitor Z-VAD-fmk inhibits autophagy in SCC4 cells treated with 

cisplatin. 

SCC4 cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask and then were 

treated with vehicle (0.009% (v/v) NaCl), 50 μM Z-VAD-fmk alone, 5 μM cisplatin (CDDP) alone or 

cisplatin in combination with Z-VAD-fmk for 48 h. EBSS (4 h) was used as positive control for autophagy. 

After incubation, cells were lysed and 20 μg of protein was loaded and separated on a 12% SDS-PAGE gel 

and transferred to a PVDF membrane. A. Membranes were probed with anti-p62 and anti-LC3-I/II 

antibodies. GAPDH served as loading control. B. Densitometric analysis of LC3-I and LC3-II bands was 

performed using ImageLab software and values were normalised by the loading control and the vehicle. 

Statistical analysis was performed using one-way ANOVA with Tukey’s Multiple Comparison Test 

(Graphpad Prism 5). ** p<0.01, * p<0.05. 
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4.3. Discussion 

Cisplatin is one of the most effective drugs for the treatment of solid tumours. It was 

firstly approved by the Food and Drug Administration (FDA) for the treatment of 

testicular cancer in 1978. Since then, the use of cisplatin as a chemotherapeutic drug has 

been extended to other types of cancers, including bladder, cervical, ovarian, lung, gastric 

and breast cancer [35]. The use of cisplatin has also been approved for the treatment of 

head and neck cancers, which comprise all the malignancies arising in the oral cavity, 

pharynx and larynx. Response to cisplatin in head and neck cancers has been observed in 

13-40% of cases, confirming the strong but also limited efficacy of this drug [439]. Over 

the past 50 years, researchers have tried to identify the mechanisms underlying cisplatin 

cytotoxicity in order to improve its effectiveness as chemotherapeutic drug. The ability 

of cisplatin to induce DNA damage through the formation of covalent adducts between 

the drug and DNA has been considered the main mechanism of action of cisplatin [357]. 

Nevertheless, a significant body of evidence reported during the last few years has shown 

that the toxic effect of cisplatin may not only be due to DNA adducts but it may also be 

the consequence of other cellular mechanisms induced by the drug [440]. Therefore, a 

greater understanding of the signalling pathways implicated in cisplatin cytotoxicity is 

mandatory to develop new chemotherapeutic strategies and improve the response of 

patients to this drug. In the present study, the signalling pathways implicated in cisplatin 

cytotoxicity in OSCC were investigated. In the previous chapter it was demonstrated that 

cisplatin induced cell cycle arrest, apoptosis and autophagy in oral cancer cells. 

Moreover, crosstalk between apoptosis and autophagy in mediating cisplatin cytotoxicity 

has been proposed. Thus, the mechanisms underlying the activation of these two 

pathways in response to cisplatin were herein evaluated.  

It has been recently reported that apart from DNA adducts, cisplatin can also induce the 

intracellular formation of ROS [441]. High levels of ROS within cells in response to 

cisplatin have been found in various types of cancer, such as bladder cancer, ovarian 

cancer and malignant mesothelioma [442–444]. Also, a recent study in 2020 conducted 

by Xue et al.  showed that cisplatin can induce ROS generation in the tongue squamous 

carcinoma cell line CAL-27 [294]. In the present study, intracellular ROS levels were 

also investigated in tongue squamous cell carcinoma, in particular in the SCC4 and SCC9 

cell lines. Results herein, obtained by flow cytometric analysis of H2DCFDA stained 

cells, correlated with results reported in the literature, showing a significant enhancement 
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in ROS formation in response to cisplatin in both cell lines. Endogenous ROS production 

has been reported to be attributable to various cellular sources (e.g. mitochondria, cytosol, 

peroxisomes, endosomes and exosomes), whereas ROS produced in response to cisplatin 

originates mainly in the mitochondria from the electron transport chain [417]. This has 

been demonstrated by Marullo et al. using a respiratory incompetent prostate cancer cell 

line due to the lack of mitochondrial DNA (DU145ρ°) along with the corresponding 

control parental cell line (DU145). Evaluation of the endogenous intracellular ROS levels 

in these cell lines has shown basal levels of ROS in both DU145 and DU145ρ° cells, 

suggesting that a mitochondrial-independent source of ROS must have been activated in 

the respiratory incompetent cells. In contrast, after 24 h exposure to cisplatin, a significant 

increase in ROS generation was observed only in the DU145 cell line and no changes 

were found in the DU145ρ° cell line, suggesting that mitochondria were the main source 

of ROS in response to cisplatin. Moreover, according to the authors, exposure to cisplatin 

can induce both nuclear DNA damage and mitochondrial DNA damage. The former leads 

to a block in nuclear DNA transcription and replication, while the latter elicits a disruption 

of essential mitochondrial functions, including reduction of mitochondrial protein 

synthesis and impairment of the electron transport chain, which results in increased 

intracellular levels of ROS. Interestingly, a correlation between sensitivity to cisplatin 

and ROS generation has been observed in ovarian cancer, where higher levels of 

mitochondrial ROS were found in cisplatin-sensitive cell lines compared to cisplatin-

resistant cell lines [443]. Accordingly, in the present study, even though cisplatin was 

used with a lower concentration in the SCC4 cell line, a higher rate of ROS generation 

was observed in this cell line compared to the SCC9 cell line. Considering the higher 

sensitivity of SCC4 cells to cisplatin compared to SCC9 cells, this result supports the idea 

of a potential correlation between ROS generation and sensitivity to cisplatin in OSCC. 

Accumulation of ROS within cells has been strongly linked to oxidative stress. Oxidative 

stress represents an imbalance in the cellular redox state which is usually due to the 

reduced ability of antioxidant systems to eliminate the excess of ROS within cells [248]. 

It has been reported that oxidative stress can induce oxidative damage, including damage 

to several cellular components such as proteins, DNA and lipids, resulting in cytotoxicity 

[423]. In order to establish whether increased intracellular levels of ROS lead to oxidative 

stress and cytotoxicity, it is important to determine the efficiency of cellular antioxidant 

defence systems. As mentioned previously, glutathione is considered the major 
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antioxidant system within cells [420]. Under oxidising conditions, glutathione is 

converted from its reduced form (GSH) to its oxidised form (GSSG) through a two-

electron oxidation, which results in ROS reduction and neutralisation. Accordingly, 

conversion of GSH to GSSG is indicative of the redox state of cells, hence the ratio of 

GSH/GSSG is considered a good marker for oxidative stress [255]. In the present study, 

the GSH/GSSG ratio was determined in OSCC cells in response to cisplatin using the 

GSH/GSSG kit. Results obtained showed a significant drop in the GSH/GSSG ratio in 

SCC4 cells treated with cisplatin compared to control cells, while a considerable but not 

significant decrease in the GSH/GSSG ratio was observed in SCC9 cells treated with 

cisplatin compared to control cells. Overall, the reduction in the GSH/GSSG ratio along 

with the intracellular accumulation of ROS indicated that treatment with cisplatin induced 

oxidative stress in OSCC cells.  

Interestingly, several studies have suggested that a reduction in the GSH/GSSG ratio may 

not be the consequence of the conversion of GSH to GSSG, but it may depend on the 

depletion of glutathione caused by the drug itself [323, 445]. A reduction in glutathione 

levels in response to cisplatin has been demonstrated in several tissues of tumour-bearing 

mice, including kidney, liver and spleen [445]. Moreover, it has been suggested that 

reduced levels of glutathione may be implicated in cisplatin mediated cytotoxicity 

through various mechanisms. Firstly, depletion of glutathione may result in the failure of 

ROS elimination due to a decrease in the antioxidant defence system. According to this, 

cisplatin may induce oxidative stress not only by enhancement of ROS generation due to 

the disruption of the electron transport chain, but also by depletion of glutathione, which 

in turn further promotes ROS accumulation [418, 419]. Secondly, depletion of glutathione 

in response to cisplatin may result in the intracellular accumulation of cisplatin and 

enhancement of its toxicity [446]. Several studies have reported that glutathione plays an 

important role in cisplatin metabolism through the modulation of its uptake and 

elimination [418], and it has been demonstrated that once cisplatin enters the cytosol, it 

can be bound by glutathione through S-conjugation links between the thiol group of GSH 

and the electrophilic moiety of cisplatin [447]. This binding is catalysed by the 

glutathione S-transferase (GST) enzyme and results in the formation of GSH-cisplatin 

adducts. These complexes can be ejected from the cells by specific export pumps in an 

ATP-dependent manner in order to reduce the intake of the drug and prevent the 

consequent DNA damage [418]. Given this, it is clear that reduced levels of glutathione 
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results in reduced elimination of the drug and in its intracellular accumulation, thus in an 

enhancement of cytotoxicity. In support of these findings, reduced levels of glutathione 

along with reduced GST activity have been demonstrated in Dalton’s lymphoma cells 

after treatment with cisplatin, suggesting that depletion of glutathione results in reduced 

conjugation of glutathione to cisplatin [445]. Accordingly, treatment of cells with the 

glutathione inhibitor buthionine sulfoximine (BSO) was shown to decrease the expression 

of the GST enzyme in malignant melanoma cells [448]. Moreover, inhibition of GST 

activity using the GST inhibitor sulphasalazine has been demonstrated to enhance 

cisplatin toxicity in small cell lung carcinoma, whilst activation of GST activity with 

prolactin has led to the acquisition of a cisplatin resistant phenotype in breast cancer cells 

[449, 450]. Interestingly, depletion of glutathione has also been associated with an 

increase in inter-strand DNA crosslink formation and cytotoxicity [285, 446, 451]. In this 

regard, an increase in DNA damage has been found in cisplatin-resistant rat ovarian 

tumours after treatment with BSO [452]. Also, inhibition of DNA repair after treatment 

with cisplatin has been observed in an ovarian carcinoma cell line treated with BSO [453]. 

All these findings support the involvement of cisplatin-mediated depletion of GSH and 

inhibition of GST in cisplatin anticancer activity. Given this strong link between cisplatin 

cytotoxicity and glutathione, a further evaluation of the role of glutathione in cisplatin 

activity and resistance will be described in the next chapter.  

In the present study, the role of oxidative stress in cisplatin cytotoxicity in OSCC has 

been investigated using the antioxidant N-acetyl cysteine (NAC). The antioxidant activity 

of NAC has been ascribed to various mechanisms. It has been reported that NAC can act 

both as a direct antioxidant, through its scavenging activity for some oxidant species, and 

as an indirect antioxidant through its ability to replenish GSH and breaking thiol modified 

proteins [454]. In this regard, it has been demonstrated that NAC can act as a precursor 

of GSH, hence treatment of cells with NAC has been shown to reduce oxidative stress by 

protecting cells from GSH depletion [455]. Moreover, it has been shown that NAC 

disulphide breaking activity can lead to the release of free thiols, which in turn can 

regulate the redox state of cells by acting as scavengers for free radicals and by boosting 

the synthesis of GSH [454]. In the present study, the antioxidant activity of NAC has been 

examined through determination of the GSH/GSSG ratio along with evaluation of the 

intracellular levels of ROS in OSCC cells treated with cisplatin. From the luminometric 

analysis of glutathione levels using a GSH/GSSG kit, it was observed that NAC partially 
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prevented the drop in the GSH/GSSG ratio induced by cisplatin in SCC4 cells. Moreover, 

from the flow cytometric analysis of H2DCFDA stained cells, it was found that NAC 

significantly abrogated cisplatin-induced ROS in both SCC4 and SCC9 cell lines. 

Overall, the increase of the GSH/GSSG ratio in cells treated with NAC in combination 

with cisplatin compared to cells treated with cisplatin alone suggested that NAC protected 

cells from oxidative stress induced by cisplatin in OSCC cells. Additionally, the results 

presented herein suggested that in these cell models of OSCC the antioxidant activity of 

NAC may be attributable to its ROS scavenger activity.  

NAC has been extensively used for its antioxidant properties as a tool to elucidate the 

role of oxidative stress in response to chemotherapeutics. In the present study, viability 

analysis of OSCC cells treated with NAC and/or cisplatin showed that pre-treatment with 

NAC protected cells from cisplatin-induced reduction of viability, indicating that 

oxidative stress is implicated in cisplatin cytotoxicity in OSCC cells. Moreover, only a 

partial but significant reduction in cisplatin cytotoxicity was observed when SCC4 cells 

were pre-treated with NAC, whilst an almost total protection from cisplatin cytotoxicity 

was observed in the SCC9 cell line pre-treated with NAC. This result may suggest that 

cisplatin cytotoxicity occurs mainly through induction of oxidative stress in the SCC9 

cell line, while multiple mechanisms may be implicated in the SCC4 cell line. 

Interestingly, it has been proposed that cytotoxicity induced by oxidative stress may 

represent the major cause of side effects associated with cisplatin treatment [417]. In fact, 

the formation of nuclear DNA adducts induced by cisplatin and the consequent arrest of 

DNA replication and/or transcription explains the cytotoxic effect of the drug in dividing 

cells such as cancer cells. However, a high toxicity of cisplatin has also been observed in 

post-mitotic cells such as cells in kidney, ears and sensory nerves, resulting in side effects 

such as nephrotoxicity, ototoxicity and neurotoxicity. In this context, oxidative stress 

induced by cisplatin has been considered as the mechanism responsible for cisplatin 

toxicity in normal cells [417]. Given this, the lack of a non-cancerous cell line as negative 

control represents a limitation of this study. In fact, comparison of the cellular response 

to cisplatin in OSCC cells and in normal cells of the oral mucosa would be of interest to 

determine whether oxidative stress is induced in both cell lines following treatment with 

cisplatin. This would shed light on the implication of oxidative stress in cisplatin-induced 

side effects and on the potential therapeutic strategies to reduce them during OSCC. 

Moreover, Marullo et al. have also compared the toxic effect of cisplatin with the 
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analogue carboplatin, which is often used as alternative to cisplatin because of the reduced 

side effects. From this comparison, it has been demonstrated that carboplatin was less 

toxic than cisplatin. Concurrently, carboplatin was shown to be less efficient at inducing 

mitochondrial impairment and ROS production, suggesting that carboplatin cytotoxicity 

may be mainly attributable to genotoxic stress rather than oxidative stress [417]. Given 

this, combining cisplatin with antioxidants may represent a valuable strategy to improve 

cisplatin treatment and reduce side effects caused by the drug. Accordingly, several 

studies in vivo have shown that NAC can reduce ototoxicity, nephrotoxicity and 

neurotoxicity associated with cisplatin treatment [456–460]. Currently, clinical trials are 

still underway to determine the beneficial effects of NAC on cancer patients during 

chemotherapy. In oral squamous cell carcinoma, the use of NAC has led to an increase in 

survival rate of patients and in the preservation of organ function [35]. 

As oxidative stress had been implicated in cisplatin cytotoxicity of SCC4 and SCC9 cells, 

the signalling pathways involved in this process were next investigated. It has been 

reported that cisplatin-induced ROS can trigger cell death through apoptosis [265]. The 

tight relationship between apoptosis and oxidative stress in response to cisplatin has been 

widely investigated in the literature by using the antioxidant NAC. In this regard, a 

protective effect of NAC in cisplatin-induced apoptosis has been demonstrated in several 

types of cancer, such as prostate and hepatocarcinoma [277, 461]. Similarly, in the present 

study, it was found that pre-treatment with NAC protected SCC4 and SCC9 cells from 

cisplatin-induced apoptosis, suggesting that cisplatin-induced ROS generation mediated 

apoptotic cell death in OSCC cell lines. This finding is  consistent with a report by Yang 

et al. showing that apoptosis induced by cisplatin in squamous cell carcinoma of head and 

neck may result from the effect of the drug on mitochondria and not necessarily from its 

binding to nuclear DNA [462]. Moreover, in the present study, a partial decrease in the 

apoptotic rate was observed in SCC4 cells pre-treated with NAC compared to cells treated 

with cisplatin alone, whilst total inhibition of cisplatin-induced apoptosis was found in 

SCC9 cells pre-treated with NAC. This result aligns with the results obtained from the 

viability assay, indicating that cisplatin cytotoxicity may be mainly attributable to ROS-

induced apoptosis in the SCC9 cell line, whilst additional pathways may be implicated in 

the SCC4 cell line. In addition, in the present study, NAC partially reduced cisplatin-

induced caspase 3 activation in SCC4 cells, indicating that NAC inhibition of apoptosis 

occurred in a caspase-dependent manner. This result is in agreement with a report by Wu 
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et al., where abrogation of caspase 3 and 9 activation in small-cell lung carcinoma cells 

treated with cisplatin was observed following pre-treatment with NAC [463].  

A correlation between oxidative stress and autophagy has also been reported in the 

literature. In fact, ROS has been shown to play an important role in autophagy by 

regulating its induction [464]. Accumulation of H2O2 has been found to activate 

autophagy both directly through ATG4 oxidation, resulting in the increased formation of 

autophagosomes, and indirectly through regulation of AMP-activated protein kinase 

(AMPK), resulting in the inhibition of mTOR and the phosphorylation of ULK1/2 

complex [465–467]. Moreover, ROS can also regulate autophagy through the modulation 

of the transcription factor  NF-κB, which leads to the activation of Beclin-1 and p62 [468]. 

It has also been proposed that not only can ROS regulate autophagy, but also autophagy 

can regulate ROS. Accordingly, induction of autophagy by ROS results in the elimination 

of damaged mitochondria which represents the main source of free radicals [143]. Thus, 

prevention of ROS accumulation by autophagy represents a cell survival mechanism to 

maintain cell homeostasis. Nevertheless, even though autophagy is generally recognised 

as a protective mechanism, it may also represent an anti-tumour mechanism associated 

with apoptosis. Interestingly, in some reports ROS generation in response to 

physiological insults, such as starvation, has been linked to protective autophagy, whereas 

ROS production in response to non-physiological insults, such as chemotherapeutics and 

radiation, has been correlated to cell death [469]. In support of this hypothesis, it has been 

observed that autophagy induced by ROS after treatment with selenite promoted cell 

death in malignant glioma cells [470]. Also, suppression of autophagy induced by H2O2 

treatment was shown to inhibit cell death in HeLa cells [471]. In the present study, pre-

treatment of cells with NAC reduced not only cisplatin-induced apoptosis but also 

cisplatin-induced autophagy in OSCC cells. Indeed, western blot analysis of SCC4 cells 

showed a significant decrease in the LC3-II/LC3-I ratio and a marked increase in p62 

protein expression in cells treated with cisplatin in combination with NAC compared to 

cells treated with cisplatin alone. This result suggested that cisplatin-induced autophagy 

occurred as a consequence of ROS generation in OSCC cells. Also, results from the 

previous chapter suggested that autophagy induced by cisplatin in OSCC cells may not 

represent a cell survival mechanism. Together, these findings corroborate the hypothesis 

that autophagy induced by a non-physiological insult such as cisplatin may be linked to 

cell death. Nevertheless, it should be noted that the interplay between ROS and autophagy 
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may be more complicated than this. Several studies have indeed demonstrated that 

treatment of cells with chemotherapeutic agents can activate ROS-induced autophagy 

which in turn can lead to drug resistance, suggesting a cell survival role of autophagy 

[464]. According to Poillet-Perez et al., the complex relationship between ROS, 

autophagy and cell death in response to chemotherapeutics can be explained with 4 

models, which summarises the findings reported in the literature [464]. In the first model, 

anticancer drugs can induce ROS accumulation which in turn leads to cell death and 

concurrently autophagy induction to reduce ROS levels and escape from stress. In the 

second model, induction of ROS generation by chemotherapeutic agents leads to 

autophagy activation as a protective mechanism to block cell death induced by the drug. 

In the third model, ROS accumulation in response to anticancer drugs is not the cause of 

autophagy, but it may be the consequence of autophagy inhibition. Thus, combining 

autophagy inhibitors with chemotherapeutics would enhance cell death through ROS 

accumulation. Finally, in the fourth model, anticancer drugs induce ROS generation, 

which in turn activates cytotoxic autophagy.   

Interestingly, activation of JNK by both endogenous and exogenous ROS has been widely 

reported in the literature [472, 473]. Moreover, a consistent body of evidence has also 

reported that both apoptosis and autophagy induced by oxidative stress may occur through 

activation of JNK. Given that, in the present study, JNK activation in response to cisplatin 

along with its implication in cisplatin-induced ROS generation, apoptosis and autophagy 

was investigated. Western blot analysis of phospho-JNK protein expression showed that 

cisplatin induced phosphorylation of JNK in a time-dependent manner, with a first 

appearance of phospho-JNK observed as early as 8 h, followed by a peak at 16 h and then 

a progressive disappearance. Moreover, pre-treatment of SCC4 cells with NAC 

suppressed JNK activation induced by cisplatin, suggesting that cisplatin-induced JNK 

activation occurred in a ROS-dependent manner in OSCC cells. Additionally, the role of 

JNK in cisplatin-induced apoptosis and autophagy was investigated in OSCC cells using 

the JNK inhibitor SP600125. Pre-treatment of SCC4 cells with SP600125 partially 

reduced the levels of cleaved caspase 3 induced by cisplatin, suggesting that JNK 

activation may play a part in cisplatin-induced apoptosis in OSCC cells. Moreover, 

alteration in the protein expression of the autophagic markers p62 and LC3-I/II observed 

after treatment of cells with SP600125 and/or cisplatin also suggested a potential role of 

JNK in autophagy induction in OSCC cells. As mentioned previously, accumulation of 
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p62 protein and increase in the LC3-II/LC3-I ratio are indicative of a build-up of 

autophagic vesicles likely due to the block of the autophagic flux at late stages. 

Consistently, increased levels of p62 and LC3-II/LC3-I ratio in cells treated with 

SP600125 in combination with cisplatin compared to cells treated with cisplatin alone 

were found in SCC4 cells, suggesting that suppression of JNK activation may lead to 

inhibition of cisplatin-induced autophagy. However, it is worth noting that high levels of 

p62 were also detected in cells treated with SP600125 alone compared to vehicle and 

cisplatin treated cells suggesting that SP600125 may inhibit basal levels of autophagy. 

Furthermore, one cannot rule out the possibility that this pharmacological JNK inhibitor 

may elicit off-target effects. Thus, autophagy inhibition following treatment of cells with 

SP600125 may occur in a JNK-independent manner. Accordingly, further experiments 

using a knockdown approach for targeting the JNK pathway may be required to confirm 

the role of JNK in cisplatin-induced autophagy.  

Overall, preliminary results obtained through this study may indicate that ROS-induced 

JNK activation plays a role in apoptosis and possibly autophagy induced by cisplatin in 

OSCC cells. However, it is important to note that further studies on a greater number of 

OSCC cell lines may be required to confirm these findings. This proposed mechanism of 

action of cisplatin is consistent with similar data recently published by Xue et al., who 

demonstrated that up-regulation of intracellular ROS can chemosensitise a cisplatin 

resistant CAL-27 tongue carcinoma cell line, by inducing apoptosis and autophagy 

through the MAPK pathway [294]. Moreover, JNK activation in response to ROS induced 

by various chemotherapeutic drugs and its implication in apoptosis and autophagy has 

been reported in other studies. For example,  Wang et al. demonstrated that rasfonin (a 

fungal metabolite with anti-tumour properties) activated both autophagy and apoptosis in 

human renal cancer cells concomitant with a dramatic increase in ROS production [474]. 

Also, suppression of ROS using NAC inhibited both autophagic flux and caspase-

dependent apoptosis induced by rasfonin. In the same study, it has been reported that 

rasfonin increased the phosphorylation of JNK, which in turn was inhibited by NAC. 

Moreover, SP600125, an inhibitor of JNK, reduced rasfonin-dependent autophagic flux 

and apoptosis. The authors concluded that rasfonin activated autophagy and apoptosis 

through upregulation of the ROS/JNK signalling pathway. Similar to rasfonin, treatment 

of osteosarcoma cells with metformin was shown to induce both apoptosis and autophagy 

through the ROS/JNK signalling pathway [475]. Likewise, it has been demonstrated that 
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the KIOM-C, a novel herbal medicine, induced apoptotic and autophagic cell death 

through activation of ROS-induced JNK in fibrosarcoma cells [476]. Additionally, it was 

found that propofol, an anaesthetic agent with well-known antioxidant properties, reduced 

hypoxia-induced apoptosis and autophagy through JNK inhibition in kidney cells [477].  

Finally, results obtained in the present study indicated that oxidative stress in response to 

cisplatin concurrently led to apoptosis and autophagy induction through the activation of 

the same ROS/JNK signalling pathway. This suggests a close relationship between 

autophagy and apoptosis. The interplay between the two processes is not well understood, 

although it has been extensively discussed in the literature. Several studies have 

demonstrated that the two processes can mutually influence each other, thus targeting 

autophagy may result in apoptosis dysregulation and vice versa [205]. However, an 

inconsistent relationship between apoptosis and autophagy has also been reported in 

different studies, suggesting that the relationship may be context-dependent based on the 

cellular model, the apoptotic/autophagic stimuli and the experimental conditions [206]. 

In the previous chapter, the effect of genetic and pharmacological autophagy inhibition 

on cisplatin-induced apoptosis was evaluated in OSCC cells. Results obtained 

demonstrated that targeting different stages of the autophagic flux elicited differential 

effects on cisplatin-induced apoptosis, suggesting a complex interplay between the two 

pathways at several levels. The relationship between apoptosis and autophagy in response 

to cisplatin in OSCC cells was herein further investigated through the evaluation of 

cisplatin-induced autophagy following inhibition of apoptosis. For this analysis, SCC4 

cells were treated with cisplatin alone or in combination with the pan-caspase inhibitor 

Z-VAD-fmk and expression levels of p62 and LC3-I/II proteins were assessed by western 

blotting. In the previous chapter it was demonstrated that pre-treatment of SCC4 cells 

with Z-VAD-fmk completely protected against apoptosis, indicating that cisplatin-

induced apoptosis occurs in a caspase-dependent manner (Figure 3.12). In this chapter, 

results obtained showed that treatment of cells with Z-VAD-fmk in combination with 

cisplatin also induced accumulation of p62 and decreased the LC3-II/LC3-I ratio in SCC4 

cells compared to cells treated with cisplatin alone, suggesting that inhibition of cisplatin-

induced apoptosis abrogated cisplatin-induced autophagy in OSCC cells. Similarly, a 

recent study has demonstrated that Z-VAD-fmk reduced autophagy activation induced by 

pristimerin, a natural quininemethide triterpenoid extracted from plants, in human breast 

cancer in vitro and in vivo  [478]. Interestingly, in the same study it was also found that 
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pristimerin triggered both autophagy and apoptosis through the ROS/ASK1/JNK 

pathway. In contrast with these findings, other studies have reported that inhibition of 

caspases with Z-VAD-fmk can result in autophagy activation. For instance, it has been 

reported that Z-VAD-fmk enhanced autophagy induced by the HDAC inhibitor apicidin 

in salivary mucoepidermoid carcinoma cells [479]. This further demonstrates the 

complex relationship between apoptosis and autophagy which may be dependent on cell-

type and stimulus.  Collectively these findings suggest that caspases play a role in both 

apoptotic and autophagic signalling pathways, representing a key node in the crosstalk 

between these two biological processes.   

In conclusion, in the present chapter, evaluation of the signalling pathways involved in 

cisplatin-mediated cytotoxicity in OSCC was undertaken. Oxidative stress was 

implicated in cisplatin-induced cytotoxicity in OSCC cells and cisplatin was shown to 

induce oxidative stress by increasing the generation of ROS. Additionally, cisplatin-

induced oxidative stress induced both apoptosis and autophagy partly through activation 

of the JNK signalling pathway in OSCC cells. Finally, a coordinated relationship between 

cisplatin-induced apoptosis and autophagy was demonstrated, suggesting that the two 

pathways interact with one another to induce cell death in OSCC cells. 
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5.1. Introduction 

Chemotherapy represents the main therapeutic strategy for the treatment of advanced and 

unresectable OSCCs [480]. However, many OSCC patients either poorly respond to 

chemotherapy or become refractory after a few chemotherapy cycles [108]. This usually 

results in tumour relapse and disease progression, leading ultimately to death. The lack 

of response to chemotherapy is defined as chemoresistance. In cancer biology, 

chemoresistance (or drug resistance) refers to the ability of cancer cells to escape from 

the effect of drugs. Currently, chemoresistance represents a major challenge for OSCC 

patients undergoing chemotherapy [481].  

To date, several studies have tried to identify the mechanisms underlying drug resistance 

in order to develop new improved strategies for the treatment of OSCC patients. The main 

mechanisms associated with chemoresistance in OSCC have already been discussed in 

this thesis in the general introduction (see chapter 1). It is worth noting that all these 

mechanisms can act independently or in combination, making chemoresistance a complex 

multifactorial-mediated process. Additionally, it has been reported that the involvement 

of a certain mechanism may depend on the  cell type and on the type of drug which cells 

are resistant to [482]. Thus, chemoresistance develops as an incredibly complex process 

which can vary among cell models even within the same type of cancer. This complexity 

helps to explain why, despite the constant efforts, no single therapeutic strategy has been 

found to bypass drug resistance to date. Therefore, there is a need to more fully understand 

these complex processes in OSCC. 

Platinum-based chemotherapy represents the golden standard treatment for advanced 

stage OSCC [108]. It has been widely reported that although many patients initially 

respond well to platinum-based treatments, they can become resistant to therapy in a short 

time [108]. This suggests a high correlation between platinum-based chemotherapy and 

acquired chemoresistance. Overall, several mechanisms have been linked to platinum-

based resistance in a variety of cancers, including reduced cellular drug accumulation, 

increased detoxification systems, increased DNA repair processes, decreased apoptosis 

and enhancement of autophagy [483]. In particular, among the platinum-based agents, 

cisplatin is the most intensively studied to date. Cisplatin resistance has been strongly 

correlated to altered localisation, activity or expression level of several platinum-

transporters which mediate drug uptake and efflux. Amongst them, it is worth mentioning 

the organic cation transporters (OCT1-3), the copper transporters (CTR1-2), some P-type 
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ATPases (ATP7A/7B) and the multidrug resistance proteins (MRP) [483, 484] In 

addition, several cisplatin-resistant cells have shown increased levels of glutathione, 

which can form cisplatin-conjugates that are easily expelled by cells in order to reduce 

cellular cisplatin accumulation [483]. Besides the mechanisms involved in cisplatin 

accumulation, a strong correlation between cisplatin resistance and dysregulation of 

signalling pathways involved in the cellular response to cisplatin has also been proposed 

[485]. In fact, it is generally accepted that cisplatin can generate genotoxic and oxidative 

stress within cells, which eventually leads to apoptosis. Accordingly, increased DNA 

repair pathways, increased antioxidant systems and overexpression of anti-apoptotic 

proteins have been found in various cisplatin-resistant cell models [485]. Furthermore, a 

strong link between cisplatin resistance and general stress response pathways such as 

autophagy has also been suggested [485]. Consistently, elevated basal levels of autophagy 

and cisplatin-induced autophagy has been observed in numerous cisplatin-resistant cells 

such as human lung adenocarcinoma cells, resulting in an adaptive response of cells to 

overcome stress [486, 487] Finally, recent studies have  reported that cisplatin resistance 

may also be linked to enrichment of cancer stem cells (CSCs), which are multipotent 

highly tumorigenic and resistant cells capable of self-renewal [101, 488]. 

The molecular mechanisms underlying acquired resistance to cisplatin in OSCC remain 

unclear. Given the importance of cisplatin-based chemotherapy for the treatment of 

OSCC, the aim of this chapter was to generate and  characterise  a cisplatin-resistant 

OSCC cell line in order to better understand the mechanisms implicated in cisplatin 

resistance in OSCC and to identify new potential strategies to improve the clinical 

outcome of OSCC patients. In the previous chapter, treatment of OSCC cells with 

cisplatin was shown to induce autophagy and oxidative stress. Following on from this, an 

additional aim of this chapter, was to further investigate the role of both oxidative stress 

and autophagy in acquired resistance to cisplatin in OSCC. 
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5.2. Results 

 

5.2.1. Generation of a cisplatin-resistant OSCC cell line 

To aid in the study of the mechanisms involved in drug resistance in oral cancer, a 

cisplatin-resistant OSCC cell line was generated. The development of drug-resistant cells 

from drug-sensitive parental cells allows one to better investigate the mechanisms 

implicated in acquired drug resistance through comparison of drug-sensitive and drug-

resistant cell populations within the same cell line. Results obtained in chapter 3, showed 

that the SCC4 cell line was highly sensitive to cisplatin, thus it was selected in this study 

as the parental cell line from which a cisplatin-resistant population was generated.  

As described in the Materials and Methods section, induction of resistance was obtained 

by pulsed stepwise exposure of cells to cisplatin over a period of 12 months. As shown 

in Table 3.1 (see chapter 3), after 72 h of treatment, the concentration of cisplatin required 

to inhibit 50% of cell viability (IC50) was 1.1±0.4 μM. Given that, the IC25 value was 

calculated and used as an initial concentration of cisplatin to apply to cells. After a 72 h 

treatment with cisplatin, viable cells were maintained in fresh media and, once recovered, 

were considered a new generation of cells. This procedure was repeated 9 times and 

increasing concentrations of cisplatin were used for each generation of cells, as reported 

in Table 5.1. Importantly, an untreated control set of parental SCC4 cells was grown 

alongside cisplatin treated cells in order to compare each generation of cisplatin-sensitive 

(SCC4) and -resistant (SCC4cisR) cells.  

From the 4th generation of cells (G4), the difference in sensitivity between SCC4 and 

SCC4cisR cells was examined using the alamar blue assay. For this viability assay, 

parental and cisplatin-resistant cells were treated with several concentrations of cisplatin 

(0-25 µM) for 72 h and the IC50 values were calculated (Table 5.2). The induction of a 

resistant phenotype was determined by considering the variation in the IC50 values after 

each treatment with cisplatin. A progressive increase in the IC50 values was observed 

across the generations of cells in the SCC4cisR cell line treated with cisplatin, while 

minimal changes were observed in the paired parental cell line (Figure 5.1A). This result 

suggested that acquired resistance to cisplatin was progressively obtained after each 

exposure to the drug. Moreover, the first significant difference in the IC50 values between 

the two cell populations was observed at G8.  
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To quantify the difference in sensitivity, the resistance index (RI) of the SCC4cisR cell 

line was calculated for each generation of cells (Table 5.2). The RI was determined as the 

ratio of the IC50 of SCC4cisR cells/IC50 of SCC4 cells. In the present study, an RI ≥5 was 

considered significant and clinically relevant to determine the acquisition of a resistant 

phenotype. In Figure 5.1B, a progressive increase in the RI of the SCC4cisR cell line 

across the generations of cells is shown. Also, RI values above 5 were found as early as 

G8 and increased up to G10, confirming that the first relevant difference in the 

susceptibility to the drug between the two cell populations was obtained after the 7th 

treatment with cisplatin and reached a peak after the last treatment. 

In Figure 5.2, viability curves obtained from the last generation (G10) of SCC4 and 

SCC4cisR cells treated with cisplatin are reported. As expected, cisplatin reduced the 

viability of both SCC4 and SCC4cisR cells in a dose-dependent manner. However, a 

notable shift to the right was observed in the viability curve of the SCC4cisR cells 

compared to the viability curve of the parental cells, suggesting a difference in the 

susceptibility to the drug in the two populations of cells. Accordingly, the IC50 value 

obtained in the SCC4 cells was 1.1 ± 0.2 µM, whilst the IC50 value obtained in the 

SCC4cisR cells was 16.2 ± 4.8 µM. Therefore, SCC4cisR cells exhibited a RI of 13.7, 

suggesting that pulsed exposure of cells to the drug resulted in the acquisition of a 

resistant phenotype. This RI was considered relevant to define the SCC4cisR cells as an 

independent cell line derived from the sensitive parental SCC4 cell line.  

To summarise, these data demonstrate that induction of cisplatin resistance in OSCC can 

be accomplished through pulsed stepwise exposure of cells to the drug. Accordingly, in 

the present study, a novel cisplatin-resistant cell line was generated from the parental 

cisplatin-sensitive SCC4 cell line.  
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Cell generation 
Cisplatin treatment 

(72 h) 

G0 0.6 µM 

G1 0.7 µM 

G2 0.8 µM 

G3 0.9 µM 

G4 1.0 µM 

G5 1.5 µM 

G6 2.0 µM 

G7 2.5 µM 

G8 4.0 µM 

G9 8.0 µM 

G10 - 

Table 5.1 Cisplatin treatments used for the generation of the cisplatin-resistant OSCC cell line 

(SCC4cisR) from the parental sensitive cell line (SCC4). 

 

 

 

 

 

 



206 

 

Figure 5.1 Variation in the sensitivity to cisplatin in the SCC4cisR cell line across generations of cells. 

A. IC50 values obtained from cell viability analysis of SCC4 and SCC4cisR cells treated with cisplatin were 

plotted using Graphpad Prism 8. Values represent the mean ±S.E.M. of three independent experiments. 

Statistical analysis was performed using two-way ANOVA with Tukey’s Multiple Comparison Test to 

compare mean values between the two cell lines (Graphpad Prism 8). *** p<0.001, ** p<0.01. B. Resistant 

Index (RI) variation of SCC4cisR cells in relation to cisplatin. RI values were calculated by dividing the 

IC50 values of SCC4cisR by the IC50 values of the generation-matched SCC4 cells. Data were plotted using 

Graphpad Prism 5. Values represent the mean ±S.E.M. of three independent experiments. Statistical 

analysis was performed using one-way ANOVA (Graphpad Prism 8). *** p<0.001. 
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Cell generation 
SCC4 

IC50 values (µM) 

SCC4cisR 

IC50 values (µM) 

Resistance Index 

(RI) 

G4 0.9 ± 0.3 2.7 ± 0.4 2.9 ± 1.0 

G5 1.1 ± 0.1 3.0 ± 0.3 2.7 ± 0.5 

G6 1.2 ± 0.6 3.6 ± 1.2 3.6 ± 1.7 

G7 1.0 ± 0.1 4.5 ± 0.5 4.0 ± 0.9 

G8 1.5 ± 0.6 9.3 ± 2.6 5.6 ± 0.6 

G9 1.7 ± 0.4 14.7 ± 0.6 8.6 ± 1.7 

G10 1.1 ± 0.2 16.2 ± 4.8 13.7 ± 2.7 

Table 5.2 IC50 and RI values of SCC4 and SCC4cisR cells treated with cisplatin. 

Values represent the mean ± S.E.M. of three independent experiments. 
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Figure 5.2 Differences in cisplatin susceptibility of SCC4 and SCC4cisR cell lines. 

SCC4 and SCC4cisR cell lines (G10) were seeded at 5x103 cells/well in 96 well plates. Cells were left for 

24 h to adhere to the plate and then were treated with vehicle (0.009% (v/v) NaCl) or a range of 

concentrations of cisplatin (0.1-25 μM) for 72 h. Alamar blue (10% (v/v)) was added to each well 6 h before 

the end of the treatment and plates were kept in the dark at 37°C. Fluorescence was measured on the 

SpectraMax Gemini EM Microplate Reader at an excitation wavelength of 544 nm and an emission 

wavelength of 590 nm. Values obtained from cells treated with cisplatin were normalised against vehicle 

treated cells and results were plotted using Graphpad Prism 8. Values represent the mean ± S.E.M. of three 

independent experiments.  
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5.2.2. Cisplatin induces reduced activation of apoptosis in the cisplatin-

resistant SCC4cisR cell line 

Evaluation of apoptosis was undertaken in SCC4 and in SCC4cisR cells treated with 

cisplatin in order to compare the activation of this process in drug-sensitive and resistant 

cell populations. To study apoptosis, flow cytometric analysis of annexin V/PI stained 

cells was performed. Cells were treated with vehicle or with increasing concentrations of 

cisplatin (1-15 μM) for 48 h, and then were double stained with annexin V-FITC and PI. 

The percentage of cells in early and late apoptosis was acquired on the BD Accuri flow 

cytometer using the BD Accuri software. Cisplatin induced apoptotic cell death in both 

SCC4 and SCC4cisR cells in a dose-dependent manner (Figure 5.3). As expected, a 

significant increase in the apoptotic rate in the SCC4 cell line was observed when 

concentrations of cisplatin increased from 5 μM to 15 μM. Conversely, a significant 

induction of apoptosis in SCC4cisR cells was observed only when cells were treated with 

15 μM cisplatin. From the comparison of the two cell lines, a statistically significant 

variation in the apoptotic rate between SCC4 and SCC4cisR cells was detected at 5 μM, 

10 and 15 μM cisplatin. These results suggest that cisplatin induced reduced activation of 

apoptosis in the SCC4cisR cell line compared to the SCC4 cell line. 

These findings correlate with the results obtained from the viability assay, confirming the 

change in cisplatin susceptibility of the resistant SCC4cisR cell line compared to the age-

matched parental SCC4 cell line. 
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Figure 5.3 Cisplatin induces reduced activation of apoptosis in the SCC4cisR cell line compared to 

the parental SCC4 cell line. 

SCC4 and SCC4cisR cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to 

adhere to the plate and then were treated with vehicle (0.009% (v/v) NaCl) or with increasing concentrations 

of cisplatin (CDDP) (1-15 μM). After 48 h, cells were harvested, and double stained with annexin V/PI. 

Cells were then analysed by flow cytometry using BD Accuri software. 10,000 single cells were gated on 

vehicle treated cells and the percentage of cells undergoing early and late apoptosis was acquired. A. 

Representative dot plot of treated cells. B. Apoptotic rate values were obtained by summing early and late 

apoptotic cell percentages. Data represent the mean ±S.E.M of three independent experiments. Statistical 

analysis was performed using one-way ANOVA with Dunnett’s Multiple Comparison Test to compare 

mean values within the same cell line and two-way ANOVA with Tukey’s Multiple Comparison Test to 

compare mean values between the two cell lines (Graphpad Prism 8). *** p<0.001, ** p<0.01. 
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5.2.3. Analysis of the colony forming ability in cisplatin-sensitive and 

resistant OSCC cell lines 

The colony forming assay (CFA) was employed to evaluate the survival potential of 

SCC4 and SCC4cisR cells following treatment with cisplatin. The CFA is an in vitro 

assay based on the capacity of single cells to grow into colonies [308]. This assay involves 

the detection of colonies formed after exposure of cells to cytotoxic agents such as drugs 

or irradiation. Assuming that each colony derives from a single surviving cell, 

determination of the number of colonies formed after cytotoxic treatments is indicative 

of the ability of cells to recover and survive. Moreover, exposure of cells to several doses 

of cytotoxic agents allows one to determine a cell survival curve, which is representative 

of the relationship between treatment dose and fraction of cells retaining the ability to 

reproduce (survival fraction). In the present study, survival curves of SCC4 and 

SCC4cisR cells treated with cisplatin were generated. 

Before commencing the experiments, optimisation of seeding density was required in 

order to determine the optical cell density for colony counting. In fact, a too low cell 

density does not allow the formation of a relevant number of colonies, while a too high 

cell density leads to overlapping colonies resulting in inaccurate colony counting [308].  

Optimisation of the seeding density was assessed in both SCC4 and SCC4cisR cell lines. 

Cells were seeded at a cell density range of 250-1500 cells/well in 6 well plates and were 

left growing for 12 days to mimic the treatment times. After the incubation, colonies 

obtained were fixed and stained with crystal violet, and images of the plates were acquired 

using the GelCount image scanner. As shown in Figure 5.4, a correlation between cell 

density and number of colonies was observed in the SCC4 and SCC4cisR cell lines. A 

cell density of 500 cells/well was selected as optical seeding density for subsequent 

experiments in both cell lines.  

In order to determine the cell survival potential, SCC4 and SCC4cisR cells were seeded 

as mentioned above and treated with vehicle or with increasing concentrations of cisplatin 

(0.2-2 µM) for 48 h. After the treatment, cells that had survived were incubated in drug-

free media for 9 days to allow cell recovery, and colonies obtained were fixed and stained 

with crystal violet. From a visual analysis, a decrease in the number of colonies was 

observed at increasing concentrations of cisplatin in both SCC4 and SCC4cisR cells, 

suggesting a dose-dependent correlation between the treatment and the survival potential 

of the two cell lines (Figure 5.5A). Moreover, a notable difference in the number of 
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colonies was displayed in the SCC4cisR cells treated with cisplatin compared to the 

parental SCC4 cells. In fact, colonies were extremely rare in SCC4 cells treated with 

cisplatin from concentrations as low as 0.5 μM, whilst a sizeable number of colonies were 

still visible at 1 μM cisplatin in the SCC4cisR cells, clearly demonstrating a higher ability 

to survive and recover from cytotoxic drug treatments. To estimate the survival potential 

of the two cell lines, colonies were manually counted and the survival fractions were 

determined. As shown in Figure 5.5B, a shift to the right was observed in the survival 

curve of SCC4cisR cells compared to SCC4 cells, indicating a substantial difference in 

the survival potential between the two cell lines. Accordingly, a significantly higher 

survival fraction was found in SCC4cisR cells treated with 0.2, 0.5 and 1 µM cisplatin 

compared to the parental cells. 

Taken together, these data showed a higher recovery and survival ability of the SCC4cisR 

cells compared to the SCC4 cells following exposure to cisplatin, confirming the 

induction of a cisplatin-resistant phenotype. 
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Figure 5.4 Optimisation of the seeding density for the colony forming assay in SCC4 and SCC4cisR 

cell lines. 

SCC4 and SCC4cisR cells were seeded at various densities (250-1500 cells/well) in 6 well plates with a 

total volume of 2 mL in each well. After 12 days, cells were fixed and stained with crystal violet for 1 h. 

Images of the plates were acquired with the GelCount image scanner.  
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Figure 5.5 Analysis of the survival fractions in SCC4 and SCC4cisR cells treated with cisplatin. 

SCC4 and SCC4cisR cells were seeded at 500 cells/well in 6 well plates. Cells were left for 24 h to adhere 

to the plate and then were treated with vehicle (0.009% (v/v) NaCl) or with increasing concentrations of 

cisplatin (CDDP) (0.2-2 μM). After 48 h, cells were incubated in drug-free media for 9 days before being 

fixed and stained with crystal violet. A. Images of the plates were acquired with the GelCount image 

scanner. B. The survival fraction was calculated as the number of colonies counted divided by the number 

of colonies plated with a correction for the plating efficiency (number of colonies formed in control 

cells/number of cells plated x 100). Values represent the mean ±S.E.M of three independent experiments. 

Statistical analysis was performed using two-way ANOVA with Tukey’s Multiple Comparison Test to 

compare mean values between the two cell lines (Graphpad Prism 8). *** p<0.001. 
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5.2.4. Analysis of the CD44+/CD24- fraction in cisplatin-sensitive and 

resistant OSCC cell lines 

Resistance to chemotherapy has been associated to a subpopulation of cells named cancer 

stem cells (CSCs). CSCs have been defined as multipotent and highly tumorigenic cells 

capable of self-renewal [101]. The evaluation of cell surface markers such as CD44 and 

CD24 represents a widely used method for the identification of CSCs [489]. Recently, 

some studies have proposed that the presence of CD44 along with the lack of CD24 

(CD44+/CD24-)  on the cell surface may be used as marker of CSC phenotype in various 

cancers, including breast cancer, colon cancer as well as OSCC  [314, 489]. In the present 

study, the presence of a CD44+/CD24- cell population was investigated in the SCC4 cell 

line and in the derived cisplatin-resistant SCC4cisR cell line in order to evaluate whether 

resistance to cisplatin in OSCC may be correlated to this population of cells.  

Flow cytometric analysis of CD44-FITC/CD24-APC stained cells was performed to 

identify the CD44+/CD24- cell population in SCC4 and SCC4cisR cell lines. Two breast 

cancer cell lines, MCF-7 and MDA-MB-231, were used as negative and positive controls 

respectively for the CD44+/CD24- profile. Cells were seeded at a density of 150x103 

cells/well in a 6-well plate and left adhere to the plate overnight. The next day, cells were 

double stained with CD44-FITC and CD24-APC, and the percentage of cells positive to 

one or both stains was determined using the BD Accuri flow cytometer. A dot plot showed 

the different cell populations: CD44-/CD24- in the lower left quadrant, CD44-/CD24+ in 

the lower right quadrant, CD44+/CD24+ in the upper right quadrant and CD44+/CD24- in 

the upper left quadrant. As shown in Figure 5.6, a low percentage of CD44+/CD24- cells 

(~3%) was observed in the MCF-7 cell line (negative control), whilst a high percentage 

of CD44+/CD24- cells (~98%) was observed in the MDA-MB-231 cell line (positive 

control). Interestingly, high expression of the two surface markers CD44 and CD24 was 

found in both SCC4 and SCC4cisR cells. Accordingly, a low percentage of CD44+/CD24- 

cells was detected in the two cell lines due to the high expression of CD24. Furthermore, 

no differences in the expression of the two markers were detected between the SCC4 and 

the SCC4cisR cell line, implying no changes in the abundance of the CD44+/CD24- cell 

population during the acquisition of the resistant phenotype.  

This result indicates a scarce CD44+/CD24- cell population in the SCC4 cell line as well 

as in the derived cisplatin-resistant SCC4cisR cell line, suggesting that this population of 

cells may not be implicated in chemoresistance in the cell model herein examined.    
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Figure 5.6 Analysis of the CD44+/CD24- fraction in SCC4 and SCC4cisR cells. 

SCC4 and SCC4cisR cells were seeded at 150x103 cells/well in 6 well plates along with MDA-MB-231 

cells (positive control) and MCF-7 cells (negative control). The next day cells were harvested and double 

stained with CD44-FITC and CD24-APC antibodies. Cells were then analysed by flow cytometry using 

BD Accuri software. 10,000 single cells were gated on control cells and the percentage of CD44+/CD24- 

cells was acquired. A. Representative dot plot. B. Data represent the mean ±S.E.M of three independent 

experiments. Statistical analysis was performed using two-tailed t-test to compare mean values between the 

two SCC4 cell lines (Graphpad Prism 8). NS = no significance. 
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5.2.5. Analysis of cross-resistance in the cisplatin-resistant SCC4cisR cell line 

The induction of resistance to a specific drug can lead to the development of multidrug 

resistance, which results in  cross-resistance to diverse chemotherapeutic agents [490]. In 

the present study, the effect of various anticancer drugs on the viability of SCC4 and 

SCC4cisR cells was examined in order to determine whether the induction of a cisplatin-

resistant phenotype led to a multidrug resistance phenotype. For this analysis, cell 

viability in response to the platinum-based compound carboplatin, the tubulin-targeting 

agent docetaxel and multi-kinase inhibitor sorafenib was assessed in both SCC4 and 

SCC4cisR cells using the alamar blue assay. 

SCC4 and SCC4cisR cells were treated with several concentrations of carboplatin (3.9-

100 µM), docetaxel (0.04-10 nM) and sorafenib (3.1-200 µM) for 72 h. From the viability 

curves obtained, it was observed that all the three drugs reduced the viability of both cell 

lines in a dose-dependent manner, with a micromolar range obtained for the cell 

sensitivity to carboplatin and sorafenib and a low nanomolar range for the cell sensitivity 

to docetaxel (Figure 5.7). Interestingly, a shift to the right was observed in the viability 

curve of the SCC4cisR cell line treated with carboplatin compared to viability curve of 

the SCC4 cell line, suggesting that a reduced sensitivity to carboplatin was acquired in 

the SCC4cisR cells compared to the parental cell line. By contrast, no notable changes 

were observed in the viability curves of SCC4cisR cells treated with docetaxel and 

sorafenib compared to the parental cells, indicating that the two cell lines had almost the 

same susceptibility to these drugs.  

To estimate the sensitivity of the SCC4 and SCC4cisR cells to carboplatin, docetaxel and 

sorafenib, the IC50 values and the RI values were calculated (Table 5.3 and Figure 5.8). 

In the present study, a RI ≥5 was considered significant and relevant to determine the 

acquisition of a resistant phenotype. Interestingly, IC50 values of 65.2±6.5 μM and 

551±100.1 μM were found in SCC4 and SCC4cisR cells, respectively, after 72 h 

treatment with carboplatin. Given that the RI of SCC4cisR cells in relation to carboplatin 

was 8.4, this suggested that pulsed exposure of cells to cisplatin may lead also to acquired 

cross-resistance to carboplatin. Moreover, IC50 values of 0.7±0.38 nM and 0.5±0.1 nM 

were obtained for docetaxel in SCC4 and SCC4cisR cells respectively, whilst IC50 values 

of 18.6±3.2 μM and 12.1±1.1 μM were obtained for sorafenib in SCC4 and SCC4cisR 

cells respectively. Since the RI of SCC4cisR cells in relation to docetaxel and sorafenib 
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were lower than 5, it was concluded that no resistance to these two drugs was acquired 

during the induction of the cisplatin-resistant phenotype. 

Given that cisplatin and carboplatin belong to the same group of compounds, namely 

platinum-based agents, these results indicate that pulsed exposure of cells to cisplatin may 

lead to an acquired resistance not only to cisplatin, but also to similar compounds like 

carboplatin. However, no resistance to other types of drugs (such as docetaxel or 

sorafenib) was observed in the SCC4cisR cell line, suggesting the development of cross-

resistance only to structurally similar compounds.  

 

 

. 
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Figure 5.7 Differences in the sensitivity of SCC4 and SCC4cisR cell lines to carboplatin, docetaxel 

and sorafenib. 

SCC4 and SCC4cisR cells were seeded at 5x103 cells/well in 96 well plates and were left for 24 h to adhere 

to the plate before being treated. A. Cells were treated with a vehicle (1% (v/v) H2O) or a range of 

concentrations of carboplatin (3.9-100 µM) for 72 h. B. Cells were treated with a vehicle (1% (v/v) ethanol) 

or a range of concentrations of docetaxel (0.04-10 nM) for 72 h. C. Cells were treated with a vehicle (0.1% 

(v/v) DMSO) or a range of concentrations of sorafenib (3.1-200 µM) for 72 h. Alamar blue (10% (v/v)) 

was added to each well 6 h before the end of the treatment and plates were kept in the dark at 37°C. 

Fluorescence was measured on the SpectraMax Gemini EM Microplate Reader at an excitation wavelength 

of 544 nm and an emission wavelength of 590 nm. Values obtained from cells treated with the drugs were 

normalised against vehicle treated cells and results were plotted using Graphpad Prism 8. Values represent 

the mean ± S.E.M. of three independent experiments. 
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Drug 
SCC4 

IC50 values 

SCC4cisR 

IC50 values 

Resistance Index 

(RI) 

Carboplatin 65.2±6.5 µM 551.2±100 µM 8.4 ± 1.6 

Docetaxel 0.7±0.3 nM 0.5±0.1 nM 0.7 ± 0.1 

Sorafenib 18.6±3.2 µM 12.1±1.1 µM 0.6 ± 0.0 

Table 5.3 IC50 and RI values of SCC4 and SCC4cisR cells treated with carboplatin, docetaxel and 

sorafenib. 

Values represent the mean ± S.E.M. of three independent experiments. 
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Figure 5.8 RI variation of SCC4cisR cells in relation to carboplatin, docetaxel and sorafenib. 

RI values were calculated by dividing the IC50 values of SCC4cisR by the IC50 values of the SCC4 cells. 

Data were plotted using Graphpad Prism 8. Values represent the mean ±S.E.M. of three independent 

experiments. Statistical analysis was performed using one-way ANOVA (Graphpad Prism 8). *** p<0.001. 
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5.2.6. Role of autophagy in cisplatin resistance in OSCC cells 

Autophagy activation in response to chemotherapeutics has been proposed as a potential 

mechanism implicated in chemoresistance [491]. In the present study, the enhancement 

of autophagy in OSCC cells treated with cisplatin was demonstrated in chapter 3, and the 

implication of autophagy in chemoresistance in OSCC cells was examined by targeting 

the autophagic flux with pharmacological and genetic autophagy inhibitors. Analysis of 

autophagy in cisplatin-sensitive and resistant OSCC cells derived from the same cell line 

was herein undertaken in order to further evaluate the role of autophagy in 

chemoresistance in OSCC.  

 

5.2.6.1. Evaluation of endogenous and starvation-induced autophagy in cisplatin-

sensitive and resistant OSCC cell lines 

Endogenous levels of autophagy along with autophagy activation in response to external 

stimuli was assessed in cisplatin-sensitive SCC4 cells and in cisplatin-resistant SCC4cisR 

cells under normal and starvation conditions. Western Blot analysis of p62 and LC3-I/II 

protein expression was employed to study autophagy. Activation of autophagy was 

determined by monitoring the autophagic flux using the late stage autophagy inhibitor 

bafilomycin-A1.  

SCC4 and SCC4cisR cells were left untreated or treated with EBSS for 2 or 4 h in the 

presence/absence of bafilomycin-A1 (100 µM) added 1 h before the end of the incubation 

period. Lysates were prepared and run on a 15% SDS-PAGE gel before being probed 

with anti-p62 and anti-LC3-I/II antibodies. Accumulation of LC3-II and p62 proteins in 

cells treated with bafilomycin-A1 compared to control cells was observed in both SCC4 

and SCC4cisR cell lines, indicating that basal levels of autophagy were constitutively 

activated in both cell lines under normal conditions (Figure 5.9). Interestingly, a slight 

difference in basal autophagy levels was detected from the initial comparison of the two 

cell lines. In fact, increased p62 expression levels and reduced LC3-II/LC3-I ratio in 

control and bafilomycin-A1 treated cells was observed in the SCC4cisR cell line 

compared to the SCC4 cell line, implying lowered levels of endogenous autophagy in the 

cisplatin-resistant cells compared to the parental cells. However, following statistical 

analysis across three separate experiments no significant differences in basal autophagy 

levels were determined between the sensitive and resistant cells. Interestingly, conversion 
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of LC3-I to LC3-II along with p62 degradation was found in SCC4 and SCC4cisR cells 

treated with EBSS for 2 and 4 h, indicating the induction of the autophagic flux under 

starvation conditions in both cell lines.   

Taken together, these results suggest that there was no significant difference in basal 

autophagy levels between the SCC4cisR cells and the parental SCC4 cells and that both 

cell lines showed a similar ability to undergo autophagy in response to external stimuli 

such as starvation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



224 

 

Figure 5.9 Evaluation of basal levels of autophagy in SCC4 and SCC4cisR cell lines. 

SCC4 and SCC4cisR cells were seeded at 300x103 cells/well in 6 well plates. Cells were left for 24 h to 

adhere to the plate and then were treated with EBSS for 2 or 4 h in presence/absence of bafilomycin-A1 

(100 µM) added 1 h before the end of the treatment. Cells were lysed and 20 μg of protein was loaded and 

separated in a 15% SDS-PAGE gel, transferred to a PVDF membrane and probed with anti-p62 and anti-

LC3-I/II antibodies. GAPDH served as loading control. A. Results are representative of three independent 

experiments. B. Densitometric analysis of p62, LC3-I and LC3-II bands was performed using ImageLab 

software and values were normalised to the loading control. Data represent the mean ± S.E.M. of three 

independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey’s 

Multiple Comparison Test to compare mean values within the same cell line and two-way ANOVA with 

Tukey’s Multiple Comparison Test to compare mean values between the two cell lines (Graphpad Prism 

8). ** p<0.01, * p<0.05. 
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5.2.6.2.  SCC4 and SCC4cisR cells display a differential autophagic response to 

cisplatin   

In order to determine whether autophagy plays a role in chemoresistance, autophagy 

activation in response to cisplatin was examined in cisplatin-resistant SCC4cisR cells and 

in the age-matched parental sensitive cells. 

SCC4 and SCC4cisR cells were treated with vehicle or 5 µM cisplatin for 48 h and LC3-

I/II protein expression levels were determined by Western Blot analysis. Lysates were 

prepared and run on a 15% SDS-PAGE gel before being probed with an anti-LC3-I/II 

antibody. As expected, a significant conversion of LC3-I to LC3-II was observed in 

parental SCC4 cells treated with cisplatin compared to vehicle treated cells, indicating 

autophagy activation in response to the drug (Figure 5.10). However, under the same 

treatment, no changes were observed in the LC3-II/LC3-I ratio between vehicle treated 

cells and cisplatin treated cells in the SCC4cisR cell line, suggesting that at this 

concentration of cisplatin (5 µM) activation of autophagy was induced only in the 

cisplatin-sensitive OSCC cell line but not in the cisplatin-resistant OSCC cell line. This 

result suggests a differential autophagic response to cisplatin following acquisition of 

chemoresistance.  
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Figure 5.10 SCC4 and SCC4cisR cells display a differential autophagic response to cisplatin. 

SCC4 and SCC4cisR cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask 

and then were treated vehicle (0.009% (v/v) NaCl) or with 5 μM cisplatin (CDDP) for 48 h. After 

incubation, cells were lysed and 20 μg of protein was loaded and separated on a 12% SDS-PAGE gel and 

transferred to a PVDF membrane. A. Membranes were probed with an anti-LC3-I/II antibody. GAPDH 

served as loading control. B. Densitometric analysis of LC3-I and LC3-II bands was performed using 

ImageLab software and values were normalised by the loading control. Values obtained from treated cells 

were normalised by control cells. Statistical analysis was performed using two-way ANOVA with Multiple 

Comparison Test to compare mean values within the same cell line and between the two cell lines 

(Graphpad Prism 8). ** p<0.01, * p<0.05. 
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5.2.7. Chloroquine sensitises cisplatin-resistant OSCC cells to cisplatin 

Enhancement of cisplatin-induced apoptosis in OSCC cells treated with chloroquine was 

demonstrated in chapter 3 (Figures 3.22-23). The effect of chloroquine on cisplatin-

resistant SCC4cisR cells was herein examined in order to confirm whether targeting 

autophagy with chloroquine may represent a strategy to sensitise OSCC cells to cisplatin.  

Apoptosis induction was investigated in SCC4cisR cells and in the aged-matched parental 

SCC4 cells through flow cytometric analysis of annexin V/PI stained cells. SCC4 and 

SCC4cisR cells were treated with cisplatin 5 µM alone, chloroquine 10 µM alone and 

cisplatin in combination with chloroquine for 48 h. Cells were then double stained with 

annexin V-FITC and PI, and the percentage of cells in early and late apoptosis was 

acquired using the BD Accuri flow cytometer. As shown in Figure 5.11, SCC4 and 

SCC4cisR cells treated with chloroquine alone exhibited no increase in the apoptotic rate 

when compared to vehicle treated cells. As expected, parental SCC4 cells treated with 

cisplatin alone showed a significant increase in the apoptotic rate compared to control 

cells, while no induction of apoptosis was observed in SCC4cisR cells treated with 

cisplatin alone compared to control cells. Interestingly, in both cell lines, treatment of 

chloroquine in combination with cisplatin displayed a significant increase in the rate of 

apoptosis compared to vehicle treated cells and to cisplatin treated cells, suggesting that 

chloroquine enhanced cisplatin-induced apoptosis in both cisplatin-sensitive and resistant 

OSCC cell lines.  

The significant enhancement of cisplatin-induced apoptosis in both cisplatin-sensitive 

and resistant OSCC cell lines treated with chloroquine may suggest a beneficial effect of 

this compound to sensitise OSCC cells to cisplatin. Moreover, since no activation of 

autophagy was observed in SCC4cisR cells treated with cisplatin, this result may imply 

that chloroquine can enhance cisplatin-induced apoptosis through an autophagy-

independent mechanism. 
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Figure 5.11 Chloroquine enhances cisplatin-induced apoptosis in SCC4 and SCC4cisR cell lines. 

SCC4 and SCC4cisR cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to 

adhere to the plate and then were treated with vehicle (0.009% (v/v) NaCl), 10 μM chloroquine (CQ) alone, 

5 μM cisplatin (CDDP) alone, or cisplatin in combination with chloroquine for 48 h. Cells were then 

analysed by flow cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle 

treated cells and the percentage of cells undergoing early and late apoptosis was acquired. A. Representative 

dot plot of treated cells. B. Values represent the mean ± S.E.M. of three independent experiments. Statistical 

analysis was performed using one-way ANOVA with Tukey’s Multiple Comparison Test to compare 

treatments within the same cell line (Graphpad Prism 8). *** p<0.001, ** p<0.01, * p<0.05.  

 



229 

5.2.8. Role of oxidative stress in cisplatin resistance in OSCC cells 

In chapter 4, treatment of OSCC cells with cisplatin was shown to induce oxidative stress 

(Figures 4.2-3). To evaluate whether oxidative stress was involved in cisplatin resistance 

in oral cancer, evaluation of intracellular levels of ROS along with the analysis of 

antioxidant defence systems such as glutathione, nuclear factor erythroid 2–related factor 

2 (Nrf2) and heme oxygenase-1 (HO-1) was herein undertaken in cisplatin-sensitive and 

-resistant OSCC cells. 

5.2.8.1. Determination of intracellular ROS levels in cisplatin-sensitive and 

resistant OSCC cells 

To determine whether ROS are involved in cisplatin susceptibility, intracellular ROS 

levels were evaluated in both drug-sensitive and -resistant OSCC cells in response to 

cisplatin. For this analysis, SCC4 and SCC4cisR cells were left untreated or treated with 

cisplatin for 48 h. Cells were then stained with H2DCFDA for 30 min and fluorescence 

was measured using the BD Accuri flow cytometer. As expected, a statistically significant 

increase in ROS levels was observed in SCC4 cells treated with cisplatin compared to 

untreated cells, confirming that cisplatin enhanced ROS generation in OSCC cells (Figure 

5.12A, Figure A.7). Similarly, a notable increase in ROS levels was found in cisplatin 

treated SCC4cisR cells compared to untreated cells. Interestingly, a significant difference 

in ROS levels was displayed between the two cell lines in response to cisplatin, with a 

two-fold increase in cisplatin-induced ROS levels detected in the SCC4cisR cells 

compared to the SCC4 cells. This result indicates an enhancement in ROS generation in 

the cisplatin-resistant cell line compared to the paired parental cell line following 

treatment with cisplatin. Furthermore, to aid in evaluating the role of ROS in mediating 

cisplatin resistance, ROS levels obtained from untreated SCC4 and SCC4cisR cells were 

independently compared to assess the difference in endogenous ROS between the two 

cell lines (Figure 5.12B). An unpaired two-tailed student t-test was applied for this 

analysis, and interestingly showed a significant increase in the endogenous levels of ROS 

in the SCC4cisR cells compared to the SCC4 cells. Taken together, these data indicate a 

significant increase in both endogenous and cisplatin-induced ROS levels in the cisplatin-

resistant OSCC cell line compared to the paired parental cell line, suggesting a possible 

role for ROS in mediating cisplatin resistance. 
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Figure 5.12 Intracellular ROS levels in cisplatin-sensitive and -resistant OSCC cell lines. 

A. SCC4 and SCC4cisR cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to 

adhere to the plate and then were left untreated or treated with 5 μM cisplatin. After 48 h, 10 μM H2DCFDA 

dye was added to each well for 30 min. Cells were then harvested and analysed on the flow BD FACS 

Accuri cytometer. 10,000 single cells were gated on control cells and median fluorescence intensity (MFI) 

was acquired. Values represent the mean ±S.E.M. of three independent experiments. Statistical analysis 

was performed using two-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 8). ** 

p<0.01, * p<0.05. B. Endogenous ROS levels in SCC4 and SCC4cisR cells. Statistical analysis was 

performed using an unpaired two-tailed student t-test (Graphpad Prism 8). * p<0.05. 
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5.2.8.2. Glutathione analysis in cisplatin-sensitive and resistant OSCC cell lines 

Glutathione analysis was next performed to compare the antioxidant capacity of cisplatin-

sensitive and -resistant OSCC cell lines in the presence/absence of cisplatin. SCC4 and 

SCC4cisR cells were left untreated or treated with 5 μM cisplatin for 48 h. Cells were 

then analysed with the GSH/GSSG-Glo kit and luminescence intensity was detected using 

the SpectraMax Gemini EM Microplate Reader. Evaluation of the GSH/GSSG ratio was 

assessed in order to determine the conversion of GSH (reduced glutathione) to GSSG 

(oxidised glutathione). Oxidation of GSH to GSSG results in a decrease in the 

GSH/GSSG ratio, which is a widely used marker of oxidative stress [255]. As expected, 

a drop in the GSH/GSSG ratio was observed in cisplatin treated cells compared to 

untreated treated cells in the SCC4 cell line, indicating that treatment with cisplatin 

induced oxidative stress in OSCC cells (Figure 5.13A). Conversely, no difference in the 

GSH/GSSG ratio was observed in the SCC4cisR cell line treated with cisplatin compared 

to control cells, suggesting that no oxidative stress was induced in this cell line after 

exposure to cisplatin. Additionally, endogenous GSH levels were examined in the 

cisplatin-sensitive and resistant-cell lines. GSH levels obtained from untreated SCC4 and 

SCC4cisR cells were compared using an unpaired t-student test (Figure 5.13B). 

Interestingly, no difference in the endogenous levels of glutathione were found between 

the two cell lines, suggesting that basal levels of glutathione were maintained during the 

acquisition of the resistance phenotype. 

Taken together, these results indicate that the increase in ROS levels observed in the 

SCC4cisR cell line treated with cisplatin did not result in a decrease in the GSH/GSSG 

ratio, suggesting that cisplatin-induced ROS production may be counteracted by 

antioxidant systems in the cisplatin-resistant OSCC cell line. Although no differences in 

the endogenous levels of glutathione were found between the two cell lines, the high 

GSH/GSSG ratio observed in the drug-resistant cell line compared to the drug-sensitive 

cell line following treatment with cisplatin may suggest a role of glutathione in mediating 

cisplatin resistance.  
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Figure 5.13 Glutathione analysis in cisplatin-sensitive and -resistant OSCC cell lines. 

SCC4 and SCC4cisR cells were seeded at 5x103 cells/well in 96 well plates. Cells were left for 24 h to 

adhere to the plate and then were left untreated or treated with 5 μM cisplatin. After 48 h, cells were 

analysed using the GSH/GSSG-Glo kit and luminescence was measured on the SpectraMax Gemini EM 

Microplate Reader. A. GSH/GSSG ratio. Values represent the mean ± S.E.M. of three independent 

experiments. Statistical analysis was performed using two-way ANOVA with Tukey’s Multiple 

Comparison Test (Graphpad Prism 8). * p<0.05. B. Endogenous GSH levels in SCC4 and SCC4cisR cells. 

Statistical analysis was performed using unpaired two-tailed student t-test (Graphpad Prism 8). NS=not 

significant.  
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5.2.8.3. Protein expression analysis of Nrf2 and HO-1 in cisplatin-sensitive and 

resistant OSCC cell lines 

In the present study, to aid in the evaluation of the antioxidant defence systems, the 

Nrf2/HO-1 pathway was next investigated. Nrf2 is a transcription factor involved in the 

antioxidant response [492]. Under normal conditions, Nrf2 is inhibited by Keap1 (kelch-

like ECH-associated protein 1) and degraded through the proteasomal pathway. In the 

presence of ROS, the release of Nrf2 from Keap1 results in its translocation to the nucleus 

and in the regulation of several antioxidant genes, including HO-1 and glutathione [492]. 

In the present study, protein expression levels of Nrf2 and HO-1 were assessed in 

presence/absence of cisplatin through western blot analysis. 

SCC4 and SCC4cisR cells were left untreated or treated with cisplatin for 48 h. Lysates 

were prepared and run on a 12% SDS-PAGE gel before being probed with anti-Nrf2 and 

anti-HO-1 antibodies. A decrease in Nrf2 and HO-1 protein expression was observed in 

both cell lines treated with cisplatin compared to control cells, with a more marked effect 

seen in sensitive cells (Figure 5.14). Interestingly, a difference in the expression levels of 

Nrf2 and HO-1 was observed from the comparison of the two cell lines. In fact, a 

significant increase in Nrf2 protein expression along with a notable and significant 

increase in HO-1 protein expression was found in untreated SCC4cisR cells compared to 

untreated SCC4 cells, suggesting increased endogenous levels of these proteins in the 

drug-resistant cell line. Similarly, increased levels of Nrf2 and HO-1 in cisplatin treated 

SCC4cisR cells compared to cisplatin treated SCC4 cells indicated a greater antioxidant 

response after exposure of cells to cisplatin in the drug-resistant cell line compared to the 

drug-sensitive cell line. 

This result indicates an enhancement of the antioxidant Nrf2/HO-1 system in the 

cisplatin-resistant OSCC cell line compared to the parental cell line. Also, it suggests a 

greater antioxidant response following treatment with cisplatin in drug-resistant cells to 

counteract the intracellular accumulation of ROS and to overcome oxidative stress. 
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Figure 5.14 Analysis of endogenous and cisplatin-induced Nrf2 and HO-1 expression levels in SCC4 

and SCC4cisR cells. 

SCC4 and SCC4cisR cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask 

and then were left untreated or treated with 5 μM cisplatin for 48 h. After incubation, cells were lysed and 

20 μg of protein was loaded and separated on a 12% SDS-PAGE gel and transferred to a PVDF membrane. 

A. Membranes were probed with anti-Nrf2 and anti-HO-1 antibodies. α-Tubulin served as loading control. 

B. Densitometric analysis of Nrf-2 and HO-1 bands was performed using ImageLab software and values 

were normalised by the loading control. Statistical analysis was performed using two-way ANOVA with 

Tukey’s Multiple Comparison Test (Graphpad Prism 8). * p<0.05. 
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5.2.9. Evaluation of targeting the antioxidant systems to reduce cisplatin 

resistance in OSCC 

Given the potential implication of the antioxidant systems in cisplatin resistance, the 

effects of glutathione depletion and Nrf2 inhibition were investigated in cisplatin-

sensitive and -resistant OSCC cells in the presence/absence of cisplatin. Flow cytometric 

analysis of Annexin V/PI stained cells was performed to determine whether targeting the 

antioxidant systems may represent a valuable strategy to improve chemotherapy. 

 

5.2.9.1. Glutathione depletion enhances cisplatin-induced apoptosis in cisplatin-

sensitive and resistant OSCC cell lines 

In the results presented above, the high GSH/GSSG ratio in cisplatin treated SCC4cisR 

cells compared to cisplatin-treated SCC4 cells was associated with an enhanced ability of 

the cisplatin-resistant cells to counteract cisplatin-induced ROS as protection from 

oxidative stress. In order to further investigate the importance of glutathione in cisplatin-

induced cytotoxicity and resistance in OSCC, the effect of glutathione depletion was 

examined in both drug-sensitive and -resistant OSCC cells treated with cisplatin. 

Depletion of glutathione was accomplished using buthionine sulfoximine (BSO), a potent 

inhibitor of glutathione synthesis [283, 493]. GSH levels and the GSH/GSSG ratio were 

firstly assessed in SCC4 cells following treatment with BSO to validate its inhibitory 

activity. Cells were left untreated or treated with 200 or 400 µM BSO for 48 h before 

being analysed with the GSH/GSSG-Glo kit. The significant decrease in GSH levels and 

in the GSH/GSSG ratio observed in both SCC4 cells treated with BSO compared to 

control cells confirmed the inhibitory activity of BSO on glutathione (Figure 5.15).  

Additionally, flow cytometric analysis of annexin V/PI stained cells was performed to 

evaluate the effect of BSO on cisplatin-induced apoptosis in both SCC4 and SCC4cisR 

cell lines. Cells were treated with vehicle, cisplatin 5 µM alone, BSO 200 µM alone or 

cisplatin in combination with BSO, for 48 h. Cells were then double stained with annexin 

V-FITC and PI, and the percentage of cells in early and late apoptosis was acquired using 

the BD Accuri flow cytometer. As expected, parental SCC4 cells treated with cisplatin 

alone showed a significant increase in the apoptotic rate compared to vehicle treated cells, 

while no induction of apoptosis was observed in SCC4cisR cells treated with cisplatin 

alone (Figure 5.16). Moreover, SCC4 and SCC4cisR cells treated with BSO alone 
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exhibited no increase in the apoptotic rate when compared to vehicle treated cells, 

suggesting that depletion of glutathione alone does not induce apoptosis activation. 

Furthermore, a limited and non significant increase in the apoptotic rate was found in the 

SCC4 cells treated with cisplatin in combination with BSO compared to cells treated with 

cisplatin alone. Interestingly, a notable and significant increase in the percentage of 

apoptotic cells was observed in the SCC4cisR cells treated with cisplatin in combination 

with BSO compared to cells treated with cisplatin alone, suggesting that BSO sensitised 

the cisplatin-resistant cells to cisplatin. However, it should be noted that BSO did not 

fully restore cisplatin sensitivity in the SCC4cisR cells. This would indicate that 

glutathione may contribute to chemoresistance only in part and other mechanisms may 

also play a role. 

Taken together, these results may suggest the potential involvement of glutathione in 

chemoresistance. Accordingly, depletion of glutathione with BSO may represent a 

valuable strategy to sensitise OSCC cells to cisplatin. 
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Figure 5.15 BSO induced glutathione depletion and oxidative stress in SCC4 cells. 

SCC4 cells were seeded at 5x103 cells/well in 96 well plates. Cells were left for 24 h to adhere to the plate, 

and then were left untreated or treated with 200 or 400 μM BSO. After 48 h, cells were analysed using the 

GSH/GSSG-Glo kit and luminescence was measured on the SpectraMax Gemini EM Microplate Reader. 

A. GSH levels. B GSH/GSSG ratio. Fold change values were obtained by normalising data obtained from 

treated cells to data obtained from control cells. Values represent the mean ± S.E.M. of three independent 

experiments. Statistical analysis was performed using one-way ANOVA with Dunnett’s Multiple 

Comparison Test to compare mean values between treated and control cells (Graphpad Prism 8). 

***p<0.0001. 
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Figure 5.16 BSO significantly enhances cisplatin-induced apoptosis in SCC4cisR cells. 

SCC4 and SCC4cisR cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to 

adhere to the plate and then were treated vehicle (0.009% (v/v) NaCl), with 200 μM BSO alone, 5 μM 

cisplatin (CDDP) alone, or cisplatin in combination with BSO for 48 h. Cells were then analysed by flow 

cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the 

percentage of cells undergoing early and late apoptosis was acquired. A. Representative dot plot of treated 

cells. B. Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was 

performed using one-way ANOVA with Tukey’s Multiple Comparison Test to compare treatments within 

the same cell line (Graphpad Prism 8) . *** p<0.001, ** p<0.01, * p<0.05. 
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5.2.9.2. Targeting Nrf2 partially restores cisplatin sensitivity in cisplatin-resistant 

OSCC cells 

Given the activation of the Nrf2/HO-1 axis in the SCC4cisR cell line in presence/absence 

of cisplatin, a potential role for this signalling pathway in mediating chemoresistance was 

evaluated. Thus, the effect of targeting Nrf2 was examined in both drug-sensitive and -

resistant OSCC cells treated with cisplatin. For this purpose, the Nrf2 inhibitor ML385 

was employed. Firstly, the inhibitory activity of ML385 on the Nrf2/HO-1 axis was 

validated on the SCC4 cell line. Cells were left untreated or treated with 20 or 40 µM 

ML385 for 48 h before being harvested and lysed. Lysates were then run on a 12% SDS-

PAGE gel and membranes were probed with an anti- Nrf2 and anti-HO-1 antibodies. A 

progressive decrease in the Nrf2 and HO-1 levels was found at increased concentrations 

of ML385, with a significant decrease in both of these proteins observed at 40 µM ML385 

(Figure 5.17).  

Next, flow cytometric analysis of annexin V/PI stained cells was performed to evaluate 

the effect of ML385 on cisplatin-induced apoptosis in both SCC4 and SCC4cisR cell 

lines. Cells were treated with vehicle, cisplatin 5 µM alone, ML385 40 µM alone or 

cisplatin in combination with ML385, for 48 h. Cells were then double stained with 

annexin V-FITC and PI, and the percentage of cells in early and late apoptosis was 

acquired using the BD Accuri flow cytometer. A slight but non significant increase in 

apoptosis was observed in both cell lines treated with ML385 alone compared to vehicle 

treated cells (Figure 5.18). Moreover, a limited and again non significant increase in the 

apoptotic rate was found in the SCC4 cells treated with cisplatin in combination with 

ML385 compared to cells treated with cisplatin alone. Interestingly, a notable and 

significant increase in the percentage of apoptotic cells was observed in the SCC4cisR 

cells treated with cisplatin in combination with ML385 compared to cells treated with 

cisplatin alone and ML385 alone.  

Taken together, these results indicate that inhibition of Nrf2 with ML385 can partially 

restore cisplatin sensitivity in the SCC4cisR cells, confirming the involvement of the 

Nrf2/HO-1 signalling pathway in cisplatin resistance. Moreover, these data suggest the 

beneficial effect of targeting Nrf2 to overcome chemoresistance in OSCC patients and 

suggest a potential application of ML385 in clinic. 
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Figure 5.17 The Nrf2 inhibitor ML385 reduces the levels of Nrf2 and HO-1 proteins in SCC4 cells. 

SCC4 cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask and then were 

left untreated or treated with 20 or 40 μM ML385. After incubation, cells were lysed and 20 μg of protein 

was loaded and separated on a 12% SDS-PAGE gel and transferred to a PVDF membrane. A. Membranes 

were probed with anti-Nrf2 and anti-HO-1 antibodies. GAPDH served as loading control. B. Densitometric 

analysis of Nrf-2 and HO-1 bands was performed using ImageLab software and values were normalised by 

the loading control. Statistical analysis was performed using one-way ANOVA with Dunnett’s Multiple 

Comparison Test to compare mean values between treated and control cells (Graphpad Prism 8). 

***p<0.0001, * p<0.05. 
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Figure 5.18 ML385 partially restores cisplatin sensitivity in SCC4cisR cells. 

SCC4 and SCC4cisR cells were seeded at 150x103 cells/well in 6 well plates. Cells were left for 24 h to 

adhere to the plate and then were treated with vehicle (0.009% (v/v) NaCl), 40 μM ML35 alone, 5 μM 

cisplatin (CDDP) alone, or cisplatin in combination with ML385 for 48 h. Cells were then analysed by flow 

cytometry using BD FACS Accuri software. 10,000 single cells were gated on vehicle treated cells and the 

percentage of cells undergoing early and late apoptosis was acquired. A. Representative dot plot of treated 

cells. B. Values represent the mean and S.E.M. of three independent experiments. Statistical analysis was 

performed using one-way ANOVA with Tukey’s Multiple Comparison Test to compare treatments within 

the same cell line (Graphpad Prism 8). *** p<0.001, ** p<0.01. 
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5.2.10. Analysis of the Ras/ERK signalling pathway in cisplatin-sensitive and 

resistant OSCC cells 

A correlation between drug resistance and dysregulation of the Ras/ERK signalling 

pathway has been reported in various cancerous [494]. Moreover, recent findings have 

also demonstrated a link between the Ras/ERK pathway and Nrf2, suggesting a potential 

activation of Nrf2 by Ras through ERK activation [495]. In the present study, given the 

increased levels of Nrf2 and HO-1 observed in the SCC4cisR cell line compared to the 

SCC4 cell line, a preliminary analysis of the Ras/ERK signalling pathway was undertaken 

in order to determine whether it is implicated in cisplatin chemoresistance by regulating 

the Nrf2/HO-1 axis. In the present study, Ras expression levels and ERK activation were 

examined by western blot analysis in SCC4 and SCC4cisR cells in the presence/absence 

of cisplatin. Since activation of ERK occurs through its phosphorylation at residues 

Thr202/Tyr204, both the total ERK and phospho-ERK were evaluated, and the ratio of 

phospho-ERK/total ERK was considered as a measure of its activation.  

SCC4 and SCC4cisR cells were left untreated or treated with cisplatin for 48 h. Lysates 

were prepared and run on a 12% SDS-PAGE gel before being probed with anti-Ras, anti-

phospho-ERK and anti-ERK antibodies. A significant increase in Ras levels were 

observed in the SCC4cisR cells compared to the SCC4 cells both in the absence and 

presence of cisplatin, suggesting an activation of Ras during the acquisition of the 

cisplatin resistant phenotype (Figure 5.19). Moreover, phosphorylation of ERK was 

observed in both untreated SCC4 and SCC4cisR cells, indicating activation of ERK in 

both cell lines under normal conditions. No differences were observed in the phospho-

ERK/ERK ratio between the two cell lines. Additionally, a drop in the phospho-

ERK/ERK ratio was found only in the SCC4 cells treated with cisplatin compared to 

control cells, whilst no difference in the phospho-ERK/ERK ratio was found in the 

SCC4cisR cells treated with cisplatin compared to control cells. This may indicate a 

failure in the activation of the pro-survival ERK pathway only in the cisplatin-sensitive 

cells treated with cisplatin, but not in the cisplatin-resistant cell line treated with the same 

concentration of cisplatin. Taken together, these preliminary results demonstrate the 

greater activation of the Ras/ERK pathway in the cisplatin-resistant OSCC cell line 

compared to the parental cisplatin-sensitive cell line, suggesting a role for this pathway 

in cisplatin resistance in OSCC. Further analyses are required in order to determine a 

correlation between the Ras/ERK pathway and the Nrf2/HO-1 axis. 
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Figure 5.19 Analysis of RAS expression and ERK activation in SCC4 and SCC4cisR cells. 

SCC4 and SCC4cisR cells were seeded at 300x103 cells/flask. Cells were left for 24 h to adhere to the flask 

and then were left untreated or treated with 5 μM cisplatin for 48 h. After incubation, cells were lysed and 

20 μg of protein was loaded and separated on a 12% SDS-PAGE gel and transferred to a PVDF membrane. 

A. Membranes were probed with anti-Ras, anti-phospho-ERK and anti-ERK antibodies. α-Tubulin served 

as loading control. B. Densitometric analysis of Ras, phospho-ERK and ERK bands was performed using 

ImageLab software and values were normalised by the loading control. Statistical analysis was performed 

using two-way ANOVA with Tukey’s Multiple Comparison Test (Graphpad Prism 8). * p<0.05. 
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5.3. Discussion 

Chemotherapy represents one of the main therapeutic strategies for unresectable or 

advanced cancers [480]. Despite the high efficiency of chemotherapeutic drugs in 

reducing viability and inducing programmed cell death in tumour cells, various 

limitations have been linked to the use of these drugs in cancer therapy. Among them, 

drug resistance is considered the main impediment during chemotherapy and the major 

cause of treatment failure [44]. Therefore, chemoresistance has become a compelling 

challenge in medical oncology as well an emerging area of research. Indeed, the innate 

or acquired ability of some cells to not respond to certain treatments has been widely 

investigated over the past few years. However, the current knowledge in this field is 

insufficient to date to develop an efficient strategy to overcome drug resistance during 

chemotherapy. Therefore, a further understanding of the molecular and biochemical 

mechanisms implicated in chemoresistance is required to improve the clinical outcome 

of cancer patients.  

To date, many relevant findings about drug resistance come from studies on tumour cells 

made resistant in vitro [496, 497]. This method consists of the induction of a resistant 

phenotype in cultured cells which are initially sensitive to a specific treatment. This 

results in the generation of a resistant population of cells which is identical in all 

properties to the parental one, except for the resistance. Thus, the comparison of the 

resistant and parental sensitive cell populations allows one to identify the mechanisms 

implicated in the acquisition of the resistant phenotype. In this regard, various studies in 

the literature have reported that induction of resistance can be accomplished through 

repeated exposure of cells to particular drugs [498, 499].  Accordingly, one of the first 

publications describing the development of a drug-resistant in vitro model dates back to 

1970, when actinomycin D-resistant cells were obtained from parental Chinese hamster 

cells through stepwise exposure of cells to the drug [500]. Since then, several papers have 

described the generation and the establishment of drug-resistant cell lines and numerous 

protocols have been proposed. Moreover, given the wide use of cisplatin in chemotherapy 

and its strong correlation to chemoresistance, it is not surprising that a huge body of 

studies have focused on the generation of cisplatin-resistant cell lines. In fact, induction 

of cisplatin resistance in cultured cells has been reported in various cancer cell lines, 

including ovarian cancer, cervical cancer, non-small lung cell carcinoma as well as oral 
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cancer [109, 498, 501–504]. In the present study, a cisplatin-resistant OSCC cell line has 

been generated to aid in the study of chemoresistance in oral cancer. 

According to McDermott et al., two types of drug-resistant cell models can be developed 

to investigate chemoresistance: clinically relevant models and high-level laboratory 

models [505]. The former can be obtained through pulsed stepwise exposure of cells to 

low doses of drugs, while the latter can be developed by continuous exposure of cells to 

high and escalating doses of drugs. Overall, the main difference between these two groups 

is that the clinically relevant models tend to mimic the cycles of chemotherapy a patient 

receives in the clinic, while the high-level laboratory models aim to reproduce an ideal in 

vitro system to study the mechanisms responsible for chemoresistance [505]. 

Consistently, mutagenesis and/or selection of resistant clones can also be used as 

additional strategies to facilitate the generation and the isolation of drug-resistant high-

level laboratory cell lines for a better investigation of the resistant phenotype. 

Importantly, based on the research objectives, advantages and disadvantages need to be 

considered in the choice of the drug-resistant model. In fact, if on one hand the drug-

resistant clinically relevant cell lines are representative of the real clinical conditions, they 

are usually characterised by low levels of resistance and a modest stability. Conversely, 

the drug-resistant high-dose laboratory cell lines are not clinically relevant but they 

usually are stable and highly resistant. In the present study, a clinically relevant model of 

cisplatin-resistant OSCC cells has been developed in order to mimic the clinical scenario 

and identify a valuable strategy to overcome chemoresistance in oral cancer patients.  

The selection of the parental cell line represents an important step for the success of 

resistant cell generation. According to the guidelines proposed by McDermott et al., it is 

crucial to opt for a parental cell line easy to culture, as derived resistant variants usually 

become more difficult to maintain [505]. Moreover, it is important to choose a parental 

cell line highly sensitive to the drug of interest in order to detect the increase in acquired 

resistance during the procedure. Basing on these criteria, the SCC4 cell line was selected 

for this study as the parental cell line from which the cisplatin-resistant cells were 

generated. The treatment strategy herein employed was planned by considering the 

sensitivity of the parental cells to the drug. In fact, from the viability curve of SCC4 cells 

treated with cisplatin for 72 h, the concentration of cisplatin required to inhibit 25% of 

cell viability (IC25) was calculated and used as the first treatment concentration. Minimal 

escalations of cisplatin doses were applied to cells for initial treatments in order to not 
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over-stress the cells, while marked escalations were used for the last treatments when 

cells were already acquiring a certain degree of resistance. Importantly, cisplatin doses 

were chosen in order to not exceed the IC50 obtained from the viability assay performed 

on the surviving daughter cells after each treatment. Overall, nine cisplatin treatments of 

72 h each were performed over a period of 12 months, and cells were allowed to recovery 

in drug-free media after each exposure to the drug in order to mimic the clinical scenario. 

Viable surviving cells following cisplatin treatments represented a new cisplatin-resistant 

SCC4 cell population, herein named SCC4cisR. A progressive increase in the IC50 values 

of the SCC4cisR cells was observed after each exposure of cells to cisplatin and the first 

significant difference in the IC50 between SCC4cisR and parental SCC4 cells was 

detected after the 7th treatment with cisplatin and reached a peak after the last treatment 

when IC50 values of 1.1 ± 0.2 µM and 16.2 ± 4.8 µM were obtained in SCC4 and 

SCC4cisR cells respectively.  

Induction of drug resistance in cultured cells can be quantified through the evaluation of 

the resistance index (RI). The RI is defined as the ratio of the IC50 of resistant cells/IC50 

of paired parental cells and indicates the extent of chemoresistance compared to its 

parental cell line [497, 501, 506]. RI values of drug-resistant cells generated in vitro can 

be highly variable, depending on the methodology employed, the in vitro model 

developed and the parental cell line selected. Thus, it is difficult to set an RI value 

threshold for a significant resistance level. According to Michalak et al., RI values 

between 0 and 2 indicate no induction of resistance; RI values between 2 to 10 indicate a 

moderate acquisition of resistance to the drug; finally, RI values above 10 indicates strong 

drug resistance [507]. On the other hand, it has been reported that several cell lines 

derived from cancer patients before and after chemotherapy displayed RI values between 

2 to 8, suggesting that RI values within this range may be clinically relevant [505]. Given 

this, in the present study, it was arbitrarily decided to consider RI values above 5 

significant and clinically relevant. Accordingly, from the analysis of the RI of SCC4cisR 

cells after each cisplatin treatment, the first significant and clinically relevant difference 

in resistance between the SCC4cisR cells and the parental SCC4 cells was observed after 

the 7th treatment with cisplatin (RI=5.6), reaching a peak after the last treatment 

(RI=13.7).  

Generation of oral cancer cells resistant to cisplatin have been reported in other studies in 

the literature. For example, Nakamura et al. have reported the generation of a cisplatin-
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resistant cell line (H-1R) obtained from an OSCC cell line (H-1) established from an oral 

specimen biopsy in the lower gingiva [109]. In this study, the H-1R cell line was obtained 

through continues stepwise dose escalation of cisplatin and a 10-fold change in resistance 

was obtained. Similarly, Ghosh et al. generated two OSCC cisplatin-resistant cell lines, 

SCC084/R and SCC131/R, from the parental SCC084 and SCC131 cell lines respectively 

by gradual incremental doses of cisplatin over a period of 6-8 months, reaching RIs of 

1.5 and 3.5, respectively [508]. In both these studies, resistant cells were maintained in 

cisplatin enriched medium. Additionally, generation of a tongue squamous cell carcinoma 

cell line resistant to cisplatin (CAL-27/CDDP) was reported by Gosepath et al., who 

obtained a 10-fold increase in resistance using a clonal selection approach [509]. 

Although all these models resulted in a significant induction of resistance, they may not 

be considered as clinically relevant models. In the present study, pulsed stepwise 

treatment of cells with cisplatin resulted in a ~14-fold increase in cisplatin resistance, 

highlighting the establishment of a highly resistant and clinically relevant in vitro model 

of tongue squamous cell carcinoma, which represents a very useful resource to investigate 

cisplatin resistance in OSCC.  

Once generated and established, the SCC4cisR cell line was characterised in terms of 

apoptotic and survival potential. As already mentioned in previous chapters, cisplatin 

treatment mainly results in apoptotic cell death. Given this, it was likely that the induction 

of a cisplatin-resistant phenotype would correlate with a reduced ability of cells to 

undergo apoptosis in response to cisplatin. In the present study, a dose-dependent 

activation of apoptosis was observed in the SCC4cisR cells and in the age-matched 

parental SCC4 cells treated with cisplatin, confirming the ability of both cell lines to 

undergo apoptosis. However, a significant decrease in the apoptotic rate was detected in 

the SCC4cisR cells compared to the parental cells following treatment with cisplatin, 

indicating the reduced ability of the cisplatin-resistant cell line to undergo apoptosis in 

response to this drug. Additionally, a considerable difference in the survival potential 

between the SCC4 and the SCC4cisR cells was also displayed. In fact, a significant 

increase in the survival fraction was found in the SCC4cisR cells treated with cisplatin 

compared to the parental cells, indicating the higher ability of the cisplatin-resistant cells 

to survive and recover after the exposure to the drug. Taken together, the reduced 

apoptotic activity along with the increased survival potential observed in the SCC4cisR 

cells treated with cisplatin confirmed the acquisition of a cisplatin-resistant phenotype. 
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Several studies have reported that resistance to chemotherapy may be driven by a 

subpopulation of cells named CSCs [510]. CSCs are defined as multipotent and highly 

tumorigenic cells capable of self-renewal [101]. According to the cancer stem cell 

hypothesis, CSCs are cancer progenitor cells responsible for tumour initiation, 

development, maintenance and spread [511]. The presence of CSCs has been 

demonstrated in various types of solid tumours, including brain, ovarian, prostate  as well 

as oral cancer [314, 512–514]. Along with migration and invasive properties, a high 

ability to escape chemotherapeutic treatments has been linked to CSCs, suggesting their 

potential role in acquired drug resistance [515]. Accordingly, increased CSC populations 

have been detected in drug-resistant cell lines compared to the parental cell lines in 

various cancer types, such as gastric cancer and non-small cell lung carcinoma [498, 514]. 

Although several cell surface proteins have been proposed as markers for CSCs, the 

identification of this cell population is still controversial due to the frequent phenotypic 

transitions and the high variability in cell composition among cell types [489]. To date, 

the expression of the hyaluronan receptor protein CD44 on the cell surface represents a 

widely recognised marker for CSCs in various cancers [313]. Nevertheless, recent studies 

have reported that the expression of CD44 alone may not specifically identify CSCs 

[516]. Accordingly, in some cancers such as breast or colon cancer, it has been 

demonstrated that the presence of CD44 along with the lack of the glycoprotein CD24 

may be considered a reliable marker for CSCs [515, 517]. Even though the expression of 

CD24 is still controversial, CSC properties have previously been demonstrated in 

CD44+/CD24- populations of several OSCC cells [489]. Given that, in the present study, 

the presence of CD44+/CD24- cells in the SCC4 cell line and in the derived cisplatin-

resistant SCC4cisR cell line was investigated through flow cytometric analysis to 

determine whether acquired resistance to cisplatin may be correlated to this population of 

cells. Results obtained showed a high expression of both CD44 and CD24 proteins on the 

surface of the two cell lines, resulting in a scarce CD44+/CD24- pool of cells (~7%). 

Interestingly, from the comparison of the cisplatin-resistant and the parental cell lines, no 

differences in the expression of the two markers were detected, suggesting no changes in 

the abundance of the CD44+/CD24- cell population during the acquisition of the resistant 

phenotype. This result indicates that the CD44+/CD24- cell population may not be 

involved in chemoresistance in the cell model herein examined. Nevertheless, analysis of 

additional markers may be required for future experiment to further examine the stem-

like properties of the SCC4cisR cell line. 
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Furthermore, preliminary analysis of multidrug resistance (MDR) was undertaken in the 

newly established SCC4cisR cell line. MDR consists of innate or acquired cross-

resistance of cells to various chemotherapeutic agents [490]. Acquired MDR has been 

widely reported in cancer patients treated with chemotherapy. In fact, treatment of 

patients with a specific chemotherapeutic drug can result in the ability of tumours to 

become refractory not only to the drug used for primary chemotherapy, but also to similar 

or diverse drugs [518]. This results in limited efficacy of second line chemotherapy and 

consequently in treatment failure and tumour relapse. Accordingly, development of 

acquired cross-resistance has also been reported in vitro in several cancer models. For 

example, in liver cancer, exposure of HepG2 cells to adriamycin resulted in cross-

resistance to vincristine [519]. Similarly, in a breast cancer model, doxorubicin-resistant 

MCF-7 cells showed a strong cross-resistance to paclitaxel [520, 521]. Basing on these 

findings, acquired cross-resistance was investigated in the present study in order to 

determine whether the induction of cisplatin resistance can result in the development of 

MDR phenotype. Thus, cell sensitivity in response to three chemotherapeutic agents 

(carboplatin, docetaxel and sorafenib) was evaluated in the cisplatin-resistant SCC4cisR 

cells and in the parental SCC4 cells using the alamar blue assay. Results obtained showed 

the ability of all three drugs to reduce viability in both cell lines. Interestingly, a 

substantial increase in the IC50 values was observed in SCC4cisR cells treated with 

carboplatin compared to SCC4 cells, suggesting a reduced sensitivity to carboplatin in 

the cisplatin-resistant cell line compared to the parental one. Conversely, no differences 

in susceptibility were detected between the two cell lines in response to docetaxel and 

sorafenib. Accordingly, RI values of 8.4, 0.7 and 0.6 were obtained in the SCC4cisR cell 

line for carboplatin, docetaxel and sorafenib respectively. As already mentioned, in the 

present study, an RI value above 5 was considered significant and clinically relevant to 

assume the development of chemoresistance. Given this, it is suggested that pulsed 

exposure of cells to cisplatin may result in acquired resistance not only to cisplatin, but 

also to carboplatin. Cross-resistance to cisplatin and carboplatin has been reported in 

several clinical and in vitro models [518, 522, 523]. Considering that both cisplatin and 

carboplatin belong to the same class of compounds, namely platinum-based compounds, 

it is accepted that they have a similar mechanism of action [524]. This may imply that the 

development of the resistant phenotype in the cell model herein examined may be 

attributable to mechanisms implicated in the response to platinum-based compounds. In 

the present study, induction of oxidative stress and autophagy has been demonstrated in 



250 

OSCC cells in response to cisplatin. Accordingly, the role of these two mechanisms in 

acquired cisplatin-resistance was further investigated in the SCC4cisR cell line in order 

to identify valuable therapeutic options to improve chemotherapy in OSCC.  

As already mentioned, the implication of autophagy in chemoresistance has been widely 

reported in the literature. In this regard, activation of autophagy in response to 

chemotherapy and reduction in cell viability following inhibition of drug-induced 

autophagy have been demonstrated in various cancers [189]. These findings have led to 

the hypothesis that autophagy activation following chemotherapy may represent a 

protective mechanism that allows cancer cells to survive and escape from stress, resulting 

in the development of a resistant phenotype. However, the role of autophagy in 

chemoresistance in OSCC remains controversial. In the present study, levels of basal 

autophagy and starvation-induced autophagy were compared in SCC4 and SCC4cisR 

cells. Data obtained from western blot analysis of p62 and LC3-I/II protein expression 

showed a basal activation of autophagy in both cell lines and a further induction of 

autophagic flux following treatment of cells with EBSS. This result confirmed the ability 

of the two cell lines to undergo autophagy under normal conditions and in response to 

external stimuli such as starvation. Interestingly, from a comparison of the two cell lines, 

no significant change to the basal levels of autophagy was detected in the SCC4cisR cell 

line compared to the parental cell line. This is in contrast with several reports in the 

literature which showed an increase in basal levels of autophagy in drug-resistant cells 

compared to drug-sensitive cells. For example, an increase in the LC3-II-puncta has been 

found in the cisplatin-resistant A549 cells (A549/CDDP) compared to the parental cells 

in non-small cell lung carcinoma and, similarly, in the cisplatin-resistant HeLa/CDDP 

cells compared to the parental HeLa cells in cervical cancer [525, 526]. Enhanced 

autophagy activation in these cell lines has been linked to an implication of autophagy in 

acquired drug resistance. In the present study, the lack of a significant change in the basal 

levels of autophagy in the SCC4cisR cell line compared to the SCC4 cell line may imply 

that autophagy is not involved in acquired drug resistance in OSCC. In support of these 

findings, one should consider that autophagy activation represents only one of the 

numerous mechanisms that has been linked to chemoresistance. Thus, it is plausible that 

other mechanisms may be implicated in drug resistance in the cell model herein 

examined. Furthermore, autophagy activation in the presence/absence of cisplatin was 

also investigated in the SCC4cisR cell line and in the parental cell line to better understand 
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the role of autophagy in mediating chemoresistance in OSCC. Interestingly, a significant 

increase in the LC3-II/LC3I ratio was observed only in the cisplatin-sensitive SCC4 cell 

line treated with cisplatin. No activation of autophagy was detected in the derived 

resistant SCC4cisR cell line treated with the same concentration of cisplatin. The lack of 

cisplatin-induced autophagy in the SCC4cisR cell line corroborates the hypothesis that 

autophagy is not implicated in chemoresistance in these cells. In fact, the concomitant 

suppression of cisplatin-induced autophagy and apoptosis in cisplatin-resistant cells may 

suggest a role for autophagy as a pro-death mechanism in association with apoptosis 

rather than a survival mechanism. These findings are in line with results previously shown 

in chapter 4 indicating a simultaneous induction of autophagy and apoptosis in OSCC 

cells treated with cisplatin through the activation of a common pathway(s).  

Additionally, in chapter 3, inhibition of autophagy using late stage autophagy inhibitors, 

such as chloroquine, were shown to enhance cisplatin-induced apoptosis in OSCC cells. 

This result suggested the potential application of this compound in the clinic to improve 

cisplatin efficacy during chemotherapy. In the present study, the effect of chloroquine in 

combination with cisplatin was examined in the cisplatin-resistant SCC4cisR cell line in 

order to confirm the beneficial effect of chloroquine in cisplatin-based therapy. Results 

obtained showed a significant increase in the apoptotic rate in SCC4cisR cells treated 

with cisplatin in combination with chloroquine compared to cells treated with cisplatin 

alone, suggesting that chloroquine may enhance cisplatin cytotoxicity in drug-resistant 

cells. The ability of chloroquine to sensitise both cisplatin-sensitive and resistant OSCC 

cells to the treatment confirms that a combinatory therapy using chloroquine and cisplatin 

may represent a valuable strategy to improve chemotherapy in OSCC. Interestingly, since 

a lack of autophagy was observed in SCC4cisR cells treated with cisplatin, results 

obtained herein corroborate the suggestion that chloroquine may enhance cell death 

through an autophagy-independent mechanism, as already discussed in chapter 3.  

The role of oxidative stress in acquired drug resistance was next examined. In the previous 

chapter, increased ROS levels and a reduced GSH/GSSG ratio were demonstrated in 

OSCC cells treated with cisplatin, indicating the induction of oxidative stress in response 

to cisplatin. Moreover, treatment of cells with the antioxidant NAC was shown to increase 

cell viability following cisplatin treatment, suggesting a role for oxidative stress in 

mediating cisplatin cytotoxicity. So, on one hand a pro-death role for oxidative stress has 

been reported here and in other studies; however, a correlation between oxidative stress 
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and chemoresistance has also been proposed. In this regard, it has been suggested that 

exposure of cells to chemotherapeutic drugs can lead to the development of a cellular 

adaptive response that allows cells to escape from the dangerous effect of drug-induced 

oxidative stress [86, 527]. Accordingly, acquired chemoresistance may result from the 

ability of cells to adapt to oxidative stress.  

In the present study, evaluation of intracellular ROS levels and analysis of antioxidant 

defence systems were undertaken in the cisplatin-resistant SCC4cisR cell line and in the 

parental SCC4 cell line in order to understand whether oxidative stress may be involved 

in cisplatin resistance. From the flow cytometric analysis of H2DCFDA stained cells, a 

difference in the ROS levels between the two cell lines in the presence/absence of 

cisplatin was detected. In fact, a significant increase in ROS levels was observed in the 

untreated SCC4cisR cells compared to the SCC4 cells, and a marked and significant 

increment of ROS was detected in the SCC4cisR cells treated with cisplatin compared to 

the parental cells treated with the same concentration of cisplatin. This result suggested 

higher endogenous and cisplatin-induced ROS levels in the cisplatin-resistant OSCC cell 

line compared to the parental cell line. Similar findings have also been reported in the 

literature. In fact, increased levels of ROS have been found in rat glioblastoma cells 

resistant to 3-bis (2-chloroethyl)-1-nitrosourea (BCNU) compared to the parental cells 

[528]. Also, high ROS levels have been detected in gemcitabine-resistant human 

pancreatic ductal adenocarcinoma cells and in cisplatin-resistant human lung carcinoma 

cells compared to the respective sensitive parental cells [529, 530]. In these studies, high 

levels of ROS have been correlated to an enhanced capacity of resistant cells to generate 

ROS due to their continuous exposure to ROS-inducing drugs. In this regard, 

Wangpaichitr et al.  reported that enhanced ROS generation in cisplatin-resistant lung 

carcinoma cells may occur as a consequence of  cellular metabolic reprogramming [531]. 

Accordingly, the authors found that cisplatin-resistant cells were no longer addicted to 

the glycolytic pathway, but rather they relied on oxidative metabolism which promotes 

ROS generation. Moreover, in the same study, increased glutamine uptake was observed 

in the cisplatin-resistant cells compared to the parental cells, suggesting enhanced 

glutathione synthesis. Given the ROS-scavenger activity of glutathione, this finding 

suggested that activation of antioxidant systems may occur in drug resistant cells in order 

to counteract the high levels of ROS. Accordingly, several studies have reported the 

enhancement of the antioxidant defences in drug-resistant cells [532]. Among the main 
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antioxidant systems associated with chemoresistance, it is worth considering glutathione, 

Nrf2 and HO-1.  

As reported in chapter 4, glutathione is considered the major antioxidant system within 

cells [13]. A potential implication of glutathione in drug resistance has been proposed in 

recent years. Accordingly, increased basal levels of glutathione have been demonstrated 

in various drug-resistant cell lines compared to the corresponding parental cell lines [529, 

531, 533]. According to Traverso et al., the role of glutathione in cisplatin resistance may 

be attributable to the glutathione ability of regulating the cellular redox balance following 

ROS accumulation, but also to its activity as a copper chelator and as a cofactor in MRP2-

mediated cisplatin efflux [534]. For example, mouse doxorubicin-resistant leukaemia 

cells as well as human cisplatin-resistant lung carcinoma cells were shown to have higher 

glutathione levels compared to their respective sensitive cells [529, 531, 533]. Given this, 

in the present study, the role of glutathione in acquired cisplatin resistance was 

investigated in the SCC4 and SCC4cisR cells. Interestingly, results obtained herein 

showed no differences in the endogenous levels of glutathione between the cisplatin-

sensitive and cisplatin-resistant OSCC cell lines. However, a substantial and significant 

difference was found in the GSH/GSSG ratio in the two cell lines following treatment 

with cisplatin. In fact, on the one hand a drop in the GSH/GSSG ratio was found in SCC4 

cells treated with cisplatin compared to control cells, whilst on the other hand, no 

differences in the GSH/GSSG ratio were observed in the SCC4cisR cells treated with the 

same concentration of cisplatin compared to control cells. Since the decrease in the 

GSH/GSSG ratio is a widely recognised marker for oxidative stress, results obtained 

suggested that cisplatin may induce oxidative stress only in cisplatin-sensitive cells but 

not in cisplatin-resistant cells. Taken together, although no differences in the endogenous 

levels of glutathione between the two cell lines were detected, the higher GSH/GSSG 

ratio observed in the SCC4cisR cell line compared to the SCC4 cell line following 

treatment with cisplatin suggest a role for glutathione in cisplatin susceptibility. In line 

with this finding, a recent paper of Silva et al. have shown an increase in the GSH/GSSG 

ratio in cells resistant to cisplatin compared to cells sensitive to cisplatin in lung cancer 

cells, demonstrating also an inverse correlation between the GSH/GSSG ratio and the 

amount of DNA damage induced by cisplatin [535]. 

Similar to glutathione, Nrf2 has also been linked to chemoresistance. Nrf2 is a 

transcription factor involved in the regulation of several antioxidant pathways. Under 
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normal conditions, Nrf2 is inhibited by Keap1 and degraded through the proteasomal 

pathway. In the presence of ROS, the release of Nrf2 from Keap1 results in its 

translocation to the nucleus and in the regulation of several antioxidant genes, including 

HO-1 and glutathione [492]. In the present study, Nrf2/HO-1 protein levels were 

investigated in the parental and SCC4cisR cell lines in the absence/presence of cisplatin 

in order to determine whether increased levels of ROS resulted in enhanced antioxidant 

systems in cisplatin-resistant cells. Western blot analysis of Nrf2 and HO-1 protein levels 

showed a significantly heightened expression of these two proteins in untreated 

SCC4cisR cells compared to untreated SCC4 cells, suggesting a greater expression of the 

Nrf2/HO-1 axis in the cisplatin-resistant cell line compared to the parental cell line. 

Moreover, higher levels of HO-1 in cisplatin treated SCC4cisR cells compared to 

cisplatin treated SCC4 cells indicated a greater antioxidant response after exposure of 

cells to cisplatin in the drug-resistant cell line compared to the drug-sensitive cell line. 

Collectively, this result indicates an enhancement of the antioxidant Nrf2/HO-1 system 

in the cisplatin-resistant OSCC cell line compared to the parental cell line. Moreover, it 

suggests a greater antioxidant response following treatment with cisplatin in drug-

resistant cells to counteract the intracellular accumulation of ROS and to overcome 

oxidative stress. In line with these findings, induction of the Nrf2/HO-1 pathway has been 

associated with chemoresistance in various types of cancer [536]. For example, high 

levels of Nrf2 has been found in ovarian and mammary cells resistant to doxorubicin 

compared to the respective sensitive cells [537, 538]. Similarly, increased levels of HO-

1 have been found in drug-resistant cells compared to parental cells in acute myeloid 

leukaemia [539]. Moreover, induced overexpression of Nrf2 through genetic approaches 

was shown to induce resistance to cisplatin in non-small cell lung carcinoma, while its 

silencing resulted in an increase in susceptibility [535]. Taken together all the results 

herein obtained are in accordance with other studies in the literature, indicating that the 

activation of antioxidant systems in drug-resistant cells represents an adaptive response 

to counteract high levels of ROS. Moreover, it may be presumed that the increase in ROS 

levels and the concurrent increase of antioxidant systems in cisplatin-resistant cells may 

result in a new cellular redox balance which occurs as a consequence of adaptation to 

oxidative stress induced by repeated exposure of cells to the drug.  

Given the link between oxidative stress and chemoresistance, modulating the ROS 

signalling pathway has been proposed as a potential approach for use in the clinic in order 
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to reduce chemoresistance. Targeting the antioxidant systems has thus been proposed as 

a valuable strategy to improve chemotherapy [283]. Accordingly, many researchers are 

currently investigating the beneficial effects of combining chemotherapeutic agents with 

antioxidant defence inhibitors. BSO is an inhibitor of glutamylcysteine synthetase (g-

GCS) which induces depletion of glutathione by blocking its synthesis [283, 493]. 

Targeting glutathione with BSO has been shown to enhance the cytotoxic effect of various 

drugs in several cancer cell models, including biliary tract cancer, glioma and 

neuroblastoma [284–286]. Interestingly, several of these preclinical studies have 

demonstrated the beneficial effect of BSO in increasing cisplatin efficacy, suggesting a 

potential application of this pro-oxidant agent during cisplatin treatment. However, the 

effect of BSO and cisplatin in combination in OSCC cells remains poorly understood. 

Therefore, in the present study, the effect of BSO in combination with cisplatin was 

examined in cisplatin-sensitive and -resistant OSCC cell lines. Treatment of both SCC4 

and SCC4cisR cells with BSO for 48 h strongly depleted glutathione levels in a dose-

dependent manner. Moreover, from flow cytometric analysis of annexin V/PI stained 

cells, treatment of cells with BSO in combination with cisplatin displayed a significant 

increase in the rate of apoptosis compared to control cells and to cisplatin treated cells 

only in the SCC4cisR cells, suggesting that BSO enhanced cisplatin-induced apoptosis in 

the cisplatin-resistant OSCC cell line. This result supported a role for glutathione in 

cisplatin resistance in OSCC. Moreover, even though treatment of SCC4cisR cells with 

BSO did not fully restore the cisplatin-sensitive phenotype, a beneficial effect of BSO on 

cisplatin treatment was observed. Accordingly, depletion of glutathione with BSO may 

represent a valuable strategy to sensitise OSCC cells to the treatment and to reduce drug 

resistance. To the best of our knowledge, only one other study in the literature has 

investigated the effect of BSO in combination with cisplatin in OSCC cells. Nevertheless, 

in this study, only a small and non significant effect on cisplatin-induced apoptosis was 

observed in OSCC cells treated with BSO [293]. According to the authors, the somewhat 

limited efficacy of BSO in enhancing cisplatin cytotoxicity may be due to the inability of 

BSO to penetrate mitochondria, resulting in continued mitochondrial synthesis of 

glutathione which can protect cells from glutathione depletion. Thus, according to the 

authors, the use of different glutathione inhibitors (i.e. diethyl maleate) may be more 

effective in overcoming cisplatin resistance in OSCC. 
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Additionally, given the potential role of the Nrf2/HO-1 axis in mediating drug resistance, 

modulation of this signalling pathway has also been proposed as an alternative strategy 

to improve cancer therapy. Accordingly, a recent study has reported that genetic 

inhibition of Nrf2 resulted in a decrease in the cell growth and an increase in 

radiosensitivity in lung carcinoma cells [540]. Similarly, knockdown of Nrf2 by shRNA 

was shown to sensitise cervical cancer cells to various drugs such as cisplatin, 

doxorubicin, 5-fluorouracil and paclitaxel [287]. Also, in the same study, Nrf2 

knockdown in combination with cisplatin resulted in the inhibition of tumour growth in 

an in vivo model. Given this, Nrf2 has been proposed as a novel regulator of therapeutic 

resistance [541]. Currently, despite numerous data suggesting the promising application 

of Nrf2 inhibition in the clinic, no pharmacological Nrf2 inhibitors are currently clinically 

available or under clinical trials [542]. Recently, a study published by Singh et al. has 

identified a new Nrf2 specific compound named ML385 through a quantitative high-

throughput screen (qHTS) of the Molecular Libraries Small Molecule Repository 

(MLSMR) in a model of non-small cell lung carcinoma [541]. According to the authors, 

ML385 was shown to directly bind Nrf2, resulting also in reduced GSH levels and cellular 

antioxidant capacity. Given this, in the present study, Nrf2 inhibition using the Nrf2 

inhibitor ML385 was performed in both cisplatin-sensitive and -resistant OSCC cells in 

the presence/absence of cisplatin in order to determine whether targeting the Nrf2/HO-1 

signalling pathway with ML385 may result in an enhancement of cisplatin cytotoxicity 

in OSCC. From flow cytometric analysis of annexin V/PI stained cells, a notable and 

significant increase in the percentage of apoptotic cells was observed in the SCC4cisR 

cells treated with cisplatin in combination with ML385 compared to cells treated with 

cisplatin alone and ML385 alone whereas no significant enhancement was observed in 

the parental cells. Taken together, these results indicate that inhibition of Nrf2 with 

ML385 can partially restore cisplatin sensitivity in the SCC4cisR cells, confirming the 

involvement of the Nrf2/HO-1 signalling pathway in cisplatin resistance. This finding is 

in agreement with the previously mentioned study of Singh et al. where, treatment of lung 

cancer cells with ML385 was shown to potentiate the toxicity of various 

chemotherapeutic drugs such as paclitaxel, docetaxel and carboplatin [541]. Moreover, 

ML385 in combination with carboplatin was also shown to further reduce tumour weight 

and size in a xenograph model of lung cancer. However, it should be noted that an anti-

tumour activity of ML385 alone was also detected in this study. In this regard, the authors 

demonstrated a selective toxicity of ML385 in cancer cells with gain of Nrf2 function, 
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implying the specificity of this compound for Nrf2. Collectively, the anticancer activity 

of ML385 either alone or in combination with drugs confirmed the importance of Nrf2 in 

chemoresistance and suggests the application of ML385 in cancer therapy. In line with 

this data, results herein obtained corroborate the beneficial effect of targeting Nrf2 with 

ML385 to improve chemotherapy in OSCC. 

Moreover, it is worth noting that although results obtained showed that targeting the 

antioxidant systems results in a significant increase in cisplatin-induced cell death in the 

drug-resistant cell model generated herein, the increase did not exceed ~10%. This may 

rely on the nature of the cells itself. Indeed, as already mentioned, if on the one hand the 

clinically relevant drug-resistant cell lines are more representative of a clinical scenario, 

on the other hand they may not be an ideal in vitro model [505]. In fact, the limited fold 

change in drug resistance along with the high cell heterogeneity (due to the pool of 

resistant clones following treatment of cells with cisplatin) may represent a limitation for 

the identification of the mechanisms implicated in chemoresistance. Given this, it cannot 

be excluded that the slight effect of the antioxidant inhibitors on cisplatin-induced 

apoptosis in SCC4cisR cells may be attributable to the fact that only a subpopulation of 

cells has developed resistance to cisplatin through enhancement of the antioxidant 

response. Accordingly, highly resistant cell lines obtained through a clonal selection 

approach may be useful to confirm the involvement of the antioxidant systems in acquired 

resistance to cisplatin in OSCC. Nevertheless, it should be highlighted that results 

obtained herein in the clinically relevant SCC4cisR cells may be promising for clinical 

applications and require confirmation in a greater number of cisplatin-sensitive/resistant 

OSCC cell lines to corroborate the beneficial effect of this combinatorial therapeutic 

strategy to reduce chemoresistance in OSCC. 

Finally, a large body of evidence has recently demonstrated that some oncogenic 

signalling pathways can influence the activity of Nrf2 increasing its mRNA levels [542]. 

In particularly, a link between the Ras/ERK pathway and Nrf2 have been demonstrated 

in recent years. The Ras/ERK pathway is a survival pathway involved in the regulation 

of many important cellular processes such as differentiation, proliferation and stress 

response [494]. Disruption of the Ras/ERK pathway has been widely reported in the 

literature and it has been associated with tumour progression and chemoresistance [543]. 

Recent studies have shown that dysregulation of Ras can result in an increase in Nrf2 

levels in various studies in vitro [544]. For example, Ras overexpression was shown to 
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increase Nrf2 mRNA levels and reduce oxidative stress in pancreatic cancer cells [545]. 

Given the link between the Ras/ERK pathway and the Nrf2/HO-1 axis and their potential 

implication in chemoresistance, evaluation of the Ras/ERK signalling pathway was 

undertaken in the present study. Results obtained herein showed Ras overexpression in 

the SCC4cisR cells compared to the SCC4 cells both in the absence and presence of the 

drug, suggesting an upregulation of Ras during the acquisition of the cisplatin resistant 

phenotype. Moreover, phosphorylation of ERK was observed in both untreated SCC4 and 

SCC4cisR cells, indicating that ERK was activated in both cell lines under normal 

conditions, Additionally, treatment of cells with cisplatin resulted in a decrease in ERK 

activation in the SCC4 cell line only, but not in the SCC4cisR cell line. Given the role of 

ERK as a pro-survival pathway the significant difference in ERK activation between the 

two cell lines following treatment with cisplatin may be linked to the chemoresistant 

properties of the SCC4cisR cell line. Similar to the results obtained herein, activation of 

the Ras/ERK pathway was shown to mediate cisplatin resistance in ovarian cancer cells 

[73]. Moreover, a greater activation of the Ras/ERK pathway was found in doxorubicin-

resistant hematopoietic cells compared to the sensitive cells after treatment with 

doxorubicin [546]. Additionally, a ROS-dependent activation of the Ras/ERK pathway 

was linked to the development of acquired drug resistance in leukaemia [543]. A large 

body of evidence in the literature has also demonstrated that K-Ras mutations may result 

in resistance to chemotherapy in various cancers [547, 548]. Interestingly, a recent paper 

published by Tao et al. demonstrated that overexpression of K-Ras enhanced the 

resistance of cells to cisplatin through a Nrf2-dependent mechanism [495]. Consistently, 

in this study, knockdown of Nrf2 resulted in the loss of cisplatin resistance, confirming 

the Nrf2 dependency of K-Ras-mediated chemoresistance. Moreover, in the same study, 

the authors demonstrated that oncogenic K-Ras enhanced Nrf2 through activation of 

ERK. In the present study, upregulation of both the Ras/ERK pathway and the Nrf2/HO-

1 pathway were demonstrated. Thus, a link between these two pathways may be suggested 

and may be associated with the development of the cisplatin resistance phenotype. 

Accordingly, further analysis on the role of Ras/ERK pathway in cisplatin resistance and 

in Nrf2 regulation may be required for a better understanding of the regulatory pathways 

implicated in cisplatin resistance.  

In conclusion, in the present chapter, evaluation of the mechanisms involved in acquired 

cisplatin resistance in OSCC was undertaken. Analysis of chemoresistance was carried 
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out through the generation and characterisation of a cisplatin-resistant OSCC cell line 

obtained by pulsed stepwise exposure of drug-sensitive cells to cisplatin. Autophagy does 

not appear to play a role in acquired cisplatin resistance in the model examined herein. 

Conversely, a role for oxidative stress may be implicated in the development of a 

cisplatin-resistant phenotype in OSCC. A greater antioxidant response was initiated in 

resistant cells following treatment with cisplatin to counteract the intracellular 

accumulation of ROS and to overcome oxidative stress. Accordingly, impairment of 

redox signalling by depleting glutathione levels with BSO (an inhibitor of glutathione 

synthesis) and by targeting the Nrf2/HO-1 pathway with the specific Nrf2 inhibitor 

ML385 was shown to enhance cisplatin cytotoxicity in SCC4cisR cells. Finally, 

preliminary results obtained herein may also suggest a potential role for the Ras/ERK 

pathway in mediating cisplatin resistance in OSCC and further analysis of the role that 

the Ras/ERK pathway plays in Nrf2 regulation is warranted.  
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6. Analysis of key autophagic proteins in 

OSCC patient samples 
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6.1. Introduction 

A correlation between autophagy and cancer has become well-established over the past 

number of years. However, the role of autophagy in cancer and its implication in 

carcinogenesis remains controversial [549]. As previously mentioned in the general 

introduction, autophagy has been defined as a double-edged sword in cancer biology, 

acting both as a tumour suppressor and tumour promoter mechanism [143]. Interestingly, 

a stage-dependent role of autophagy has been demonstrated during cancer development 

[168]. In fact, during the early stages of tumour progression, autophagy can prevent 

oxidative stress and reduce the accumulation of damaged proteins, exerting a tumour 

suppressor role. This is followed by a tumour promoter role of autophagy in advanced 

stages of carcinogenesis, resulting in a cellular adaptation to hypoxia, nutrient deprivation 

and other adverse microenvironment conditions through autophagy. Given this, tumour 

initiation has been associated with transient reduced levels of autophagy, which results in 

a failure of its tumour suppressor function, resulting in genome damage and instability 

[168]. Conversely, tumour progression and maintenance has been linked to enhanced 

activation of autophagy. Although this model may be applied to many types of cancer, a 

tumour-specific role of autophagy has also been proposed [550]. On the one hand 

overexpression of some autophagic proteins such as ATG5 or LC3 have been found in 

various cancers, suggesting a tumour promoter role of autophagy in these tumour models. 

On the other hand the loss of the autophagic marker Beclin-1 has been found in some 

other cancers and it has been linked to a potential role of autophagy as a tumour 

suppressor mechanism [167]. Furthermore, it has been proposed that some cancers may 

be autophagy-addicted, whilst some others may be autophagy-independent [550]. In the 

latter case, either a lack of autophagy or the presence of dysfunctional autophagy has been 

reported. 

Despite the research efforts in this field to date, the role of autophagy in oral cancer has 

not been clearly defined [551]. Several studies have recently reported an alteration in the 

levels of autophagic proteins in OSCC tissues, suggesting a role for autophagy in oral 

cancer development [182, 183, 551]. However, whether autophagy may be enhanced or 

inhibited in OSCC is not totally understood. Thus, further studies are required to better 

understand the role of autophagy in OSCC and to determine its role during the various 

phases of oral carcinogenesis. In fact, OSCC development is a multistep process resulting 

from genetic mutations, which lead to the selection of transformed epithelial cells [552]. 
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The progressive accumulation of these transformed cells usually results in an alteration 

of the structural organisation of the oral epithelium, leading to a condition known as 

dysplasia, which may represent the initial step of oral carcinogenesis. From a clinical 

point of view, OSCC lesions are usually preceded by precancerous lesions, which may 

potentially develop into a primary tumour [3]. These precancerous lesions can be either 

associated with a normal or dysplastic epithelium and they can be classified, depending 

on their appearance, into three main groups;  homogeneous leukoplakia (white plaques), 

non-homogeneous leukoplakia (white irregular plaques) or erythroleukoplakia (white and 

red irregular plaques) [552]. Given this, whether dysregulation of autophagy may occur 

as early as in the precancerous lesions and whether a dysfunctional autophagy may be 

maintained during OSCC progression remains unclear. 

To better elucidate the role of autophagy in cancer, several studies have tried to evaluate 

the levels of autophagy-related proteins in various tumour models. LC3, p62 and Beclin-

1 are the most commonly studied autophagic proteins in cancer. Together these three 

markers reflect the whole autophagy process from the nucleation, elongation and 

degradation stages of autophagosomes, respectively [553]. Moreover, Beclin-1 has 

recently been shown to be of particular interest in cancer biology, because of its 

interaction with the anti-apoptotic Bcl-2 family proteins (such as Bcl-2 and Bcl-xL). 

Thus, Beclin-1 and Bcl-2 proteins represent a key node in the interplay between 

autophagy and apoptosis, which is another pathway notoriously dysregulated during 

cancer progression [130].  

In the previous chapters, activation of proficient autophagy in OSCC cell lines was 

demonstrated, and the role of autophagy in response to chemotherapy along with its 

involvement in chemoresistance in OSCC was investigated. In the present chapter, in 

order to further elucidate the involvement of autophagy in oral cancer its role in OSCC 

development was examined. To this end, endogenous levels of the autophagic markers 

LC3, p62 and Beclin-1, along with the levels of the anti-apoptotic protein Bcl-xL, were 

investigated in OSCC patient tissue samples. Interestingly, in this study the whole 

histopathological spectrum of oral cancer development, consisting of normal, 

precancerous and cancerous stages, was evaluated in two OSCC cohorts of patients, 

consisting of suitably identified cases from a Spanish and an Irish hospital. Proteins of 

interest were examined through western blot and immunohistochemistry analysis 

respectively.  
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6.2. Results 

 

6.2.1. Expression analysis of p62 and LC3 proteins in fresh oral biopsies from 

a Spanish cohort 

The expression of key autophagic markers during OSCC development was firstly 

investigated in a Spanish patient cohort. This analysis was carried out at the University 

of Valencia, in the Molecular Oncology Laboratory of the General University Hospital 

Research Foundation. p62 and LC3 proteins were selected as autophagy markers for this 

study and their expression was evaluated in fresh/frozen tissue samples by western blot 

analysis. Following ethical approval for the study, 59 oral biopsy samples over a period 

of 12 months were collected from patients by Prof Jose Bagan after informed consent and 

immediately snap frozen and stored at -80°C. Autophagy protein expression levels were 

compared among three different groups of patients: Control (N=20), Precancerous 

(N=19) and OSCC (N=21) samples. Frozen tissues were thawed and lysed, and samples 

were run on a 15% SDS-PAGE gel before being probed with LC3-I/II and p62 antibodies. 

SCC4 cells under normal and starvation conditions (EBSS for 4 h) were used as a negative 

and positive control for autophagy activation, respectively. Densitometric analysis of p62, 

LC3-I and LC3-II bands was performed using ImageJ software and data were normalised 

to the loading control (β-actin). To estimate the LC3 protein expression in oral tissue 

samples, the total LC3 levels (LC3-I + LC3-II) were assessed. Moreover, to examine 

autophagy activation, the conversion rate of LC3-I to LC3-II was examined through 

calculation of the LC3-II/LC3-I ratio.  

In Figure 6.1, a representative blot of Control (N=4), Precancerous (N=4) and OSCC 

(N=4) patient samples along with SCC4 cells used as positive/negative control is shown. 

As expected, a decrease in p62 protein expression levels and an increase in the conversion 

of LC3-I to LC3-II were found in EBSS-treated SCC4 cells compared to untreated cells, 

indicating autophagy induction and validity of the assay. A basic descriptive study of 

patient sample data was firstly performed using JMP software. Various statistical 

parameters, including mean, median, minimum and maximum values, first and third 

quartiles, standard deviation (SD), variance and coefficient of variation (CV), were 

calculated for p62 and LC3 expression and for the LC3-II/LC3I ratio in each group of 
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patients, as reported in Tables 6.1-3. Few samples were excluded from this analysis due 

to technical reasons. 

Expression levels of p62 and LC3 proteins along with the LC3-II/LC3-I ratio of Control, 

Precancerous and OSCC samples were then compared. Interestingly, a slight trend 

appears to be emerging among the three groups of patients. Overall, p62 decreased in 

Precancerous and OSCC samples compared to Control samples (Figure 6.2A). In contrast, 

an increase in the LC3 levels and the LC3-II/LC3-I ratio was found in OSCC samples 

compared to Precancerous and Control samples (Figure 6.2B-C). Taken together, these 

results suggest an opposing trend in the expression levels of p62 and LC3 during OSCC 

progression, with a decrease in p62 levels and a progressive increase in LC3 levels 

observed during oral tumorigenesis. Moreover, decreased levels of p62 along with an 

increase in the LC3-II/LC3-I ratio in cancerous patients may suggest autophagy activation 

during cancer progression in OSCC. Nevertheless, a non-parametric statistical test 

(Kruskal-Wallis H test) did not show any statistically significant difference in the levels 

of these autophagy markers among the three groups of patients, likely because of the 

limited number of patients in the two cohorts and the high heterogeneity between samples 

within each category.   
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Figure 6.1 Expression analyses of p62 and LC3-I/II in oral tissue samples. 

Representative Western Blot of Control (N=4), Precancerous (N=4) and OSCC (N=4) patient samples. 

Frozen patient biopsies were thawed, lysed and 60 μg of protein was loaded and separated on a 15% SDS-

PAGE gel, transferred to a PVDF membrane and probed with an anti-LC3-I/II and anti-p62 antibodies. 

SCC4 cells treated with EBSS for 4 h or left untreated were used as positive and negative controls of 

autophagic induction (see right hand panel). β-actin served as loading control. 
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 Control Precancerous OSCC 

N 19 17 18 

N excluded 1 2 3 

Mean 0.67 0.52 0.51 

Median 0.52 0.40 0.48 

Minimum 0.02 0.10 0.02 

Maximum 2.04 1.91 1.38 

Upper 95% Mean 0.92 0.73 0.68 

Lower 95% Mean 0.42 0.30 0.35 

Std. Deviation (SD) 0.18 0.42 0.33 

Coefficient of Variation (CV) 76.13 81.69 64.65 

Table 6.1 Descriptive statistics for p62 protein expression levels in Control, Precancerous and 

OSCC patient samples. 

 

 

 

 

 Control Precancerous OSCC 

N 19 17 20 

N excluded 1 2 1 

Mean 3.20 4.48 5.53 

Median 1.78 2.50 3.25 

Minimum 0.06 0.66 1.48 

Maximum 14.89 28.32 33.79 

Upper 95% Mean 5.08 7.82 9.95 

Lower 95% Mean 0.89 1.15 2.12 

Std. Deviation (SD) 3.90 6.49 7.29 

Coefficient of Variation (CV) 121.87 144.80 131.76 

Table 6.2 Descriptive statistics for total LC3 protein expression in Control, Precancerous and 

OSCC patient samples. 
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 Control Precancerous OSCC 

N 19 17 20 

N excluded 1 2 1 

Mean 0.83 0.76 0.99 

Median 0.74 0.63 0.89 

Minimum 0.07 0.06 0.29 

Maximum 1.86 2.76 2.82 

Upper 95% Mean 1.12 1.09 1.13 

Lower 95% Mean 0.54 0.44 0.67 

Std. Deviation (SD) 0.60 0.63 0.69 

Coefficient of Variation (CV) 71.49 81.79 69.79 

Table 6.3 Descriptive statistics for LC3-II/LC3-I ratio in Control, Precancerous and OSCC patient 

samples. 
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Figure 6.2 Analysis of p62 and LC3 protein expression levels and LC3-II/LC3-I ratio in oral tissue 

samples. 

Scatter plots of p62 (A) and LC3 (B) protein expression levels along with the LC3-II/LC3-I ratio (B) in 

Control, Precancerous and OSCC patient samples. Data represent the mean ±S.E.M. Statistical analysis 

was performed using Kruskal-Wallis H Test with Dunn’s Multiple Comparison to compare the three groups 

of samples (Graphpad Prism 8). p>0.05. 
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6.2.2. Correlation analysis of autophagy markers with clinical-pathological 

factors in Spanish cohort of OSCC patients 

 

6.2.2.1. Patient characteristics 

Demographic and clinical-pathological characteristics of the patient cohort herein 

examined were reported in Table 6.4. Among the 20 patients belonging to the Control 

group, the median age was 26.5 years old, 50% were females and 50% were males. In the 

Precancerous group of patients, the median age was 61 years old, 63.13% of the patients 

were females and 36.84% were males. Within this group, the lesion site with the highest 

incidence was the tongue (42.11%), followed by the gingiva (38.84%), the palate 

(15.79%) and the floor of the mouth (5.26%). Moreover, 57.89% of the precancerous 

lesions examined were verrucous leukoplakia, 21.05% were erythroleukoplakia and the 

remaining 21.05% were homogeneous leukoplakia. Additionally, histological analysis 

was carried out for all the Precancerous samples, revealing a dysplastic phenotype in 

52.63% of patients. In regard to the OSCC group, the median age was 72.5 years old, 

42.85% of patients were females and 57.15% were males. Gingiva (38.84%) and tongue 

(33.33%) were the most relevant tumour sites, followed by buccal mucosa, floor of the 

mouth and palate (9.52%, 9.52% and 4.76% respectively). With the exception of one 

sample where the information on tumour size was not provided, half of these tumours 

were equal to or smaller than 2.5 cm, while the remaining half were bigger than 2.5 cm. 

Ultimately, only 14.28% of tumours showed neck metastasis. 
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Control N % of Total 

Total 20 100% 

Median age 26.5  

Gender   

Female 10 50.00% 

Male 10 50.00% 

   

Precancerous N % of Total 

Total 19 100% 

Median age 61  

Gender   

Female 12 63.13% 

Male 7 36.84% 

Lesion site   

Floor of the mouth 1 5.26% 

Gingiva 7 38.84% 

Palate 3 15.79% 

Tongue 8 42.11% 

Clinical appearance   

Erythroleukoplakia 4 21.05% 

Homogeneous leukoplakia 4 21.05% 

Verrucous leukoplakia 11 57.89% 

Dysplasia   

No 9 47.37% 

Yes 10 52.63% 

   

OSCC N % of Total 

Total 21 100% 

Median age 72.5  

Gender   

Female 9 42.85% 

Male 12 57.15% 

Tumour site   

Buccal Mucosa 2 9.52% 

Floor of the mouth 2 9.52% 

Gingiva 9 42.85% 

Palate 1 4.76% 

Tongue 7 33.33% 

Tumour size (cm)   

≤2.5 10 47.61% 

>2.5 10 47.61% 

Neck metastasis   

No 18 85.71% 

Yes 3 14.28% 

Table 6.4 Demographic and clinical-pathological characteristics of Control, Precancerous and 

OSCC patients.  
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6.2.2.2. Autophagic markers do not correlate with the clinical appearance of lesions 

and the dysplasia phenotype in Precancerous patient samples 

In the present study, the precancerous cohort of patients was divided into various sub-

cohorts based on two clinical-pathological features: clinical appearance of the lesions and 

presence of a dysplastic phenotype. Correlation analysis of autophagic markers with 

respect to these two features was undertaken, and a non-parametric test (Kruskal-Wallis 

H Test) was applied to determine any significant difference among groups of samples. 

Three different types of precancerous lesion were considered based on clinical 

appearance: homogeneous leukoplakia (HL), verrucous leukoplakia (VL) and 

erythroleukoplakia (EL). No significant differences in the p62 and LC3 expression levels 

were detected among the three clinical types, suggesting no correlation between these 

markers and the clinical appearance of precancerous lesions in the oral cavity (Figure 

6.3). Additionally, correlation analysis between autophagic markers and the presence of 

a dysplastic phenotype did not show any significant correlation either in respect of p62 

or LC3 proteins (Figure 6.4).  

Overall, in the present study, no differences in the levels of p62 and LC3 were detected 

among sub-groups of precancerous patients. 
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Figure 6.3 Expression levels of p62 and LC3 proteins did not correlate with the clinical appearance 

of lesions in Precancerous samples. 

Scatter plots of p62 (A) and LC3 (B) protein expression levels in N=3 homogeneous leukoplakia (HL), 

N=10 verrucous leukoplakia (VL) and N=4 erythroleukoplakia (EL). Data represent the mean ±S.E.M. 

Statistical analysis was performed using Kruskal-Wallis H Test with Dunn’s Multiple Comparison to 

compare the three groups of patients (Graphpad Prism 8). p>0.05. 

. 
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Figure 6.4 Expression levels of p62 and LC3 proteins did not correlate with the presence of a 

dysplasia phenotype in Precancerous samples. 

Scatter plots of p62 (A) and LC3 (B) protein expression levels in N=8 patients with No Dysplasia and N=9 

patients with Dysplasia. Data represent the mean ±S.E.M. Statistical analysis was performed using Mann-

Whitney Test to compare the two groups of patients (Graphpad Prism 8). p>0.05. 
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6.2.2.3. p62 protein expression correlates with tumour size in OSCC patients 

Correlation analysis of autophagic markers and the clinical-pathological parameter of 

“tumour size” was next undertaken in the OSCC samples. The tumour size in the OSCC 

cohort herein examined varied within the range of 1.5 cm to 5 cm, with a median value 

of 2.7 cm. Given this, OSCC patients were divided in two sub-groups: OSCC ≤2.5 cm 

and OSCC >2.5 cm. The two categories were compared in respect of the expression levels 

of p62 and LC3, and the Mann-Whitney Test was applied to determine any significant 

difference between categories.    

Interestingly, a significant decrease in p62 expression levels was observed in OSCC >2.5 

cm compared to OSCC ≤2.5 cm, suggesting a negative correlation between p62 protein 

expression and the size of tumours in OSCC (Figure 6.5). Moreover, a slight (although 

not significant) decrease in the LC3 levels was also found in OSCC >2.5 cm compared to 

OSCC ≤2.5 cm. However, due to the high variability observed in the OSCC >2.5 cm 

category with respect to the LC3 expression, no firm conclusion can be drawn regarding 

a potential correlation between tumour size and LC3 expression in OSCC.  

Taken together, these results may indicate a correlation between p62 expression and 

tumour size, supporting a potential role for p62 in OSCC progression. However, due to 

the high variability amongst patients, further analysis with a bigger sample size may be 

required to determine whether there may also be a correlation between LC3 expression 

and tumour size. 
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Figure 6.5 Expression levels of p62 correlated with tumour size in OSCC samples. 

Scatter plots of p62 (A) and LC3 (B) protein expression levels in N=8 OSCC≤2.5 cm and N=10 OSCC>2.5 

cm. Data represent the mean ±S.E.M. Statistical analysis was performed using Mann-Whitney Test to 

compare the two groups of patients (Graphpad Prism 8). *p<0.05.  
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6.2.3. Optimisation of antibody concentrations for immunohistochemical 

staining 

To further investigate the role of autophagy during OSCC progression, the expression of 

autophagic markers in oral tissue samples was also investigated by 

immunohistochemistry (IHC). IHC is the most commonly used microscopy-based 

technique for visualising cellular components, such as proteins, in tissue samples [554]. 

In the present study, three autophagic proteins were examined for this analysis: LC3, 

Beclin-1 and Bcl-xL. Prior to commencing the experiments, optimisation of primary 

antibodies was undertaken. Firstly, different staining protocols were examined for each 

antibody of interest, as described in the Materials and Methods section. Once the best 

staining protocol was determined, the optimal primary antibody concentration was 

assessed in control tissues. Paraffin-embedded control tissue blocks were cut and sections 

were mounted on slides before being stained on a Ventana BenchMark XT 

immunostainer.  

The control tissue utilised for LC3 was lung adenocarcinoma tissue, as it has been 

previously shown to stain positive for LC3 [555, 556]. A negative control (secondary 

antibody only) along with three LC3 antibody dilutions (1:300, 1:100 and 1:50) were 

tested to determine the non-specific binding of the secondary antibody and the optimal 

primary antibody concentration for subsequent experiments. No staining was obtained in 

the representative negative control slide, indicating that the secondary antibody did not 

non-specifically bind other cellular targets (Figure 6.6A). Moreover, positive LC3 

staining was observed in the cytoplasm of lung adenocarcinoma cells when the primary 

antibody was applied, with a progressive increase in staining intensity at more 

concentrated dilutions of primary antibody (Figure 6.6B-D).  An antibody dilution of 1:50 

was herein chosen for subsequent experiments, as it gave the strongest and clearest 

staining in the control tissue. 

The control tissues utilised for Beclin-1 were normal colon tissue and kidney tissue, as 

both have been previously shown to stain positive for Beclin-1 [557–560] Similar to LC3, 

a negative control (secondary antibody only) and two Beclin-1 antibody dilutions (1:400 

and 1:300) were assessed. Negative staining was observed in the secondary antibody only 

controls (Figure 6.7 A, D), whilst strong Beclin-1 staining was obtained in both tissues 

stained with the two antibody dilutions (Figure 6.7 B-C, E-F). Since the lowest antibody 
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dilutions showed some non-specific binding in the kidney tissue, a dilution of 1:400 was 

used for subsequent experiments.  

Finally, the positive control tissues utilised for Bcl-xL were prostate tissue and gastric 

cancer tissue, as  positive staining for Bcl-xL has been reported in the literature in benign 

prostatic hyperplasia (BPH) and in the normal adjacent area  as well as in gastric cancer 

[561, 562]. In Figure 6.8 a representative image of secondary antibody only controls along 

with three concentrations of Bcl-xL antibody (1:600, 1:300, 1:100) in the two control 

tissues is displayed. Positive cytoplasmic staining for Bcl-xL was observed in both 

prostate and gastric cancer tissues and a concentration of 1:300 was chosen for subsequent 

experiments, as it gave the clearest staining. 

In conclusion, results obtained from these optimisation experiments correlate with results 

reported in the literature in regard to LC3, Beclin-1 and Bcl-xL expression in control 

tissues, suggesting antibody specificity at the aforementioned dilutions. Additionally, no 

cross-reactivity between secondary antibody and non-specific cellular components was 

demonstrated. 
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Figure 6.6 Optimisation of LC3 antibody concentration in lung adenocarcinoma tissue. 

Representative images of paraffin-embedded lung adenocarcinoma tissue. Tissue was cut and sections were 

mounted on slides before being stained with an anti-LC3 antibody on the Ventana BanchMark XT 

immunostainer. A negative control (secondary antibody only) was assessed (A) along with various LC3 

antibody dilutions: 1:300 (B), 1:100 (C) and 1:50 (D). Images were taken using an Olympus BX51 

microscope at 20X magnification. Scale bar: 50 µm. 
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Figure 6.7 Optimisation of Beclin-1 antibody concentration in colon tissue and kidney tissue. 

Representative images of paraffin-embedded colon tissue (A-C) and kidney tissue (D-G). Tissues were cut 

and sections were mounted on slides before being stained with an anti-Beclin-1 antibody on the Ventana 

BanchMark XT immunostainer. Negative controls (secondary antibody only) were assessed (A, D) along 

with two Beclin-1 antibody dilutions: 1:400 (B, E), 1:300 (C, G). Images were taken using an Olympus 

BX51 microscope at 20X magnification. Scale bar: 50 µm. 
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Figure 6.8 Optimisation of Bcl-xL antibody concentration in prostate tissue and gastric cancer tissue. 

Representative images of paraffin-embedded prostate tissue (A-D) and gastric cancer tissue (F-I). Tissues 

were cut and sections were mounted on slides before being stained with an anti-Bcl-xL antibody on the 

Ventana BanchMark XT immunostainer. Negative controls (secondary antibody only) were assessed (A, 

F) along with three Bcl-xL antibody dilutions: 1:600 (B, G), 1:300 (C, H), 1:100 (D, I). Images were taken 

using an Olympus BX51 microscope at 20X magnification. Scale bar: 50 µm. 
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6.2.4. IHC analysis of LC3, Beclin-1 and Bcl-xL proteins in paraffin-

embedded oral biopsies from an Irish patient cohort 

IHC analysis of LC3, Beclin-1 and Bcl-xL was undertaken in paraffin-embedded oral 

biopsies from an Irish cohort of patients. Following receipt of ethical approval, this 

analysis was performed at the Central Pathology Laboratory in St. James’s Hospital 

(Dublin) and patient samples (N=29) were provided by Dr Mary Toner, lead pathologist 

of the Oral Maxillofacial & Pathology Unit in St. James’s Hospital. Firstly, samples were 

coded, sectioned and stained with haematoxylin & eosin (H&E) for histological 

assessment. H&E slides were reviewed by Dr Mary Toner and the presence of Normal, 

Dysplasia and OSCC tissue was assessed for each slide (Figure 6.9). Overall, N=20 

Normal, N=23 Dysplasia and N=17 OSCC tissue samples were analysed in this study and 

the protein expression of LC3, Beclin-1 and Bcl-xL were compared amongst the three 

types of tissues. Sample blocks were cut and sections were stained with relevant 

antibodies using a Ventana BenchMark XT immunostainer. Immunostaining was double 

scored blindly (S. Magnano & E. Flis) based on the observed staining intensity of 

squamous epithelial cells. For each protein of interest four scores were assigned to the 

samples: +1 (weak staining), +2 (medium staining), +3 (strong staining) and +4 (very 

strong staining), as shown in Figure 6.10. The IHC scores obtained were then averaged 

and plotted using GraphPad Prism software. 

All of the samples exhibited cytoplasmic LC3 staining in squamous epithelial cells 

(Figure 6.11). A mean IHC score of 2.3±0.9 was obtained in the normal oral mucosa, 

whilst mean IHC scores of 2.6±0.7 and 3.3±0.9 were obtained in the dysplastic and 

cancerous oral tissues respectively. Consistently, statistical analysis showed a significant 

increase in LC3 IHC score in OSCC samples compared to both Normal and Dysplasia 

samples. Similarly, positive Beclin-1 staining was observed in squamous epithelial cells 

of all samples, with a statistically significant increase in the IHC score in OSCC samples 

(mean IHC score 3.8±0.2) compared to Dysplasia samples (mean IHC score 3.0±0.8) and 

Normal samples (mean IHC score 2.7±0.7), indicating a positive regulation of Beclin-1 

expression during cancer progression (Figure 6.12). Additionally, all of the samples 

exhibited cytoplasmic Bcl-xL staining in squamous epithelial cells (Figure 6.13). A 

statistically significant increase in the Bcl-xL IHC score was found in OSCC samples 

(mean IHC score 3.4±0.6) compared to Normal samples (mean IHC score 2.5±0.9), whilst 
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no significant differences were observed between OSCC samples and Dysplasia samples 

(mean IHC score 2.9±0.6).  

Additionally, in order to show the distribution pattern of LC3, Beclin-1 and Bcl-xL 

protein expression in relation to the histological stages in OSCC progression, data 

obtained herein were further analysed and summarised in a frequency distribution table 

(Table 6.5). For this purpose, the weak (+1) and medium staining (+2) were regarded as 

low expression, whilst the strong (+3) and the very strong (+4) staining were regarded as 

high expression. Among the 60 samples examined, 53.4% of samples showed high LC3 

expression in squamous epithelial cells. In the Normal and in the Dysplasia groups, 8 out 

of 20 and 9 out of 23 samples displayed a high expression of LC3 respectively, whilst 15 

out of 17 OSCC samples exhibited high LC3 expression. Additionally, 70% of all samples 

displayed high Beclin-1 expression in squamous epithelial cells. Interestingly, none of 

the 17 OSCC samples showed a low Beclin-1 expression, which in contrast was observed 

in 11 out of 20 Normal samples and in 7 out of 23 Dysplasia samples. Interestingly, a 

Pearson’s chi-squared test showed a significant association between the LC3 and Beclin-

1 protein expression and the histological stages of OSCC progression. Finally, 63.3% of 

the total samples exhibited high expression Bcl-xL in squamous epithelial cells. A high 

expression of Bcl-xL was found in only 9 out of 20 Normal samples, in 15 out of 23 

Dysplasia samples and in 14 out of 17 OSCC samples.  

Taken together, these results demonstrated a significant increase in the expression levels 

of LC3, Beclin-1 and Bcl-xL during oral cancer progression, suggesting a role for these 

proteins in OSCC development. Moreover, results herein obtained by IHC in regard to 

LC3 expression in OSCC patient samples from an Irish cohort align with the results 

obtained by western blot analysis in OSCC patients from a Spanish cohort. The 

consistency between these two results strongly support a role for LC3 in OSCC 

progression.   
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Figure 6.9 H&E staining of paraffin-embedded oral patient tissue biopsies. 

Representative images of Normal (A), Dysplasia (B) and OSCC (C) tissues. Tissues were cut and sections 

were mounted on slides before beeing stained with hematoxylin & eosin on the Tissue-Tek Prisma Plus 

Automated Slide Stainer. Green arrows: stratified squamous epithelium; yellow arrows: basal cell layer. 

Images were taken using an Olympus BX51 microscope at 10X magnification. Scale bar: 100 µm. 
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Figure 6.10 IHC scoring for LC3, Beclin-1 and Bcl-xL staining. 

Representative images of the immunostained oral patient tissue samples. Tissues were cut and sections 

were mounted on slides before being stained with anti-LC3, anti-Beclin-1 and anti-Bcl-xL antibodies on 

the Ventana BanchMark XT immunostainer. Four IHC scores were assigned for each protein based on the 

staining intensity of squamous epithelial cells: weak staining +1 (A, E, I), medium staining +2 (B, F, L), 

strong staining +3 (C, G, M) and very strong staining +4 (D, H, N). Images were taken using an Olympus 

BX51 microscope at 40X magnification. Scale bar: 20 µm. 
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Figure 6.11 Increased LC3 levels in OSCC tissue samples from an Irish cohort of patients. 

Oral patient tissues were cut and sections were mounted on slides before being stained with an anti-LC3 

antibody on the Ventana BanchMark XT immunostainer. A. Representative images of Normal, Dysplasia 

and OSCC tissue samples. Images were taken using an Olympus BX51 microscope at 20X magnification. 

Scale bar: 50 µm. B. Scatter plot of LC3 IHC score in Normal (N=20), Dysplasia (N=23) and OSCC (N=17) 

epithelial tissue samples. Data represent the mean ±S.E.M. Statistical analysis was performed using 

Kruskal-Wallis H Test with Dunn’s Multiple Comparison to compare the three groups of patients 

(Graphpad Prism 8). p**<0.01, p*<0.05. 
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Figure 6.12 Increased Beclin-1 levels in OSCC tissue samples from an Irish cohort of patients. 

Oral patient tissue samples were cut and sections were mounted on slides before being stained with an anti-

Beclin-1 antibody on the Ventana BanchMark XT immunostainer. A. Representative images of Normal, 

Dysplasia and OSCC tissue samples. Images were taken using an Olympus BX51 microscope at 20X 

magnification. Scale bar: 50 µm. B. Scatter plot of Beclin-1 IHC score in Normal (N=20), Dysplasia (N=23) 

and OSCC (N=17) epithelial tissue samples. Data represent the mean ±S.E.M. Statistical analysis was 

performed using Kruskal-Wallis H Test with Dunn’s Multiple Comparison to compare the three groups of 

patients (Graphpad Prism 8). p***<0.001, p*<0.05. 
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Figure 6.13 Increased Bcl-xL levels in OSCC tissue samples from an Irish cohort of patients. 

Oral patient tissue samples were cut and sections were mounted on slides before being stained with an anti-

Bcl-xL antibody on the Ventana BanchMark XT immunostainer. A. Representative images of Normal, 

Dysplasia and OSCC tissue samples. Images were taken using an Olympus BX51 microscope at 20X 

magnification. Scale bar: 50 µm. B. Scatter plot of Bcl-xL IHC score in Normal (N=20), Dysplasia (N=23) 

and OSCC (N=17) epithelial tissue samples. Data represent the mean ±S.E.M. Statistical analysis was 

performed using Kruskal-Wallis H Test with Dunn’s Multiple Comparison to compare the three groups of 

patients (Graphpad Prism 8). p**<0.01. 
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Table 6.5 Frequency distribution table of LC3, Beclin-1 and Bcl-xL protein expression in Normal, 

Dysplasia and OSCC tissue samples. 

Statistical analysis was performed using a Pearson’s chi squared test to compare determine the association 

between protein expression and the histological stage of OSCC progression (Graphpad Prism 8). p**<0.01. 
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6.2.5. LC3 and Beclin-1 expression can partially predict the OSCC 

phenotype 

Given the significant association between LC3 and Beclin-1 expression and the 

histological stages of OSCC progression, the predictive power of these two markers for 

OSCC identification was next examined. To evaluate whether LC3 and Beclin-1 may 

represent a potential tool to discriminate the OSCC phenotype, the ROC (Receiver 

Operating Characteristic) curves were calculated using MedCalc software.  

ROC analysis is a commonly used tool for evaluating the performance of diagnostic tests 

[317]. The ROC curve consists of a graphical representation of the true positive rate 

(sensitivity) in function of the false positive rate (100-specificity) of a certain parameter 

calculated for different cut-off values [317]. The ROC curve allows the calculation of the 

Area Under the Curve (AUC) which represents a measure of the predictive power of a 

certain parameter to discriminate between two diagnostic groups (e.g. normal/disease) 

[316]. When the parameter cannot distinguish between the two groups examined the AUC 

will be 0.5. Conversely, when the parameter discriminates the two groups perfectly 

without any overlapping of the distributions, the AUC will be 1 and the ROC curve will 

reach the upper left corner of the plot [317]. 

In the present study, to calculate the ROC curves, the IHC score values obtained for LC3 

and Beclin-1 were used. Moreover, for this analysis, the Control samples and the 

Dysplasia samples were pooled together as non-cancerous tissue samples and were 

compared to the cancerous OSCC tissue samples. An AUC value of 0.797 with 85.7% 

sensitivity and 65.5% specificity was obtained for LC3 protein (95% CI 0.646-0.904, cut-

off values>2.49) (Figure 6.14A). Moreover, an AUC value of 0.811 with 92.9 % 

sensitivity and 66.7% specificity was obtained for Beclin-1 (95% CI 0.680-0.906; cut-off 

values>2.79) (Figure 6.14B). Both these curves showed a significant p-value<0.001, 

suggesting a discrete predictive power of these two proteins for the identification of 

OSCC.  

Taken together, this preliminary analysis may indicate a potential diagnostic power of 

LC3 and Beclin-1 for OSCC detection, suggesting the use of these autophagic proteins as 

OSCC biomarkers. However, due to the limited samples size, no firm conclusions can be 

drawn at this stage and further analysis may be required with a bigger cohort of patients 

to better evaluate the relevance of LC3 and Beclin-1 as OSCC biomarkers.   
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Figure 6.14 LC3 and Beclin-1 can partially predict the OSCC phenotype. 

LC3 and Beclin-1 IHC scores of non-cancerous (Normal and Dysplasia) and cancerous (OSCC) tissue 

samples were used to calculate the ROC curves by using the MedCalc software. A. ROC curve of LC3. 

AUC=0.797, sensitivity=85.7%, specificity=65.5% (95% CI 0.646-0.904; cut-off values>2.49). **p<0.001. 

B. ROC curve of Beclin-1. AUC=0.811, sensitivity=92.9%, specificity=66.7% (95% CI 0.680-0.906, cut-

off values>2.79). **p<0.001.  
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6.3. Discussion 

A role for autophagy in cancer development has been strongly suggested over the past 

few years. To date, numerous studies have tried to determine whether an impairment of 

autophagy may occur during cancer progression and whether dysregulation of autophagy 

can actively take part in tumour promotion. Although much progress has been made in 

this field, a role for autophagy in cancer still remains controversial [563]. This may be 

attributable to the tumour complexity and heterogeneity, which is manifested not only 

amongst varying cancer types but also amongst different individuals as well as in the 

singular cells within an individual [167]. Accordingly, depending on the tumour/cell-

type, autophagy can either play a role in tumour promotion or as a tumour suppressor 

mechanism [169]. Also, autophagy can be either activated or inhibited during cancer 

development, contributing differently to tumorigenesis [167]. To further add to this 

complex scenario, a differing role of autophagy during cancer developmental stages has 

also been proposed, suggesting a stage-dependent involvement of autophagy in cancer 

[143]. Therefore to date the role of autophagy in OSCC tumorigenesis is not totally 

understood [551]. A better understanding of the role of autophagy during OSCC 

progression can be exploited to establish whether, depending on the cancer developmental 

stage of OSCC patients, autophagy inhibition or induction may be applied to cancer 

therapy. 

In the present study, investigation of autophagic markers in OSCC patient samples was 

undertaken. To better evaluate the role of autophagy in OSCC progression, two parallel 

analyses were carried out. Firstly, the expression of autophagic markers was investigated 

by western blotting in fresh/frozen oral biopsies from a Spanish cohort of patients. For 

this analysis, a collaboration was initiated with Prof Jose Bagan, head of the Department 

of Stomatology and Maxillofacial Surgery at the General University Hospital of Valencia 

and patient samples were analysed at the Molecular Oncology Laboratory of the General 

University Hospital Research Foundation (Valencia). Additionally, a further analysis of 

autophagic markers in oral archival tissue samples from an Irish cohort of OSCC patients 

was also performed by IHC. This latter analysis was carried out at Central Pathology 

Laboratory in St. James Hospital (Dublin) in collaboration with Dr Mary Toner, lead 

pathologist of the Oral and Maxillofacial Unit. Given the high tumour heterogeneity 

among patients and the complexity of studying autophagy in tissue samples, an 
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investigation of autophagy in two separate cohorts of patients using two different 

techniques confers an additional value to this study. 

Western blot analysis of the two autophagic proteins LC3 and p62 was firstly performed 

in a Spanish cohort of patients (N=60). Oral biopsies were collected by Prof Jose Bagan, 

and samples were divided in three groups based on the clinical diagnosis: Control (N=20), 

Precancerous (N=19) and OSCC (N=21) patient samples. Densitometric analysis of p62 

bands showed an emerging negative trend in the protein expression of p62 during OSCC 

progression, with a decrease in p62 levels observed in OSCC samples compared to 

Precancerous and Control samples. Moreover, evaluation of the total LC3 levels (LC3-

I+LC3-II) showed a trend towards a positive correlation of LC3 protein expression to 

tumour progression in OSCC patients. In fact, OSCC samples showed the highest LC3 

levels compared to Precancerous and Control samples. To further investigate the role of 

autophagy in OSCC progression, the conversion of LC3-I to LC3-II was also evaluated 

through the determination of the LC3-II/LC3-I ratio. Interestingly, an increase in the LC3-

II/LC3-I ratio was observed in OSCC samples compared to Precancerous and Control 

samples, suggesting enhanced autophagosome formation during OSCC progression. 

Taken together, a decrease in p62 levels along with an increase in LC3 levels and in the 

LC3-II/LC3-I ratio in OSCC samples may suggest autophagy activation during OSCC 

progression. It should however be noted that statistical analysis of the three groups of 

samples did not show any significant difference in the levels of these autophagic markers, 

likely because of the inherent high variability in protein expression between patients 

within each category and the overall low patient number.  

Additionally, to better evaluate the involvement of p62 and LC3 in tumour progression, 

correlation analysis of protein expression levels and clinical-pathological features of 

patients was also performed. In the precancerous group of samples, both LC3 and p62 

expression did not show any significant correlation with respect to the clinical appearance 

of the lesion (homogeneous leukoplakia, verrucous leukoplakia and erythroleukoplakia) 

or the histological phenotype (non-dysplastic/dysplastic). Moreover, in the OSCC group 

of patients, no association was found between LC3 expression and tumour size. 

Conversely, a significant negative correlation between p62 expression and tumour size 

was demonstrated. Indeed, significantly decreased levels of p62 protein were found in 

tumours >2.5 cm compared to tumours ≤2.5 cm. This last finding supports the potential 

implication of p62 downregulation in OSCC development. However, the limited sample 
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size in each subgroup of patient samples is acknowledged as a limitation in this analysis, 

suggesting that no firm conclusion can be drawn.  

Reduced p62 protein levels herein observed in OSCC patient samples compared to 

Control samples agree with a recent study published by Groulx et al., where p62 

expression was examined in 12 colon cancer specimens by immunofluorescence 

microscopy [564]. In this study, a weaker p62 fluorescent signal was observed in the 

tumour tissues compared to the corresponding normal resected margin tissues. Also, the 

same analysis showed an inverse expression pattern for Beclin-1, which was 

overexpressed in cancer tissues compared to the corresponding normal mucosa. A co-

localisation of p62 with Beclin-1-positive autophagosomes also suggested regulation of 

p62 by autophagy. In contrast with these findings, it is worth noting that high p62 

expression has been reported by many other studies in the literature conducted in various 

cancers, including breast, lung, gastric, oesophageal and hepatocellular carcinomas [565–

568]. Moreover, p62 overexpression was associated with poor prognosis in glioma and 

colon cancer [569, 570]. Given the inconsistency in results among studies and the 

potential involvement of p62 in tumorigenesis, the role of p62 in cancer progression 

warrants further analysis.  

In a recently published paper by Liu et al. the role of p62 was investigated in OSCC 

progression [182]. In this study, p62 levels were studied in oral mucosa, verrucous 

hyperplasia and OSCC samples by IHC. According to the authors, both cytoplasmic and 

nuclear p62 positive staining were observed in oral tissues, displaying a differential 

pattern of expression in the three groups of samples. In fact, on the one hand a loss of 

nuclear p62 was observed in OSCC samples compared to normal and verrucous 

hyperplasia samples, on the other hand an increase in the cytoplasmic p62 was also found 

during OSCC progression. Moreover, the loss in correlation between the cytoplasmic and 

nuclear p62 levels observed in OSCC patients suggested an altered p62 subcellular 

localisation in cancerous tissues, which was correlated with OSCC progression and poor 

prognosis. In the present study, evaluation of p62 by western blotting did not allow its 

subcellular localisation to be determined. Given the potential relevance of p62 

localisation within cells, the technique herein employed may represent a limitation for an 

extensive analysis of the role of p62 in OSCC. 

The increased LC3 levels herein observed in OSCC tissues compared to normal mucosa 

are in agreement with other studies in the literature. In fact, high LC3 levels have been 
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previously demonstrated in various types of cancers, such as gastric cancer, colon cancer 

and pancreatic adenocarcinoma [570–572]. Moreover, an overexpression of LC3 has been 

linked to high tumour grade in lung cancer and glioma [555, 569]. According to Tang et 

al.,  high expression of LC3 has also been detected in OSCC, and it was highly correlated 

with the stage of the disease, tumour size and regional lymph node involvement [573]. In 

the Tang study, increased LC3 levels were determined in 57 OSCC samples out of 90 

(63.3%) by IHC and the correlation with clinical-pathological factors showed a 

significant association with poor overall survival. Likewise, LC3 overexpression was 

linked to poor prognosis in colon cancer, glioma and  breast cancer, whilst it was 

associated with good prognosis in hepatocellular carcinoma [569, 570, 572, 574]. 

Recently, an interesting paper published by Hayaki et al. reported the expression levels 

of LC3 during head and neck cancer progression [553]. Premalignant and malignant 

lesions along with the normal tissues were investigated in this study and showed a 

progressive increase in LC3 levels across the various stages of cancer progression. 

Similarly, in the previously mentioned paper of Liu et al., a correlation between LC3 

expression and OSCC development was also shown [182]. In this study, the levels of LC3 

were assessed by IHC in 37 normal oral mucosa, 47 verrucous hyperplasia (precancerous 

condition) and 195 OSCC. Interestingly, the authors reported a significant increase in 

LC3 levels in OSCC tissues compared to verrucous hyperplasia and normal mucosa, 

suggesting a progressive accumulation of LC3 during OSCC progression. Consistently, 

increased expression of LC3 was also detected in oral premalignant and in OSCC lesions 

in mice treated with the tumorigenic compound 4-nitroquinoline-1-oxide (4NQO), 

suggesting a role for LC3 in OSCC development [551]. All these findings aligned with 

the emerging positive trend in LC3 expression toward OSCC progression obtained in the 

present study.   

To better investigate the role of autophagy in OSCC progression, an additional study on 

the expression of autophagic markers in an independent cohort of OSCC patients (Irish 

cohort) was undertaken. For this analysis, paraffin-embedded oral biopsies were analysed 

by IHC, which is a commonly used technique to study autophagy in human tissue 

samples. According to Martinet et al., analysis of the autophagic marker LC3 by IHC 

represents a recognised and reliable method to monitor autophagy in situ [575]. Thus, in 

the present study, LC3 levels were investigated by IHC using a highly specific and 

strongly recommended LC3 monoclonal antibody from NanoTools (clone 5F10) [576, 
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577]. In addition, levels of Beclin-1, another well-recognised autophagy marker, along 

with its direct interactor Bcl-xL were also herein assessed by IHC. Bcl-xL is an anti-

apoptotic protein belonging to the Bcl-2 protein family. The binding of Bcl-xL to Beclin-

1 results in the inhibition of Beclin-1-induced autophagy; conversely, the release of 

Beclin-1 from Bcl-xL results in the formation of the Beclin-1:Vps34:UVRAG  complex 

which positively regulates autophagosome formation and maturation [211]. Given this, 

an indirect autophagy regulatory role of Bcl-xL, along with its well-established anti-

apoptotic role, has been proposed [210]. In the present study, endogenous levels of LC3, 

Beclin-1 and Bcl-xL in squamous epithelial cells were compared among three groups of 

oral patient tissue samples: Normal, Dysplasia and OSCC. These three categories 

summarise the three main histological types observed during oral tumorigenesis, with the 

dysplastic tissue representing a precancerous stage. Results herein obtained showed 

significantly increased levels of LC3, Beclin-1 and Bcl-xL in OSCC tissue samples 

compared to Dysplasia and Normal tissue samples, suggesting a progressive increase in 

the levels of these three markers during OSCC development. Unfortunately, due to ethical 

issues, patient details were unavailable. hence in this study it was not possible to associate 

the expression of these proteins with positive or negative prognostic factors. 

Interestingly, the increased levels of LC3 protein observed in OSCC tissue samples from 

an Irish patient cohort correlate with the increased LC3 levels previously shown in OSCC 

samples from a Spanish cohort of patients. These results also align with the 

aforementioned studies relating to LC3 expression in OSCC. Taken together, the 

consistency between the two analyses performed herein and their agreement with other 

studies in the literature strongly suggest a role for LC3 in OSCC progression, implying 

also a role for autophagy in cancer development. It is worth noting that, in the present 

study, a significant variation in LC3 protein expression was only observed by IHC 

analysis, whilst no statistical significance was obtained by western blotting. This 

discrepancy may be as a result of the methodologies employed. Western blot analysis 

allows one to quantify proteins in tissue extracts obtained from the whole biopsy sample, 

whilst IHC allows one to determine protein levels in a sectioned biopsy sample. The 

evaluation of intact tissues represents an advantage of the IHC technique, allowing a 

distinction between different cell types within the same sample (e.g. stromal fibroblasts 

from squamous epithelial cells). Accordingly, the analysis of a pool of cells/tissues 
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through western blotting may result in a higher heterogeneity amongst samples, thus it 

may be less accurate when compared to the IHC analysis. 

Similar to LC3, increased Beclin-1 levels were also observed during OSCC progression 

in the present study. In this regard, it is important to note that, although high levels of 

Beclin-1 have been demonstrated in some types of cancers, reduced Beclin-1 levels have 

also been reported in some other cancer types. Therefore, Beclin-1 expression and its role 

in tumour progression still remains controversial. Deletion of Beclin-1 has been reported 

in 40-70% of breast, ovarian and prostate cancers [578, 579]. In this regard, Liang et al. 

have demonstrated that the Beclin-1 gene was monoallelic deleted in the MCF7 breast 

cancer cell line and its re-expression resulted in autophagy activation and tumorigenesis 

suppression [580]. Moreover, in a mouse model, Beclin-1 deletion was correlated to 

spontaneous formation of liver and lung cancer, leukaemia and lymphomas [581]. 

Decreased levels of Beclin-1 protein were found in various human cancer models, 

including gastric cancer, hepatocellular cancer and melanoma [582–584]. Additionally, 

in several studies conducted in ovarian, hypopharyngeal and lung cancer, reduced levels 

of Beclin-1 were also linked to decreased levels of LC3, confirming suppression of 

autophagy in these tumours. Altogether these studies support the hypothesis of a tumour 

suppressor role of autophagy, suggesting also that reduced or inhibited autophagy may 

result in tumour progression [585–587]. In contrast with these findings, in a study by Wu 

et al., an increase in Beclin-1 and LC3 protein expression was observed in colon cancer 

tissues compared to counterpart normal colon tissues in 40 fresh/frozen samples analysed 

by western blotting [570]. Similarly, elevated levels of Beclin-1, LC3 and p62 were also 

reported in gastric cancer [588]. Moreover, other studies conducted in lung cancer and 

glioma showed that high levels of Beclin-1 and LC3 were positively correlated with high 

tumour grade [555, 589]. Together these studies support the tumour promoter role of 

Beclin-1 and autophagy in cancer progression. Consistently with the dual role of Beclin-

1 in cancer, some studies have also shown that high expression of Beclin-1 may result in 

unfavourable clinic-pathological parameters, whilst other studies have shown that 

reduced Beclin-1 levels may be associated with poor prognosis [589–592]. In regard to 

the expression of Beclin-1 in oral cancer, Kapoor et al. have reported an 8-fold lower 

expression of Beclin-1 mRNA in tumour tissues compared to normal tissues obtained 

from 10 oral cancer patients, suggesting that reduced levels of Beclin-1 may be implicated 

in oral cancer progression [183]. In contrast, Tang et al. have reported that increased 
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levels of Beclin-1 were found in 55 out of 90 OSCC biopsies [186]. In this study, the 

presence of Beclin-1 was correlated with tumour grade and lymph node metastasis. 

Moreover, in another study, IHC analysis of 52 OSCC patients showed a positive 

expression of Beclin-1 in  78.4 % of cases [551]. Furthermore, Liu et al. reported a 

positive correlation between Beclin-1 expression and poor prognosis in OSCC [593]. 

These latter studies are in line with the results obtained herein showing increased 

expression of Beclin-1 in OSCC.  

The role of Bcl-xL, and in more general Bcl-2 family members, in cancer development 

has drawn attention over the past few years. The emerging interest in this group of 

proteins is mainly attributable to their anti-apoptotic properties, although an apoptosis-

independent role for these proteins has also been proposed [594, 595]. Several papers 

have reported an overexpression of Bcl-xL in some types of cancer such as melanoma 

and glioblastoma [594]. In particular, in melanoma, higher levels of Bcl-xL have been 

observed in metastatic tumours compared to the counterpart primary tumours, suggesting 

also a correlation between Bcl-xL expression and metastasis development [596]. 

Moreover, Song et al. have demonstrated that colorectal cancer patients with high Bcl-

xL expression showed poorer overall survival compared to those with low Bcl-xL 

expression, implying a prognostic significance of Bcl-xL in this cancer model [597]. 

Similarly, Bcl-xL mRNA overexpression was associated with poor prognosis in non-

squamous cell lung carcinoma [598]. In support of these studies, increased expression of 

Bcl-2, another Bcl-2 family member, has also been reported in numerous cancers, such 

as nasopharynx, lung, colorectum, prostate, stomach and oesophagus [599, 600]. 

Interestingly, an overexpression of Bcl-2 has also been found in pre-cancerous lesions of 

the colorectum, stomach, and oesophagus, suggesting a role for Bcl-2 during tumour 

initiation in these organs [599, 600]. Similarly, Singh et al. have demonstrated increased 

levels of Bcl-2 in oral severe dysplasia tissues compared to mild dysplasia tissues and as 

well in poorly differentiated OSCC tissues compared to well differentiated OSCC tissues, 

implying a role for Bcl-2 in OSCC progression [600]. Consistent with these findings, in 

the present study, a progressive increase in the levels of Bcl-xL were detected in oral 

Dysplasia and in OSCC tissue samples compared to Normal oral mucosa samples, 

corroborating the hypothesis that anti-apoptotic Bcl-2 proteins may play a role in OSCC 

progression. 
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Furthermore, in the present study, a significant association between LC3 and Beclin-1 

protein expression and the histological stages of OSCC progression was determined using 

the Pearson’s chi-squared test. Given this, a potential use of these two autophagic proteins 

as OSCC biomarkers may be suggested. Accordingly, a preliminary analysis of the 

predictive diagnostic power of LC3 and Beclin-1 in OSCC was herein undertaken through 

calculation of the ROC curves. Results obtained showed an AUC of 0.797 with 85.7% 

sensitivity and 65.5% specificity (cut-off values>2.49) for LC3. Moreover, an AUC of 

0.811 with 92.9 % sensitivity and 66.7% specificity (cut-off values>2.79) was determined 

for Beclin-1. These preliminary results may suggest that increased levels of both LC3 and 

Beclin-1 can discriminate the OSCC phenotype with a discrete predictive power. 

However, it is important to note that the sample size examined herein is too small to draw 

firm conclusions with regards to the potential use of these proteins as OSCC biomarkers. 

Therefore, further analysis may be required with a bigger cohort of patients.  

In conclusion, in this chapter, analysis of key autophagic proteins was undertaken to 

evaluate the role of autophagy in oral cancer development. Decreased p62 levels along 

with an increase in LC3 expression and LC3-II/LC3-I ratio was demonstrated by western 

blotting in OSCC patient samples compared to precancerous and control samples. 

Additionally, from the same analysis, a significant negative correlation between p62 

expression and tumour size was observed. Moreover, increased LC3, Beclin-1 and Bcl-

xL levels in squamous epithelial cells were demonstrated by IHC in oral cancerous tissues 

compared to dysplastic and normal tissues. Taken together, all these findings suggest an 

activation of autophagy during OSCC progression, implying a potential tumour promoter 

role of autophagy in this cancer type. Finally, despite the limited sample size, preliminary 

analysis showed a discrete predictive power of LC3 and Beclin-1 to discriminate the 

OSCC phenotype. Accordingly, further analysis on a bigger sample size may be 

warranted to better investigate the potential use of these proteins as OSCC biomarkers.  

 

 

  



299 

 

 

 

 

 

 

 

 

 

 

 

7. Concluding Remarks 

 

 



300 

Oral Squamous Cell Carcinoma (OSCC) accounts for 5% of all cancers worldwide [5]. 

The highest incidence of this malignancy has been found in people between 45-70 years 

old, although an increasing incidence has been recently observed in young people due to 

their early exposure to high-risk habits, such as alcohol consumption and tobacco 

smoking [19][7]. Moreover, the commonly used practice of tobacco, betel quid and areca-

nut chewing has been considered to be a determining factor for the high prevalence of 

OSCC in countries like Pakistan and India, where oral cancer represents  10% and 45% 

of all the cancers, respectively [3, 4, 8]. OSCC can arise from genetic and epigenetic 

mutations of oncogenes (i.e. EGFR, c-Myc and Stat3) and tumour suppressor genes (i.e. 

p53, p16 and RB1) [22, 601] Accumulation of genetic mutations results in the selection 

of transformed epithelial cells, which leads to a loss of tissue organisation and ultimately 

OSCC progression [552]. It has been reported that the 5-year survival rate of patients with 

OSCC is lower than 50% [602]. Therefore, given the high mortality rate associated with 

this malignancy, there is a compelling need to find more efficient strategies to improve 

the clinical outcome of OSCC patients. Currently, surgery along with chemotherapy and 

radiotherapy represent the main therapeutic strategies for the treatment of OSCC. In 

particular, chemotherapy is a first line therapy for the treatment of unresectable and 

advanced OSCC [480]. Despite the high efficacy of chemotherapy in counteracting 

tumour growth, various limitations have been linked to its use, including the fact that 

cancer cells can become resistant to drugs after a few cycles of chemotherapy. 

Accordingly, a better understanding of the cellular response to chemotherapeutics may 

be helpful to develop new strategies to improve the treatment of OSCC patients.   

Autophagy is a physiological mechanism which takes part in numerous biological 

processes such as development, ageing and cell differentiation [143]. In healthy cells, 

autophagy plays a crucial role in maintaining tissue and cell homeostasis. Thus, it is not 

surprising that a dysregulation of autophagy has been implicated in the pathogenesis of 

various diseases including cancer. In the past few years, the importance of autophagy in 

cancer has exponentially developed, especially since Yoshinori Ohsumi was awarded the 

Nobel Prize in Medicine in 2016 for his discoveries on the molecular mechanisms of 

autophagy. In particular, an emerging role of autophagy in cancer has been proposed in 

regard to (i) the response of cancer cells to chemotherapeutics, (ii) chemoresistance and 

(iii) tumour initiation and development. In the present study, the role of autophagy in 

these three aspects of cancer biology was investigated in oral cancer cell lines and in oral 
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patient tissues, with the overall objective of better elucidating the role of autophagy in 

OSCC and determining whether manipulation of autophagy may represent an additional 

therapeutic strategy for the treatment of this cancer.  

In the first part of this study, the role of autophagy in response to chemotherapeutics was 

investigated. Activation of autophagy following treatment with various drugs has been 

widely reported in the literature [189, 370, 371]. Also, it has been demonstrated that drug-

induced autophagy can act both as a cell survival mechanism associated with a reduced 

drug cytotoxicity or as a pro-death mechanism which can occur in association with 

apoptosis [189]. This paradoxical role of drug-induced autophagy may depend on various 

factors, such as the type of cells and drugs and the levels of cellular stress induced by the 

drugs [549, 603]. In this regard, it has been proposed that modest cellular stresses may 

result in a cell survival response, while persistent stresses may lead to cell death for 

limiting the proliferation of abnormal cells [189]. In the present study, the role of 

autophagy in the cellular response to chemotherapy was investigated in two tongue 

carcinoma cell lines, SCC4 and SCC9. Cisplatin was chosen as the representative OSCC 

chemotherapeutic agent as it represents one of the most commonly used drugs for the 

treatment of OSCC [35]. A concurrent induction of both apoptosis and autophagy in 

response to cisplatin was herein demonstrated, for the first time, in the SCC4 and SCC9 

cell lines, suggesting a role for autophagy in the cellular response to cisplatin in OSCC 

cells and a potential link between the apoptotic and autophagic pathways. 

Autophagy activation in response to cisplatin has been reported in various studies in the 

literature [290, 372–374], however its role in OSCC is still not clearly defined. In fact, 

although some studies have suggested that cisplatin-induced autophagy may represent a 

protective mechanism which can ultimately lead to chemoresistance in OSCC [290, 291], 

further research is required to confirm or challenge this hypothesis. In the present study, 

the role of cisplatin-induced autophagy was investigated by using various 

pharmacological autophagy inhibitors. However, inconsistent results were obtained from 

this analysis. The early stage autophagy inhibitors, 3-methyladenine and SAR405, did not 

sensitise OSCC cells to cisplatin, whilst treatment of cells with cisplatin in combination 

with late stages autophagy inhibitors, chloroquine and bafilomycin-A1, resulted in an 

enhancement of cisplatin-induced cell death. The opposing effects herein observed using 

various autophagy inhibitors may suggest that targeting different phases of the autophagic 

flux can result in a different cellular response. However, it is worth considering that this 
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discrepancy may also rely on the specificity of the drugs and on their ability of targeting 

exclusively the autophagic process. Given this, genetic inhibition of autophagy using an 

siRNA approach against a key autophagy protein ATG5 was also undertaken, but ATG5 

knockdown did not significantly modulate sensitivity to cisplatin. This result may suggest 

that cisplatin-induced autophagy does not represent a protective mechanism in OSCC cell 

lines. However, due to the numerous protein interactions between autophagy and 

apoptosis and the multilayer inter-regulation of these two pathways, it cannot be excluded 

that opposing effects on cell viability may be obtained depending on the stage of 

autophagy and/or the protein targeted. 

Interestingly, in the present study, a significant enhancement of cisplatin-induced 

apoptosis was observed when chloroquine and bafilomycin-A1 were applied to OSCC 

cells in combination with cisplatin. Although an autophagic-independent effect of these 

inhibitors could not be ruled out, their application in combination with chemotherapeutics 

may be exploited in the clinic to improve chemotherapy in OSCC patients. Chloroquine 

is already a widely used clinically approved drug for the treatment of malaria [604]. The 

antimalarial effect of chloroquine may be attributable to its ability to prevent the 

formation of hemozoin (polymerised heme) during proteolysis of haemoglobin in the 

digestive vacuoles of the malaria parasite Plasmodium, resulting in the accumulation of 

free heme within vesicles, which ultimately leads to oxidative damage and death of the 

parasite [605]. Moreover, the use of chloroquine has also been considered in the clinic 

for other pathologies such as acute and chronic rheumatoid arthritis and lupus 

erythematosus [604, 606]. Additionally, in the last few months, the Food and Drug 

Administration (FDA) has also temporarily approved an emergency use of chloroquine 

for the treatment of Covid-19, although the beneficial effect of this drug for the treatment 

of this new disease is currently under review [607]. The importance of chloroquine alone 

or in combination with chemotherapeutics for the treatment of cancer has also been 

evaluated in numerous clinical trials in various tumours (ClinicalTrials.gov Identifier: 

NCT01575782, NCT02333890, NCT00969306, NCT01446016, NCT02071537, 

NCT01777477, NCT01023477, NCT02496741, NCT01894633, NCT01438177, 

NCT00224978) , however its efficacy in cancer therapy may require further study. Also, 

its potential application for the treatment of OSCC still needs to be defined. The pre-

clinical data herein obtained may suggest a new avenue for the clinical application of 

chloroquine in the treatment of OSCC. Conversely, to the best of our knowledge, no 
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clinical trials are currently investigating the potential use of bafilomycin-A1 for the 

treatment of cancer. However, several studies in vitro and in vivo have shown the 

beneficial effect of this drug in various cancers, such as colorectal cancer, gastric cancer 

cells, breast cancer, leukaemia, nasopharyngeal carcinoma and osteosarcoma [371, 401, 

402, 608–611]. In line with these studies, data obtained herein also support the beneficial 

effect of bafilomycin-A1 for the treatment of OSCC. 

In the second part of this study, the complex crosstalk between autophagy and apoptosis 

was investigated in OSCC cells by evaluating the molecular mechanisms underlying the 

activation of these two pathways in response to cisplatin. An important role of oxidative 

stress in the cellular response to cisplatin has been reported in several studies [416]. 

Cisplatin-induced oxidative stress is mainly attributable to an enhancement in 

intracellular ROS generation. Excessive ROS production within cells may ultimately lead 

to the activation of the MAPK signalling pathways, involved in the cellular response to 

stress [612]. In the present study, it was demonstrated that cisplatin induced accumulation 

of ROS in OSCC cells, which in turn initiated both autophagy and apoptosis. Moreover, 

activation of the stress-related JNK signalling pathway in response to cisplatin-induced 

ROS was demonstrated using the ROS scavenger N-acetyl cysteine. Finally, targeting 

JNK with the pharmacological inhibitor SP600125 was shown to partially inhibit both the 

autophagic flux and caspase 3 activation. Overall, these findings may suggest that 

cisplatin-induced oxidative stress induces both apoptosis and autophagy partially through 

activation of the JNK signalling pathway in OSCC cells. Moreover, the activation of both 

cisplatin-induced autophagy and apoptosis through the same signalling pathway 

corroborates the tight relationship between these two biological processes in response to 

chemotherapeutics. 

In the third part of this study, the mechanisms implicated in acquired resistance to 

cisplatin in OSCC were investigated. In particular, among the numerous mechanisms to 

date associated with chemoresistance, it was decided to focus attention on the role that 

the stress-adaptative mechanisms play in chemoresistance. In fact, given the ability of 

chemotherapeutics to induce stress within cells, it is not surprising that cells have 

developed new strategies to adapt to the stress induced by drugs [79]. In this regard, a 

crucial role for autophagy in reducing ROS and misfolded protein accumulation has been 

proposed [80, 84, 85]. Accordingly, increased levels of autophagy have been found in 

various cisplatin resistant cells such as lung adenocarcinoma cells and ovarian cancer 
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cells [486, 613]. Similarly, an enhancement of intracellular antioxidant systems to reduce 

drug-induced oxidative stress has also been implicated in chemoresistance [86]. In this 

regard, an enhancement of antioxidant systems such as glutathione or Nrf2 has been 

reported in drug resistant cells in various cancers [529, 531, 533, 537, 538]. 

In the present study, analysis of chemoresistance in OSCC was carried out through the 

generation and characterisation of a cisplatin resistant OSSC cell line, the SCC4cisR cell 

line, obtained by pulsed stepwise exposure of drug-sensitive SCC4 cells to cisplatin. The 

new independent cell line obtained was shown to be ~14-times more resistant to cisplatin 

compared to the parental cell line, demonstrating to be a highly interesting and clinically 

relevant model for the study of chemoresistance. Interestingly, autophagy did not appear 

to play a role in cisplatin resistance in the SCC4cisR cell line. In fact, no significant 

differences were found in the autophagy levels in the presence/absence of the drug 

between the SCC4cisR and the SCC4 cells. However, it must be highlighted that this 

result cannot exclude a role for autophagy in chemoresistance in general. Indeed, 

chemoresistance occurs as a result of various mechanisms which can be activated 

depending on the context, thus the involvement of a certain mechanism may depend on 

the cell type and on the type of drug which cells are resistant to [482]. Conversely, an 

interesting link between oxidative stress and chemoresistance was demonstrated in the 

present study. An increase in the endogenous and cisplatin-induced ROS levels were 

found in the cisplatin-resistant SCC4cisR cell line compared to the parental sensitive 

SCC4 cell line. Interestingly, the increased ROS levels observed did not correlate with an 

increase in oxidative stress and consequent cell death. Accordingly, a greater antioxidant 

response through enhancement of the Nrf2/HO-1 signalling axis was demonstrated in the 

cisplatin-resistant cell line, suggesting that cellular adaptation to ROS-induced oxidative 

stress may represent a potential mechanism involved in chemoresistance in the OSCC 

cisplatin resistant model examined herein. 

Chemoresistance represents a major challenge for OSCC patients undergoing 

chemotherapy [481]. Indeed, a strong association between platinum-based chemotherapy 

and development of drug resistance has been reported [108]. Given this, there is a 

compelling need to identify the mechanisms involved in cisplatin resistance in order to 

develop new therapeutic strategies to overcome chemoresistance in OSCC patients. In the 

present study, the enhancement of antioxidant systems in cisplatin-resistant OSCC cells 

suggested that targeting the cellular response to ROS-induced oxidative stress may reduce 
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chemoresistance. Accordingly, depletion of glutathione using buthionine sulfoximine 

(BSO) and inhibition of Nrf2 using the new specific Nrf2 inhibitor ML385 was shown to 

partially restore the cisplatin-sensitive phenotype in the SCC4cisR cell line, corroborating 

the importance of oxidant stress-adaptation in chemoresistance. All these findings 

strongly imply that targeting the cellular antioxidant systems may be exploited in the 

clinic to bypass drug resistance. Nevertheless, although many studies have shown 

promising effects of redox anticancer drugs for the treatment of cancer, not many of these 

drugs have shown clinical efficacy [614]. This low success has been linked to a limited 

understanding of the redox targets in normal and cancer cells, resulting either in a low 

effect of the drug or in off-target drug cytotoxicity [614]. Accordingly, although it has 

been shown that BSO enhanced the cytotoxic effect of various drugs both in vitro and in 

vivo, a relevant effect in the various clinical trials was not demonstrated [614]. Also, its 

short-half life has been considered a limitation in its application in clinic, leading 

researchers to focus on alternative approaches for targeting GSH within cells [615]. 

Conversely, not many studies have been yet investigated the beneficial effects of targeting 

Nrf2 with ML385 for the treatment of cancer. Thus, given the promising preclinical 

results obtained herein, the use of ML385 in combination with chemotherapeutics may 

warrant further studies. Also, given the clear implication of oxidative stress in cancer and 

chemoresistance, a better understanding of redox signalling may be required to develop 

new improved therapeutic strategies. 

In the last part of this study, the role of autophagy in OSCC development was 

investigated. A controversial role of autophagy in tumour initiation and progression has 

been proposed, with autophagy acting either as a tumour suppressor or tumour promoter 

mechanism during cancer development [169, 563]. Moreover, both activation and 

inhibition of autophagy have been reported in tumorigenesis depending on the cancer type 

[167]. Currently, the role of autophagy in OSCC development is still not clearly defined 

[551]. Accordingly, the expression of autophagic markers in OSCC tissue samples from 

two independent cohorts of patients (Spanish and Irish) were herein investigated by 

western blotting and immunohistochemistry respectively. Results obtained from these 

two analyses showed an increase in the expression of the autophagic markers LC3 and 

Beclin-1 in OSCC samples compared to precancerous and control samples. Moreover, an 

increase (although not significant) in the LC3-II/LC3-I ratio and a decrease in p62 

expression were also found in OSCC samples compared to precancerous and control 
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samples. Taken together these results suggest the progressive activation of autophagy 

during OSCC progression, implying a pro-tumour role of autophagy in OSCC 

development. Also, a significant negative correlation between p62 expression and tumour 

size was demonstrated in OSCC patients, suggesting a role for this protein in OSCC 

tumour progression. Additionally, increased levels of the antiapoptotic marker Bcl-xL 

were also observed in OSCC samples compared to precancerous and control samples, 

suggesting that inhibition of the apoptotic pathway may also occur during OSCC 

development. 

Finally, in the present study, the potential application of autophagic markers for the 

diagnosis of OSCC was examined. In fact, it has been estimated that the high mortality 

rate associated with OSCC is mainly due to late diagnosis, which can partially be 

attributable to an initial misdiagnosis of this malignancy [13]. Given this, there is a 

compelling need to define new specific biomarkers to help dentists and pathologists in 

the diagnosis of OSCC [616]. Currently, a considerable number of biomarkers have been 

investigated for OSCC detection. In particular, salivary cytokines and circulating 

microRNAs from plasma, serum and saliva have shown an interesting potential as non-

invasive tools for the early detection of OSCC [144]. Dysregulated proteins in tumour 

tissues but not in normal tissues also possess the potential of being used as biomarkers 

for the diagnosis of cancer [617]. In the present study, a role for LC3 and Beclin-1 as 

OSCC biomarkers was considered. Interestingly, a discrete discriminatory power of these 

autophagic markers was determined through ROC (Receiver Operating Characteristic) 

analysis in cancerous and non-cancerous patient samples, showing an Area Under the 

Curve (AUC) of 0.797 with 85.7% sensitivity and 65.5% specificity for LC3 protein 

(p<0.001) and an AUC of 0.811 with 92.9 % sensitivity and 66.7% specificity for Beclin-

1 (p<0.001). These preliminary results suggest a potential application of these markers 

for OSCC detection, however no firm conclusions can be drawn because of the limited 

cohort of patients herein analysed. Thus, further analysis on a greater number of samples 

is warranted. Also, it should be highlighted, that the early detection of the autophagic 

state in patient samples may be useful to develop new therapeutic strategies using 

appropriate autophagy modulators to improve the treatment of OSCC patients. 

In summary, this project has demonstrated autophagy activation as a cellular response to 

cisplatin in OSCC cells and has also indicated a tight relationship between cisplatin-

induced autophagy and apoptosis through a coordinated regulation of these processes by 
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the ROS/JNK signalling pathway. Moreover, targeting autophagy with the lysosomal 

inhibitors chloroquine and bafilomycin-A1 in combination with cisplatin was 

demonstrated to sensitise OSCC cells to cisplatin, suggesting their application in the 

clinic to improve chemotherapy in OSCC patients. Additionally, analysis of autophagy 

in a cisplatin-resistant OSCC cell line generated herein did not indicate a role for 

autophagy in chemoresistance. In contrast, an increased cellular response to cisplatin-

induced ROS was implicated. Accordingly, targeting the ROS signalling pathway was 

shown to partially restore the cisplatin-sensitive phenotype in the resistant OSCC cells. 

Finally, analysis of oral tissue samples showed an increase of autophagy activation in 

OSCC samples compared to precancerous and normal samples, indicating a role for 

autophagy in tumour development and suggesting a potential application of LC3 and 

Beclin-1 as biomarkers for OSCC detection. 
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In the present study, cisplatin, a representative OSCC chemotherapeutic agent, was shown 

to concurrently induce both apoptosis and autophagy in two OSCC cell lines, SCC4 and 

SCC9. Moreover, analysis of the signalling pathways underlying cisplatin-induced 

apoptosis and autophagy showed a critical role for cisplatin-induced oxidative stress in 

the activation of both processes. Furthermore, results obtained suggested a role for the 

JNK signalling pathway in mediating both apoptosis and autophagy in response to 

cisplatin-induced oxidative stress. In fact, treatment of cells with the JNK inhibitor 

SP600125 resulted in the inhibition of autophagic flux and caspase 3 cleavage. However, 

due to the ability of SP600125 to also modulate endogenous autophagy, the possibility 

that this pharmacological JNK inhibitor may elicit off-target effects cannot be ruled out. 

Therefore, further experiments using a knockdown approach for targeting the JNK 

pathway may be required to confirm the role of JNK in cisplatin-induced autophagy. 

In addition to oxidative stress, many studies have also reported a role for endoplasmic 

reticulum stress (ER stress) in the cellular response to cisplatin. The endoplasmic 

reticulum (ER) plays a crucial role within cells in protein folding, assembly, and secretion 

[618]. Accumulation of unfolded or incompletely folded proteins in the ER after 

treatment with cisplatin has been correlated to ER stress [619, 620]. Excessive and 

persistent ER stress has been linked to cell death and apoptosis through the activation of 

effector molecules such as CHOP (C/EBP homologous protein) and caspase 4 [621]. 

Moreover, some studies have reported that autophagy may be induced to alleviate ER 

stress in order to clear the accumulated misfolded proteins from the ER lumen [84, 85]. 

Also, inhibition of autophagy has been shown to trigger cisplatin-induced apoptosis by 

increasing ER stress in glioma cell lines [199]. Given this, evaluation of  key ER stress 

related proteins, such as BIP (immunoglobulin heavy chain-binding protein), PERK 

(protein kinase R (PKR)-like endoplasmic reticulum kinase), IRE1 (Inositol-requiring 

enzyme 1) and CHOP in OSCC cells treated with cisplatin may be of interest to determine 

whether ER stress is implicated in the cellular response to cisplatin in OSCC. Moreover, 

analysis of both cisplatin-induced autophagy and apoptosis in the presence/absence of ER 

stress inhibitors such as 4-phenylbutyric acid (4-PBA) could also be conducted to clarify 

the relationship between ER stress, autophagy and apoptosis in response to cisplatin.  

Additionally, in the present study, a cisplatin-resistant OSCC cell line (SCC4cisR) was 

generated by pulsed stepwise exposure of cells to cisplatin. This cell line represents a 

clinically relevant model for the study of chemoresistance in OSCC. Even though 
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autophagy did not appear to play a role in acquired resistance to cisplatin in the SCC4cisR 

cells, a role for stress-response pathways was demonstrated. However, given the 

complexity of chemoresistance, the involvement of multiple mechanisms cannot be 

excluded. Thus, to further progress this study, additional analysis of other mechanisms 

implicated in chemoresistance in the cell model generated herein may be warranted. 

As reported in chapter 5, the Ras/Raf/MEK/ERK pathway is a survival pathway involved 

in the regulation of many important cellular processes such as differentiation, 

proliferation and stress response [494]. An interesting link between dysregulation of this 

signalling pathway and chemoresistance has been proposed in numerous studies [622]. 

For example, ectopic mutation of Ras has been shown to induce doxorubicin and 

paclitaxel-resistance in breast cancer cells [622, 623]. In the present study, preliminary 

results displayed increased endogenous and cisplatin-induced levels of Ras in the 

SCC4cisR cells compared to the parental cells. Moreover, increased activation of ERK 

was also demonstrated in the SCC4cisR cells treated with cisplatin compared to the SCC4 

cells. These results suggest a potential role for the Ras/Raf/MEK/ERK signalling pathway 

in mediating cisplatin resistance in the cell model examined herein. However, to confirm 

a role for this pathway in chemoresistance in OSCC, evaluation of the effect of Ras, Raf, 

MEK and/or ERK inhibition on cisplatin-induced apoptosis in SCC4cisR cells may be 

required. Inhibition of the Ras/ERK pathway has been shown to sensitise cells to the 

effect of chemotherapeutics in various studies. For example, inhibition of ERK using the 

specific ERK signalling pathway inhibitor PD98059 was shown to reduce cell viability 

following treatment with 5-fluorouracil in a drug-resistant pancreatic cancer cell line 

[624]. Given this, evaluation of the effect of ERK inhibition using pharmacological 

inhibitors, such as PD98059 or UO126, on cisplatin-induced apoptosis in the SCC4cisR 

cell line may be of interest to determine whether targeting the Ras/Raf/MEK/ERK 

pathway may be exploited as a therapeutic option to reduce chemoresistance in OSCC 

patients.  

Moreover, in the present study, activation of the antioxidant Nrf2/HO-1 pathway has been 

demonstrated in the SCC4cisR cell line. Along with HO-1, other Nrf2 targets have been 

reported in the literature, suggesting that Nrf2 can control the activation of other 

pathways. In particular, Nrf2 was shown to promote proliferation and migration in breast 

cancer cells by activating the glucose‐6‐phosphate dehydrogenase (G6PD)/hypoxia-

inducible factor 1-alpha (HIF‐1α)/Notch1 signalling axis, which controls the expression 
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of proteins such as Jagged1 and Hes1 involved in the epithelial-mesenchymal transition 

(EMT) [625]. Also, Nrf2 was shown to mediate the constitutive and inducible expression 

of multidrug resistance proteins (MRP) in small-cell lung cancer [626]. The involvement 

of Nrf2 in these pathways corroborate its role in chemoresistance and also suggest a 

redox-independent role of Nrf2 in chemoresistance. Western blotting analysis of some of 

the Nrf2 targets mentioned above in the SCC4cisR cells may be of interest to better 

understand the role of Nrf2 in chemoresistance. Furthermore, a link between the Ras/ERK 

signalling pathway and Nrf2 activation has also been proposed, suggesting that Ras can 

control Nrf2 through activation of ERK [495]. Given this, evaluation of the relationship 

between Ras, ERK and Nrf2 may also be of interest to better elucidate the role of this 

signalling pathway in mediating cisplatin resistance in OSCC. Finally, analysis of Nrf2 

expression in paraffin-embedded oral tissue samples from control and OSCC patients and 

correlation of Nrf2 levels with chemotherapeutic regimens of patients and overall survival 

represents a further avenue of exploration in order to provide a comprehensive overview 

of the role of Nrf2 in tumour development and chemoresistance in OSCC patients. 

A recent study published by Kim et al. showed that treatment of cells with cisplatin in 

combination with wogonin, a natural anticancer drug with Nrf2 inhibitory activity, 

enhanced cisplatin sensitivity both in vitro and in an in vivo xenograft model of head and 

neck cancer [627]. In line with these findings, in the present study, promising results 

showed that inhibiting Nrf2 with the specific inhibitor ML385 resulted in a partial 

restoration of the cisplatin-sensitive phenotype in the SCC4cisR cells. Given this, it would 

be of interest to evaluate the translational efficacy of inhibiting Nrf2 with ML385 in 

combination with cisplatin in an in vivo xenograft model of OSCC. Such preclinical 

studies would further clarify whether inhibiting Nrf2 with ML385 may represent a 

possible therapeutic option to bypass resistance in OSCC patients.  

Furthermore, a link between Cancer Stem Cells (CSCs) and chemoresistance has also 

been reported in the literature [515]. In the present study, preliminary experiments were 

performed to investigate whether acquired resistance to cisplatin was driven by a CSC or 

CSC-like population in the cell model herein examined. Evaluation of the two cell surface 

markers CD44 and CD24 in both SCC4 and SCC4cisR cells demonstrated only a small 

population of cells (equal in both cell lines) with a CD44+/CD24- expression pattern, 

which has been reported as indicative of the CSC phenotype in OSCC [314, 489]. 

Although, this result may suggest that CSCs are not involved in acquired resistance to 
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cisplatin in this model, it should be noted that many other proteins have been proposed as 

markers for the CSC phenotype. Also, the identification of CSCs is still controversial due 

to the frequent phenotypic transitions and the high variability in cell composition among 

cell types [489]. In this regard, it has been reported that in addition CD133+ and aldehyde 

dehydrogenase (ADH)+ cells showed stem-like and EMT properties in head and neck 

cancer [628]. Accordingly, evaluation of these additional two markers may be required 

to better examine the stem-like properties of the SCC4cisR cell line.  

Additionally, to aid in the study of cisplatin resistance in OSCC, evaluation of other 

mechanisms correlated to the development of the resistant phenotype may be warranted. 

In particular, one of the main features of cisplatin resistance consists of the reduced 

accumulation of cisplatin within cells [484]. This is mainly due to a decrease in uptake or 

an increase in efflux of the drug, and it may be attributable to alteration of various 

membrane transporters, such as organic cation transporters (OCT1-3), copper transporters 

(CTR1-2), P-type ATPases (ATP7A/7B) and MRP [484][483]. Moreover, given the well-

known ability of cisplatin to induce DNA adducts, enhancement of the DNA repair 

systems has been linked to the acquisition of resistant phenotypes [484]. Accordingly, 

high levels of ERCC1 (excision repair cross-complementing protein) were reported in 

various cisplatin-resistant cells compared with cisplatin-sensitive cells [49][75]. 

Expression analysis of the above-mentioned proteins in the SCC4cisR cell line by western 

blotting may provide a comprehensive overview of the mechanisms implicated in 

cisplatin resistance in the OSCC cell model herein examined. In addition, altered 

mitochondrial functions and metabolic reprogramming have also been linked to drug 

resistance [629]. In this regard, increased glucose uptake and enhanced aerobic glycolysis 

were shown to induce cisplatin resistance in gastric cancer cells [630]. Also, a high 

glycolytic rate and a reduced mitochondrial activity were reported in ovarian and cervical 

cisplatin-resistant cells compared to the parental sensitive cells, while a low glycolytic 

rate was found in cisplatin-resistant lung carcinoma cells [629]. Based on these studies, 

investigation of the association between cisplatin resistance and metabolism in the OSCC 

cisplatin-resistant model generated herein may be of interest to better elucidate the 

correlation between cisplatin resistance and metabolism in OSCC. For such experiments, 

a Seahorse XFe24 analyser to determine the oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) in both SCC4 and SCC4cisR under normoxic and 

hypoxic conditions could be utilised.  
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Finally, the present study has presented promising results demonstrating an increase in 

expression of two autophagic markers, LC3 and Beclin-1, in an Irish cohort of OSCC 

patients, suggesting a role for autophagy in OSCC development. Moreover, preliminary 

analyses showed a discrete predictive power of LC3 and Beclin-1 for OSCC detection. 

However, the small sample size represented the main limitation of this study. Thus, 

further analysis on a bigger sample size is required to confirm the preliminary data 

obtained herein. Moreover, the lack of information about the clinical-pathological 

characteristics of the Irish patient cohort represented a second limitation of this study. 

Accordingly, if further ethical approval could be obtained with regards to accessing 

patient details, it would be of interest to investigate the correlation of LC3 and Beclin-1 

expression with clinical-pathological variables such as tumour size, presence of 

metastasis and overall survival of patients, with the final aim of determining whether 

these two markers may also have potential for use as prognostic markers in OSCC. 

In summary, this project shows promising results on the mechanisms underlying cisplatin 

cytotoxicity and resistance in OSCC as well as providing a comprehensive overview of 

the role of autophagy in response to cisplatin in chemoresistance and OSCC development. 

Further expansion of the work is warranted for a better understanding of the mechanisms 

involved in cisplatin cytotoxicity and resistance in OSCC and to determine the potential 

application of the autophagic markers LC3 and Beclin-1 as OSCC biomarkers. 
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Figure A.1 Cell cycle analysis in OSCC cells treated with cisplatin.  

Representative flow cytometric histograms of cell cycle stages in OSCC cells treated with vehicle (0.009% 

(v/v) NaCl) or varying concentrations of cisplatin (CDDP): 1-15 μM and 12.5-100 μM for SCC4 (A) and 

SCC9 (B) cell lines, respectively. Cells were fixed with 70% ice cold ethanol and stained with PI, before 

being analysed on the flow BD FACS Accuri cytometer. The subG0/G1 peak along with the G0/G1, S and 

G2/M phases of the cell cycle were determined on the basis of the level of PI intensity. Plots were created 

using the BD Accuri Software. Analysis of N=3 is reported in Figure 3.5 and Table 3.4. 
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Figure A.2 Cyto-ID analysis of autophagic flux in OSCC cells treated with cisplatin.  

Representative flow cytometric histograms of OSCC cells treated with the vehicle (0.009% (v/v) NaCl), 

chloroquine (CQ) 10 μM alone, cisplatin (CDDP) alone (5 μM and 25 μM in SCC4 (A) and SCC9 (B) cells 

respectively) or cisplatin in combination with chloroquine. Rapamycin (RAP) 0.5 µM in combination with 

chloroquine 10 µM was used as positive control. Cells were stained with Cyto-ID green autophagy dye and 

then analysed on the flow BD FACS Accuri cytometer. Plots were created using FlowJo v10 and alive cells 

were gated on vehicle treated cells. Analysis of N=3 is reported in Figure 3.16. 
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Figure A.3 Time course analysis of autophagy in OSCC cells treated with cisplatin. 

Representative flow cytometric histograms of OSCC cells of treated with the vehicle (0.009% (v/v) NaCl) 

or with cisplatin (CDDP) 5 or 25 μM in SCC4 (A) and SCC9 (B) respectively for the indicated times. 

Rapamycin (RAP) 0.5 µM in combination with chloroquine (CQ) 10 µM was used as positive control. Cells 

were stained with Cyto-ID green autophagy dye and then analysed on the flow BD FACS Accuri cytometer. 

Plots were created using FlowJo v10 and alive cells were gated on vehicle treated cells. Analysis of N=3 is 

reported in Figure 3.17. 
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Figure A.4 Cyto-ID analysis of SCC4 cells treated with cisplatin in combination with early stage 

autophagy inhibitors. 

Representative flow cytometric histograms of SCC4 cells pre-treated with either 3-MA (5 mM) or SAR405 

(1 µM) for 1 h before adding cisplatin (5 µM) for a further 48 h. Rapamycin (RAP) 0.5 µM in combination 

with chloroquine 10 µM was used as positive control. Cells were stained with Cyto-ID green autophagy 

dye and then analysed on the flow BD FACS Accuri cytometer. Plots were created using FlowJo v10 and 

alive cells were gated on vehicle treated cells. Plots show the cell count normalised to the mode. Analysis 

of N=3 is reported in Figure 3.19. 
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Figure A.5 Flow cytometric analysis of intracellular levels of ROS in OSCC cells treated with 

cisplatin. 

Representative flow cytometric histograms of OSCC cells treated with the vehicle (0.009% (v/v) NaCl) or 

with cisplatin (CDDP) (5 μM and 25 μM in SCC4 (A) and SCC9 (B) cells respectively). Cells were stained 

with H2DCFDA dye and then analysed on the flow BD FACS Accuri cytometer. Plots were created using 

Analysis of N=3 is reported in Figure 4.2. 
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Figure A.6 Flow cytometric analysis of intracellular levels of ROS in OSCC cells treated with 

cisplatin in combination with NAC. 

Representative flow cytometric histograms of OSCC cells treated with vehicle (0.009% (v/v) NaCl), NAC 

alone (5mM), cisplatin (CDDP) (5 μM or 25 μM in SCC4 (A) and SCC9 (B) cells respectively) or cisplatin 

in combination with NAC. Cells were stained with H2DCFDA dye and then analysed on the flow BD FACS 

Accuri cytometer. Plots were created using FlowJo v10 and alive cells were gated on vehicle treated cells. 

Analysis of N=3 is reported in Figure 4.5. 
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Figure A.7 Flow cytometric analysis of endogenous and cisplatin-induced ROS in SCC4 and 

SCC4cisR cells. 

Representative flow cytometric histograms of SCC4 and SCC4cisR cells untreated or treated with 5 μM 

cisplatin. Cells were stained with H2DCFDA dye and then analysed on the flow BD FACS Accuri 

cytometer. Plots were created using FlowJo v10 and alive cells were gated on vehicle treated cells. Analysis 

of N=3 is reported in Figure 5.12 

 

 

 


