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Abstract 

Remodelling along the epithelial-mesenchymal (E-M) axis is crucial in carcinomas and is 

strongly linked to tumour invasion, metastasis, and radiation resistance. Research indicates 

hyperglycaemia, which refers to chronic exposure to high glucose levels, significantly 

increases cancer risk and impacts key features of tumour development, including the 

epithelial-mesenchymal transition (EMT). This research seeks to explore the effects of 

hyperglycaemia on the phenotypic remodelling of oral squamous cell carcinoma (OSCC) in 

the context of metabolic stress and ionising radiation, while investigating the potential 

molecular mechanisms involved. 

 

In this study, we utilised the 3D tumour spheroid models generated from the OSCC cells 

subjected to a 7-day hyperglycaemic stress and performed different cellular, molecular, and 

high-level transcriptome analyses to investigate the cellular and molecular dynamics of 

hyperglycaemia and its effects on the tumour remodelling as part of the response to ionising 

radiation. 

 

The immunohistochemical analysis of epithelial and mesenchymal markers, E-cadherin and 

Vimentin, revealed a notably higher abundance of both hybrid EMT and mesenchymal-like 

subpopulations in OSCC spheroids subjected to hyperglycaemic stress. This phenotypic 

remodelling, triggered by metabolic stress and ionising radiation, is shown to be influenced 

by the regulation and transition among different EMT transcription factors. Transcriptional 

profiling and pathway analyses have pinpointed several molecular components that may link 

hyperglycaemia, EMT, and radioresistance in OSCC spheroids, including integrins, MMPs, 

and laminins.  

 

This study provides a better understanding of the intricate dynamics involved in OSCC 

progression and treatment responses, offering essential knowledge for future therapeutic 

approaches. It may also enlighten new therapeutic possibilities for radioresistant carcinomas, 

thus enriching the ongoing advancements in cancer research.   
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1.1. Oral Squamous Cell Carcinoma (OSCC) 

 

Cancer has emerged as the second leading cause of death globally, resulting in over 10 

million deaths in 2020. This underscores the critical demand for more extensive and in-depth 

research on disease detection, management, and treatment approaches. Carcinoma is the 

predominant type of tumour, representing over 85% of all cancer diagnoses. This term 

describes malignant tumours that develop from epithelial tissues, which comprise the skin, 

line internal organs, and form glands and passageways in various biological systems, 

including the circulatory, urinary, respiratory, and gastrointestinal systems (1).  

 

Oncogenesis, carcinogenesis, or tumorigenesis constitute a multifaceted process where 

normal cells undergo transformation into cancerous cells, involving alterations in their 

genetic structure. This transformation encompasses cellular changes, epigenetic 

modifications, and genetic mutations. Mutations in oncogenes and tumour suppressor genes 

disrupt the balance of cell production and death, leading to uncontrolled cell growth. 

Furthermore, cancerous cells gain various capabilities, known as the hallmarks of cancer, 

which facilitate and sustain cell growth, the ability to resist cell death, invade surrounding 

tissues, migrate to new sites, and initiate the formation of new tumours. The tumour cells 

also acquire other additional features, including but not limited to phenotypic plasticity and 

deregulating cellular metabolism (Figure 1) (2).  

 

Oral cavity cancer (OCC) is ranked as the 16th most prevalent cancer worldwide, with 

roughly 390,000 new diagnoses and about 190,000 fatalities (3). The terms oral cavity 

cancer and oral cancer (OC) encompass all malignant neoplastic tissues developed from 

premalignant lesions on the lips or any part of the inner oral cavity, including the cheeks, 

tongue, gingiva, floor of the mouth, and hard palate. Squamous cell carcinoma is the most 

prevalent type of oral cancer, accounting for more than 90% of diagnosed cases (4). Oral 

squamous cell carcinoma (OSCC) often originates from premalignant lesions in the oral 

mucosa exhibiting atypical histological characteristics indicative of epithelial dysplasia (5). 

These abnormalities include nuclear pleomorphism, increased mitotic activity, and loss of 

cellular polarity (6). However, not all dysplastic lesions are guaranteed to progress to 
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invasive cancer, and this variability adds complexity to early diagnosis and accurate risk 

assessment of malignant potential (7). Consequently, OSCC is often overlooked in its early 

stages, resulting in delays in detection and poorer clinical outcomes. OSCC is strongly 

associated with heavy smoking and high alcohol consumption. Additional causes of OSCC 

include immune deficiencies, nutritional deficiencies, and viral infections, especially those 

caused by human papillomavirus (HPV). Continuous exposure to these factors can lead to 

genetic and epigenetic changes, along with disturbances in the tumour microenvironment, 

which together result in the overexpression of oncogenes and the disruption of tumour 

suppressor genes, thereby facilitating carcinogenesis.  

 

 
 
 

Figure 1. The Hallmark of Cancer (Updated 2022) with the addition of four emerging features: 

Unlocking phenotypic plasticity, nonmutational epigenetic reprogramming, senescent cells, and 

polymorphic microbiome.  

 

Management strategies for OSCC involve multidisciplinary decisions influenced by factors, 

including the clinical TNM stages of the disease, the current underlying health conditions, 

and the histological characteristics of the tumour. Surgical resection is typically used to 
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excise early-stage OSCC tumours, often followed by additional treatments such as radiation 

(RT) or chemoradiation (CRT). In more severe cases where the tumours are highly invasive, 

OSCC patients are at high risk for relapse or cannot undergo surgery, radiotherapy and/or 

chemotherapies are employed as the primary treatment strategy. In recent years, 

immunotherapy has emerged as a treatment since OSCC was recognised as an 

immunosuppressive disease that can evade immune detection (8). Unfortunately, despite 

advancements in cancer therapies, the survival rates for patients with advanced-stage OSCC 

remain relatively low (9, 10). Frequent misdiagnoses, combined with the aggressive and 

invasive characteristics of OSCC, as well as high rates of local invasion and distant 

metastasis, diminish the effectiveness of cancer treatments. This leads to an increased risk 

of tumour recurrence and the emergence of therapeutic resistance (11).  

 

1.2. Radiation Therapy and Radioresistance 

 

After Wilhelm Rontgen discovered X-rays in 1895 and Henri Becquerel discovered 

radioactivity in 1896, ionising radiation (IR) has been utilised alongside surgery and other 

treatments for various cancers. Typically, radiation therapy is administered post-surgery in 

daily doses of 1.8 to 2.0 Gy (Gray). For oral cancer patients, the total cumulative dose 

typically reaches 66-72 Gy, delivered over 5 to 7 consecutive weeks to effectively eliminate 

tumour cells (4, 12). Radiation therapy employs high-energy X-rays or gamma rays to 

directly cause lesions in the DNA of cancer cells, leading to base damage, interstrand 

crosslinks, single-stranded breaks (SSBs), and double-stranded breaks (DSBs). Among all 

forms of DNA damage, DSB is the most deleterious. Additionally, radiation can indirectly 

damage the genetic material of cancer cells by exciting or ionising the cellular water 

molecules, resulting in the formation of free radicals. These radiation-induced DNA lesions 

decelerate cancer cell growth and hinder the replication of affected cells. In addition to 

damaging the genetic material, radiation can disrupt cancer cell organelles, including the 

plasma membrane, mitochondria, cytoskeleton, nucleus, and endoplasmic reticulum (13). 

When the damage to genetic and cellular components is irreparable, critical signalling 

pathways like ATM/ATR, p53, and Bcl-2 family are activated to trigger various forms of 

cell death, thereby preventing the spread of genetic mutations (14, 15). While IR has proven 

effective in treating and managing different cancer types, it has also been established to 
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initiate various downstream signalling pathways that contribute to the development and 

acquisition of radioresistance. 

 

Radiation resistance, often referred to as radioresistance, is a multifaceted process comprised 

of a sophisticated signalling network, enabling cancer cells to endure and diminish the 

damaging impact of ionising radiation, thereby decreasing radiosensitivity and enabling 

tumours to develop resistance to IR. It encompasses various genes, signalling pathways, and 

regulatory factors that facilitate and sustain tumour proliferation, invasion, and metastasis 

in different carcinomas, ultimately resulting in treatment failure and disease recurrence (16).  

 

IR exposure inflicts severe damage to cancer cell DNA, initiating the DNA damage response 

(DDR) mechanisms that identify the locations of DNA lesions. This process triggers various 

repair mechanisms tailored to the specific type of IR-induced damage. For double-strand 

breaks (DSBs), which are particularly lethal and typically irreparable, the non-homologous 

end-joining (NHEJ) and homologous recombination (HR) pathways are engaged to resolve 

DSBs caused by IR exposure. Furthermore, research indicates that IR exposure 

simultaneously activates various prosurvival signalling pathways, such as 

phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT), ATM, ATR, nuclear factor 

kappa B (NF-κB), Sirtuin 1 (SIRT1), and mitogen-activated protein kinase (MAPK) (17-

20). These pathways orchestrate several cancer hallmarks, aiding post-IR survivability of 

tumour cells, acquiring radioresistance, and enhancing invasion and metastasis.  

 

Moreover, the excessive production of reactive oxygen species (ROS) and the heightened 

hypoxic tumour microenvironment (TME) following radiation exposure trigger the HIF-1 

signalling network, facilitating tumour angiogenesis, alteration in cellular metabolism, and 

enhancing DNA repair processes (21, 22). Additionally, epithelial-to-mesenchymal 

transition (EMT) is concomitantly activated during radiation therapy for cancer treatment. 

This phenotypic remodelling has been linked to reduced efficacy of radiation, increased 

invasiveness, and metastasis, leading to treatment failure and tumour recurrence (23-25). 
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1.3. Epithelial to mesenchymal transition (EMT) 

 

Intratumor heterogeneity refers to the existence of diverse subpopulations of cells within a 

single tumour, each exhibiting unique functional and phenotypic traits. These variations 

encompass gene expression patterns, potential for invasion and metastasis, metabolic 

profiles, morphology, plasticity, and differing reactions to treatments, which pose 

substantial obstacles in formulating effective cancer treatment approaches (26-28). This 

phenomenon is influenced by a complex network, incorporating variations in cancer stem 

cells, genetic mutations, epigenetic modifications, changes in the TME caused by 

environmental stressors, and the detrimental impacts of cancer therapies (29, 30). These 

factors collectively influence tumour recurrence, metastasis, and sensitivity to treatments, 

leading to poor prognoses and resistance to therapies (31).  

 

Unlocking phenotypic plasticity is one of the emerging hallmarks of cancer cells. Cellular 

plasticity refers to the capacity of a cell to reprogram itself and adopt various molecular and 

phenotypic identities in response to different stimuli, stressors, or changes in its 

microenvironment. This capability is vital for normal cells, especially during embryonic 

differentiation, and plays a significant role in the intratumor heterogeneity observed during 

cancer progression. A fundamental aspect of this adaptive mechanism is the morphological 

transition along the epithelial-mesenchymal (E-M) spectrum, known as epithelial-to-

mesenchymal transition (EMT), where epithelial cells are transformed into mesenchymal 

cells (32). EMT is classified into three primary types according to their biological functions. 

Type I EMT, or developmental EMT, mainly takes place during implantation, 

embryogenesis, and organ formation (33). In contrast, Type II EMT relates to fibrosis and 

wound healing, occurring during tissue repair and organ fibrosis following traumas and 

injuries (34). Lastly, Type III EMT plays a critical role in carcinogenesis and tumour 

progression across various cancers, notably in cancer metastasis, enhancing migratory and 

invasive abilities, which contribute to tumour advancement and resistance to treatment (35). 

Our study will primarily focus on Type III EMT during the cancer progression of OSCC.  
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Figure 2. An overview of the epithelial-to-mesenchymal transition (EMT) and its reverse, the 

mesenchymal-to-epithelial transition (MET), during cancer progression. This includes the regulatory 

network of EMT driven by EMT transcription factors (TFs) and pathways. Throughout the EMT 

process, epithelial cells progressively diminish their unique features and take on mesenchymal 

properties. The schematic was created using Biorender.com.  

 

The epithelial-mesenchymal transition (EMT) process is intricate, dynamic, and reversible, 

unfolding in multiple stages during cancer development and tumour progression. Studies 

indicate a strong link between EMT and poor outcomes for cancer patients, including tumour 

invasion, metastasis, and resistance to treatment. As epithelial cells undergo phenotypic 

remodelling along the epithelial-mesenchymal (E-M) axis, they enter a highly adaptable 

state, gradually losing their distinct molecular characteristics. This transformation includes 

alterations in cell adhesion molecules and cytokeratin, along with a decrease in E-cadherin 

(ECAD) markers. Consequently, these molecular changes lead to various morphological 

adaptations, such as the loss of apical-basal polarity, disruption of cell-cell junctions, and 

reduced cellular adhesion. In contrast, cells start expressing mesenchymal markers like N-

cadherin, Vimentin, and fibronectin, giving them an irregular spindle-like shape with front-

back polarity (36-39). This transition boosts their invasiveness and migratory abilities while 

heightening resistance to anti-cancer therapies. Several mechanisms have been recognised 

as initiators of EMT during cancer progression. Alarmingly, some cancer therapies have also 

been shown to inadvertently induce EMT (40, 41). Ionising radiation, commonly used as a 

cancer treatment, can provoke EMT by elevating hypoxic conditions in the TME, activating 
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multiple oncogenic signalling pathways, including HIF-1, Wnt, EGFR, PI3K/AKT, NF-kB, 

and Notch pathways, as well as influencing EMT-related transcription factors like SNAIL, 

ZEB, TWIST, and SLUG (Figure 2) (32, 37, 42-45). 

 

Our laboratory's previous studies on EMT in OSCC, along with existing literature, have 

discovered subpopulations of carcinoma cells that express both epithelial and mesenchymal 

markers – namely, E-cadherin (ECAD) and Vimentin (VIM) – at varying levels (46-48). 

This indicates mixed molecular and morphological phenotypes, which allows these cells to 

achieve increased motility while still preserving their adhesion properties. Increasing 

evidence suggests that the phenotypic shift along the E-M axis encompasses a spectrum of 

intermediate states, known as partial or hybrid EMT, rather than merely existing as a binary 

system. The increased plasticity observed in these hybrid cells is strongly linked to collective 

metastasis, tumour invasion, cancer stemness, and resistance to therapies (49). Although the 

molecular mechanisms and regulatory factors underlying EMT states have been extensively 

identified and studied across various carcinomas, effectively targeting this phenotypic 

remodelling to potentially reverse it and re-sensitise tumour cells to cancer treatments 

remains inadequately understood. 

 

1.4. Glucose metabolism in cancer cells and exposure to 

hyperglycaemic conditions 

 

1.4.1. Cellular glucose metabolism and cancer progression 

 

Cellular respiration, commonly referred to as the metabolic breakdown of glucose, is an 

essential catabolic process. It breaks down glucose, generating adenosine triphosphate 

(ATP), which serves as a primary energy source for cells, along with other essential 

biomaterials that support the systems necessary for cell growth and the maintenance of both 

normal and cancerous cells (Figure 3). The deregulation of cellular metabolism is a critical 

feature of cancer, and researchers have extensively investigated the roles of glucose 

metabolism during carcinogenesis and tumour progression in various types of epithelial 
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malignancies. To survive the metabolically challenging environment while fulfilling the 

high demands for energy and biomaterials required for their uncontrolled growth, tumour 

cells are shown to engage in a reprogrammed type of cellular metabolism (50).  

 

 
 

Figure 3. Cellular respiration or glucose metabolism in normal cells. Red arrows denote the 

aerobic respiration process under oxygen-rich conditions. Blue arrows illustrate anaerobic 

respiration that occurs in low-oxygen environments. Key abbreviations: ADP = Adenosine 

diphosphate; ATP = Adenosine triphosphate; ETC = Electron Transport Chain; FAD = Flavin 

adenine dinucleotide; GLUT = Glucose transporter; NAD = Nicotinamide adenine dinucleotide; 

OAA = Oxaloacetate; TCA = Tricarboxylic Acid Cycle. This schematic was designed using 

BioRender.com, based on adaptations from (51). 

 

 

In normal cells, glucose molecules enter through glucose transporters (GLUTs) and are 

converted to pyruvates. Their subsequent processing depends on the cellular oxygen (O2) 

conditions (Figure 3). Under O2-deprived conditions, glucose undergoes anaerobic 

respiration; pyruvate is transformed into lactic acid catalysed by lactate dehydrogenase 

(LDH), which also helps oxidise NADH to NAD+. Conversely, in the presence of ample 

oxygen, pyruvate is transformed into acetyl Coenzyme A and enters the Krebs cycle for 
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oxidation, producing additional energy as well as NADH and FADH2, which then donate 

electrons during the Electron Transport Chain (ETC) (52). A newly identified concept called 

“aerobic glycolysis”, or the Warburg effect, describes how tumour cells primarily utilise 

anaerobic respiration to produce ATP, even in the presence of oxygen, distinguishing them 

from normal cells (53). This metabolic reprogramming goes beyond just glucose 

metabolism, encompassing lipid and amino acid metabolisms in tumour cells. While 

glycolysis is less efficient than aerobic respiration via oxidative phosphorylation, the 

byproducts of this process are essential for the uncontrolled proliferation of cancer cells. 

Consequently, to make up for inadequate energy production, cancer cells significantly 

increase glucose uptake by enhancing the expression of glucose transporters and glycolytic 

activity (50).  

 

While the Warburg effect is recognised as a cornerstone of cancer cell metabolism, and 

cancer cells typically prefer it for energy production, not every cancer cell or type of tumour 

will choose this path (54). Mitochondrial and oxidative phosphorylation (OXPHOS) 

respiration is still utilised for ATP generation and other macromolecular byproducts (54).  

 

Under hyperglycaemic conditions, glucose uptake and metabolism rates significantly 

increase, leading to heightened production of reactive oxygen species (ROS) and hypoxic 

environments (55). These elevated hypoxic conditions can harm the genetic material of 

cancer cells and trigger various oncogenic signalling pathways that govern key features of 

tumorigenesis and mechanisms behind therapeutic resistance. This includes processes such 

as cellular proliferation, tumour angiogenesis, invasion, and metastasis.  

 

Growing evidence indicates a connection between hyperglycaemic conditions in diabetes 

patients and an increased risk of various cancers. Meta-analysis focusing on oral cancer in 

individuals with type 2 diabetes mellitus (T2DM) found that cancer incidence and mortality 

rates were higher in diabetic patients compared to non-diabetics (56, 57). Furthermore, 

hyperglycaemia is associated with more extended hospital stays and more advanced clinical 

stages of oral squamous cell carcinoma (OSCC). It also contributes to more frequent local 
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recurrences and distant metastasis, leading to diminished effectiveness of cancer therapies 

and poorer survival outcomes (Figure 4) (58). 

 

 

 

Figure 4. Survival outcomes over five years for OSCC patients, comparing those with 

hyperglycaemia to those without. The red line indicates hyperglycaemic patients, while the blue line 

shows non-hyperglycaemic patients. (A) Locoregional recurrence-free survival. (B) Distant 

metastasis-free survival. (C) Overall survival. (D) Disease-specific survival. (58)  

 

 

 

1.4.2. Hyperglycaemia and EMT remodelling 

 

The adaptability of tumour glucose metabolism plays a crucial role in the epithelial-to-

mesenchymal transition (EMT). Researchers have been actively exploring the link between 

prolonged hyperglycaemic exposure and tumour development as well as cancer metastasis. 

The subsequent downstream effects of metabolism changes in cancer cells, induced by 

hyperglycaemia, such as increased reactive oxygen species (ROS), oxidative stress, and 

hypoxia, have been shown to trigger EMT (59-61). The heightened production of ROS and 
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the hypoxic conditions within the tumour microenvironment (TME), driven by increased 

glucose uptake by cancer cells in hyperglycaemic settings, have been demonstrated to 

activate EMT in several types of carcinomas (62, 63). This activation promotes tumour 

invasion, metastasis, and resistance to treatment. Moreover, the exacerbated hypoxia 

stimulates various signalling pathways that facilitate the phenotypic shift along the E-M axis 

by boosting the expression of EMT transcription factors (42, 64). In pancreatic cancer, 

excessive production of ROS, particularly H2O2, facilitates EMT by downregulating ECAD 

and increasing levels of VIM, N-cadherin (NCAD), and the EMT transcription factor SNAIL 

(65). Furthermore, SNAIL has been demonstrated to trigger EMT in gastric cancer under 

hyperglycaemic conditions by promoting the expression of enolase 1 (ENO1) via the 

activation of the TGF/Smad signalling pathway (66). Additionally, the molecular 

mechanisms underlying hyperglycaemia-induced EMT differ among various carcinomas. In 

the case of bladder cancer, hyperglycaemia triggers the activation of YAP1/TAZ signalling, 

resulting in the downregulation of ECAD and the upregulation of NCAD, VIM, and 

fibronectin (67). In contrast, the increased secretion of VEGF mediated by ER/GLUT4 

contributes to hyperglycaemia-induced EMT in uterine cancer (68).  

 

While extensive research has explored the relationship between tumour exposure to 

hyperglycaemic conditions and the induction of epithelial-mesenchymal transition (EMT) 

in various carcinomas, this link remains undefined in oral squamous cell carcinoma (OSCC). 

Additionally, the molecular mechanisms that enable this association between 

hyperglycaemia and EMT involve a complex interplay of various signalling pathways and 

regulatory factors, which still need further investigation.   

 

1.5. Rationale for the Project and Objectives of the Study 

 

1.5.1. Project rationale 

 

Current literature emphasises that intratumor phenotypic heterogeneity along the epithelial-

mesenchymal (E-M) axis is critical for tumour initiation, invasiveness, metastasis, and 
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resistance to radiation therapy. Conversely, the link between hyperglycaemia and 

heightened cancer risk, as well as tumour progression, has been well-documented across 

various human carcinomas, including OSCC. Additionally, several retrospective studies 

have shown that chronic high glucose exposure in diabetic patients can affect how different 

cancer types respond to radiation therapy, leading to increased rates of treatment failure and 

cancer recurrence. Nonetheless, few studies have actually explored how hyperglycaemia 

impacts tumour cellular responses to radiotherapy. Given the high metastatic rates and 

frequent local recurrences after treatment for epithelial carcinoma, a thorough understanding 

of the intricate mechanisms involved is essential for enhancing the therapeutic effectiveness 

of treatment.  

 

Our previous lab data indicate that OSCC cell lines show significantly higher radiation 

resistance (S.F.) under hyperglycaemia-induced metabolic stress (Figure 5). Although the 

link between hyperglycaemia, EMT and cancer progression is well-known, the specific 

effects of these factors on the response of epithelial carcinoma to ionising radiation (IR) and 

subsequent dynamic remodelling are not fully understood. To gain a deeper insight into the 

in vivo effects of hyperglycaemia, IR exposure, and intratumoral phenotypic heterogeneity 

along the E-M axis, we cultivated OSCC cells in a 3D spheroid system rather than the 

standard 2D monolayer cell culturing. This approach mimics the 3D architecture of tumours, 

in vivo exposure to external stressors, and factors affecting tumour cell radiosensitivity, such 

as cell-to-cell interactions and hypoxia. 
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Figure 5. Levels of radioresistance in OSCC cell lines influenced by hyperglycaemic stress. (A) 

This section outlines the experimental design for (C). Cells from four distinct OSCC cell lines were 

cultured for seven days under hyperglycaemic conditions (+ 20 mM glucose) and a normal-glucose 

control (+ 20 mM mannitol) before being subjected to ionising irradiation (IR- 2 Gy). The clonogenic 

assay was carried out on day 10 post-irradiation. (B) Here are the formulas used to calculate Plating 

Efficiency (P.E.) and Survival Fraction (S.F.). (C) Bar graphs depict the P.E. and S.F. of OSCC cell 

lines. Statistical analysis was performed using an unpaired two-tailed t-test (*p < 0.05, **p < 0.01). 

The values presented are mean ± SD.  

 

1.5.2. Hypothesis and objectives of the study  

 

We hypothesised that exposure to hyperglycaemic conditions would promote EMT 

remodelling in OSCC-derived spheroids and further accelerate the process of EMT as a 

response to ionising radiation.  

 

To address this hypothesis, our objectives are:  

- To perform molecular analyses to evaluate the expression of EMT canonical markers 

and the regulation of EMT transcription factors following exposure to 

hyperglycaemic conditions and ionising radiation. 

- To assess and validate the key transcriptional signatures obtained from existing RNA 

sequencing data.  
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2.1. General tissue culture  

 

This study utilised two well-characterised tongue carcinoma cell lines: SCC4, acquired from 

the American Type Culture Collection (ATCC), and BICR22, sourced from the European 

Collection of Authenticated Cell Cultures (ECACC). These two cell lines were 

cryopreserved in dimethyl sulfoxide (DMSO), a cryoprotective agent, and stored in liquid 

nitrogen at -196°C to ensure long-term viability. The cells were expanded in an oral culture 

medium, which consisted of filtered Dulbecco’s Modified Eagle’s Medium/Nutrient 

Mixture F-12 (DMEM/F12) (Sigma-Aldrich, Cat. # D8437) supplemented with 10% foetal 

bovine serum (Gibco, Cat. # 26140079) and 1% GlutaMAX (Gibco, Cat. # 35050079).  

 

The cryopreserved cryovials containing SCC4 and BICR22 cells were rapidly thawed in the 

37°C water bath until only a small ice core remained and then transferred into 15 mL Falcon 

tubes containing 2 mL of oral medium and centrifuged at 1500 r.p.m for 5 min at 4°C to 

pellet the cells. After discarding the supernatant, the cell pellet was resuspended in 1 mL of 

oral medium and transferred into 10 cm tissue culture dishes containing 7 mL of oral 

medium. The cells were expanded in a humidified incubator with 5% CO2 at 37°C. The 

culturing medium was replaced every two or three days to remove metabolic waste and 

provide fresh nutrients. Once the cell confluency had reached approximately 70-80%, the 

cells were passaged at a 1:2 ratio.  

 

For cell passaging, SCC4 and BICR22 culture plates were washed with Dulbecco’s 

phosphate-buffered saline (DPBS) (Gibco, Cat. # 14190136) to remove residual serum and 

debris. The cells were then incubated with TrypLE enzyme (Gibco, Cat. # 12605010) for 5 

to 7 min to dissociate the adherent cells. An equal volume of oral media was added to the 

dishes to neutralise the TrypLE enzyme. The cell suspension was collected into the Falcon 

tubes, which were then centrifuged to pellet the cells, and the supernatant was discarded. 

The cell pellets were then resuspended in the fresh oral medium and transferred into two or 

three new 10 cm culture dishes at the desired ratio. The plates were kept in the incubator for 

expansion until they reached 80-90% confluency. Depending on the experimental 

requirements, the cells were then passaged again at the appropriate ratio.  
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The extra culturing dishes were cryopreserved again for future experiments. In this process, 

the cells were washed with DPBS, incubated with the TrypLE enzyme to dissociate adherent 

cells, and centrifuged at 1500 r.p.m for 5 min at 4°C. The cell pellets were resuspended in 

oral media containing 10% DMSO and aliquoted into cryovials. These vials were placed in 

an insulated box and stored at -80°C overnight to allow gradual cooling before being 

transferred to liquid nitrogen for long-term storage.   

 

Every step of these protocols was executed with sterile equipment under strict aseptic 

conditions to avoid any potential contamination. 

 

2.2. Hyperglycaemia-induced metabolic stress of OSCC cells 

 

The glucose medium was formulated using filtered Dulbecco’s Modified Eagle’s 

Medium/Nutrient Mixture F-12 (DMEM/F12) (Sigma-Aldrich, Cat. # D8437), 10% foetal 

bovine serum (FBS) (Gibco, Cat. # 26140079), 2 mM GlutaMAX (Gibco, Cat. # 35050079), 

and 20 mM filtered D-(+)-Glucose solution (Sigma). In the preparation of the mannitol 

medium, the equivalent concentration of mannitol (Sigma) was added in place of glucose. 

 

After at least two passages, once the plates had reached 80-90% confluence, the cells were 

harvested and resuspended in 1 mL oral medium per two collected plates. Eight to ten culture 

dishes containing 8 mL oral medium were prepared for each cell line. The plates were 

divided into two experimental groups: (1) glucose for inducing hyperglycaemic metabolic 

stress (glucose group) and (2) mannitol as the control (mannitol group). In the glucose group, 

100 µL of the resuspended cells were added to each plate, whereas in the mannitol group, 

80 µL was added per plate. The plates were incubated in a humidified environment with 5% 

CO2 at 37°C for 3 to 4 h, allowing the cells to settle at the bottom of the plates. When the 

cells had adhered and settled, 20 mM of either filtered D-(+)-Glucose or filtered mannitol 

solution was distributed to the respective plates. The cells were then incubated for seven 

days, with the glucose and mannitol media replenished every three to four days. 
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2.3. Generation of 3D tumour spheroid model and irradiation 

 

Following the seven days of expansion under metabolic stress, the cells were harvested and 

resuspended in their respective sugar-containing medium. Drops of 25-30 L of the 

resuspended cells were carefully deposited onto the inverted lids of the culture dishes. These 

lids were then gently reverted and placed onto the dishes filled with 4 – 5 mL of DPBS to 

prevent evaporation of the hanging drops. The plates with the hanging drops were incubated 

overnight in a humidified environment at 37°C and 5% CO2, allowing the cell sheets to form 

without adhering to the lid surface. The cell sheets were then individually transferred to the 

12-well plates containing 1-2 mL of the corresponding sugar medium using P1000 pipette 

tips with clipped ends to reduce the pressure suction pressure. The 12-well plates were 

placed on an orbital shaker in a humidified incubator supplemented with 5% CO2 at 37°C 

overnight, allowing the cell sheets to form a spherical shape.  

 

The next day, the glucose and mannitol media from the 12-well plates were replaced with 

the standard oral culture medium before irradiation. Subsequently, the spheroids were 

irradiated with 200 cGy X-rays in the enclosed chamber of the X-RAD 320 irradiator 

(Precision X-Ray) at a dose rate of 90.77 cGy/min. The control samples remained on the 

orbital shaker in the incubator without radiation exposure. The irradiated spheroids were 

placed in the incubator and collected at 2 and 24 h after irradiation for subsequent 

experiments.  

 

2.4. Tumour tissues 

 

The fresh, frozen tumour tissues dissected from diabetic and non-diabetic patients were 

obtained from the Head and Neck Tumour Banking (Table 1). Once the fresh specimens 

were brought from the operating theatre to the Tissue Pathology Area in Lifehouse or Royal 

Prince Alfred Hospital (RPA), they were processed following the procedures outlined in the 

RPA Tissue Pathology Surgical Dissection Manual (DOCID-530-31): 
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(1) Identification checks were conducted, including verifying specimen demographics, 

matching request form details with those on the specimen containers, and confirming the 

consent form for tumour banking had been obtained, signed, dated, witnessed, and attached. 

Preoperative pathology and radiology reports were also attached along with the specimens.  

 

(2) The specimens were examined to ensure that tumour banking would not compromise 

histopathological assessment. The primary goals were to achieve an accurate diagnosis, 

assess margins, and identify prognostic factors. Tumours must be at least 15 mm in the 

largest diameter before sampling.  

 

(3) When sampling for the tumour bank, macroscopic findings were documented, a sterile 

technique was used, and margins were differentially inked and documented with diagrams 

and photographs. The specimens were incised through the tumour to assess its size and 

location relative to margins, and a thin slice through the centre of the tumour was taken, 

avoiding necrotic, keratinous, haemorrhagic, mucoid, or otherwise non-cellular areas. 

Tumour tissues were placed into a sterile cryotube, and 2x3 mm normal tissue away from 

the tumour and margins were also collected into a cryotube. The time and date of sampling 

were noted on the specimen data form, and the TBO prepared the specimen. 

 

(4) Any remaining tissue was placed in formalin and processed routinely. 
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Table 1. TNM Staging of the tumour tissues dissected from tongue cancer patients with/without diabetes. (*) Tumour and normal tissues 

used in the Immunohistochemistry experiment assessing ECAD and VIM expression. (**) Tumour and normal tissues used in the qRT-PCR to 

validate the expression of the genes of interest.  

 

Sample T-

Stage 

N-

Stage 

M-

Stage 

Staging Diabetes 

Dx 

HbA1c BGL 

Fasting 

BGL 

Random 

Diabetic rx Outcome 

SP-20-032134(**) 4a 3b 0 4 T2DM 7 4.4 15.7 
Nil, previously 

gliclazide 160mg BD 

Died of metastatic lung cancer and 

metastatic HNC. 

SP-20-022014(**) 3 0 0 3 T2DM N/A N/A 9.7 
Metformin XR 500mg 

BD 

Died of unresectable locally advanced 

tongue SCC. 

SP-20-006784(*)(**) 2 0 0 2 T2DM 6.9 N/A 19.3 
Empagliflozin 25mg 

mane, Novomix 36/32 
Died of metastatic buccal SCC. 

SP-20-017562(**) 3 2B 0 3 No Diabetes N/A N/A N/A - Alive, no disease 

SP-20-007297(*)(**) 3 0 0 3 No Diabetes N/A N/A N/A - Alive, no disease 

SP-20-022392(**) 2 1 0 3 No Diabetes N/A N/A N/A - Died, with Head and Neck Cancer 
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2.5. Total protein extraction and Western Blotting 

 

The spheroids were harvested from the 12-well plates and transferred into RIPA buffer 

(Thermo Fisher Scientific, Cat. # 89900) with 1% protease/phosphatase inhibitors (Thermo 

Fisher Scientific, Cat. # 78440). The spheroids were lysed on ice using the sonication pulses 

from the VEVOR FS-450N Ultrasonic Homogeniser Sonicator. The resulting cell lysates 

were then centrifuged at 14,000 r.p.m for 10 min at 4°C and then mixed with Laemmli buffer 

(Bio-rad, Cat. # 1610747) and β-mercaptoethanol (BME) (Sigma, Cat. # M7154).  

 

For the Western blotting run, the cell lysates were heated to 95°C for 5 min before being 

loaded onto the 4-15% Tris-Glycerine extend precast polyacrylamide gels (Bio-Rad). The 

samples were subjected to denaturing electrophoresis in 1X running buffer (25 mM Tris, 

192 mM glycine, and 0.1% sodium dodecyl sulphate (SDS)) (Bio-Rad). Initially, the voltage 

was set to 150V for the first 5 min, then increased to 200V until the protein bands reached 

the bottom of the gels. Afterwards, the gels were transferred onto 0.2 mm nitrocellulose 

membranes using the Trans-Blot Turbo Transfer System (Bio-Rad) for 7 min, set at 2.5 A 

and 25 V. 

 

The membranes were blocked for 15 min using 5% milk powder in 1X TRIS-buffered saline 

(TBS) (1M Tris-HCl, 0.8% NaCl, pH 7.5) and 0.1% Tween-20 (TBST). The membranes 

were then washed three times with TBST, each for 5 min, before the overnight incubation 

at 4°C with the primary antibodies: 1/5000 anti-H2AX (Abcam, Cat. # ab81299) and 

1/2000 anti-Vinculin (Sigma-Aldrich, Cat. # V9131) diluted in 5% bovine serum albumin 

(BSA) (Sigma-Aldrich, Cat. # A4919) in TBST.  

 

On the next day, after three 5-minute washes with TBST, the membranes were incubated for 

1 hour in the dark at room temperature with 1/10000 fluorescent secondary antibodies, 

including IRDye 680RD (LI-COR Biosciences, Cat. # 926-68073) and 1/10000 secondary 

antibody IRDye 800CW (LI-COR Biosciences, Cat. # 926-32212) diluted in 5% BSA in 

TBST. Throughout the incubations with both primary and secondary antibodies, the 
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membranes were gently rocked or placed on an orbital shaker at low speed to ensure even 

coverage with the antibody mixtures.  

 

The fluorescent signals from the targeted proteins were detected by the Odyssey Fc Imaging 

System (LI-COR Biosciences), and the images were captured using the Image Studio 

software (LI-COR Biosciences). 

 

 

2.6. Immunohistochemistry, Haematoxylin and eosin staining and 

fluorescence microscopy 

 

2.6.1. Preparation of tumour spheroids, human tumour tissues and cryosection 

 

The oral medium in the plates was discarded, and the tumour spheroids were rinsed with 

ice-cold DPBS and subsequently fixed with 4% paraformaldehyde (PFA) for 10 min at room 

temperature. Following fixation, the spheroids were dehydrated in a 25% sucrose solution 

for 15–30 min, or until they sank to the bottom of the plates. They were subsequently 

transferred into cryomolds filled with Optimal Cutting Temperature (O.C.T.) compound.  

 

The fresh, frozen tongue cancer tumour tissues were cut into small pieces and washed with 

PBS before being fixed with 4% PFA overnight at 4°C. The fixed tumour tissues underwent 

a gradient dehydration process with 10% and 20% sucrose (one hour each at 4°C), followed 

by 30% sucrose overnight at 4°C. They were then transferred into cryomolds containing the 

O.C.T. compound. These O.C.T. blocks, containing tumour spheroids and tumour tissue, 

were initially frozen on dry ice before being transferred to and stored at -80°C. 

 

The frozen O.C.T. blocks containing tumour spheroids and tumour tissues were sectioned 

into 6 – 8 m slices using a cryostat (Leica Biosystems) and collected onto poly–L–Lysine–



Chapter 2 – Methods 

 

 
30 

coated slides, prepared for the subsequent immunohistochemistry and haematoxylin and 

eosin staining procedures. 

 

2.6.2. Immunohistochemistry staining and fluorescent microscopic imaging 

 

The sections of tumour spheroids and tissues collected on glass slides were fixed with 4% 

PFA for 10 min. Following the fixation, the sections were blocked and permeabilised with 

3% donkey serum (Sigma, Cat. # D9663), 0.1% BSA, and 0.1% Triton X-100 in PBS for 

one hour at room temperature. Afterwards, the sections were incubated with primary 

antibodies in 1% BSA/PBS overnight at 4°C. The primary antibodies used were anti-E-

cadherin (ECAD) (R&D Systems Cat. # AF748) at a 1/200 dilution and anti-Vimentin 

(VIM) (Abcam, Cat. # 92547) at a 1/1000 dilution.  

 

The following day, the slides were washed with 0.1% Tween-20 in PBS (PBST) before 

incubation with secondary antibodies in 1% BSA/PBS for one hour in the dark at room 

temperature. The secondary antibodies used were 1/500 Alexa Fluor 555-conjugated donkey 

anti-goat (Invitrogen, Cat. # A31572) and 1/500 Alexa Fluor 488-conjugated donkey anti-

rabbit (Invitrogen, Cat. # A11055). To protect the fluorescent signals from light damage, the 

slides were kept in the dark after this step. Subsequently, the slides were washed with PBST, 

and the cell nuclei were stained with 1/8000 Hoechst (Invitrogen, Cat. # H3569) in PBS for 

5 min. Finally, the slides were mounted with ProLong™ Gold Antifade Mountant 

(Invitrogen, Cat. # P36930) and covered with coverslips.  

 

2.6.3. Fluorescence microscopic imaging and quantification 

 

The fluorescent signals on tumour spheroids and tissue sections were captured using the 

Olympus U-RFL-T fluorescent microscope, and images were processed through Leica 

Application Suite (LAS) software. For each biological replicate, five random, identical-sized 

areas were selected from the fluorescent images, which showed only nuclei. The 

quantification was then conducted on the overlaid images with the other biomarker 
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fluorescent channels. The average percentage for each biological replicate was calculated 

from the number of cells positive for either or both biomarker fluorescent signals relative to 

the total number of nuclei in the selected areas. 

 

2.7. Total RNA extraction, Quantitative Reverse Transcription 

Polymerase Chain Reaction (qRT-PCR), and RNA Sequencing 

 

2.7.1 Total RNA Extraction from OSCC tumour spheroids and human tumour 

tissues 

 

The metabolic-stressed and irradiated OSCC tumour spheroids were collected, washed with 

DPBS and transferred into RNase-free 1.5 mL Eppendorf tubes. The fresh frozen tumour 

tissues were dissected into 20 mg pieces and then frozen in liquid nitrogen. The frozen 

tissues were ground into fine powder and transferred into RNase-free Eppendorf tubes. The 

tumour spheroids and ground tissues were lysed in Lysis buffer RLY and β-mercaptoethanol 

(BME) and subsequently proceeded to RNA extraction using the Isolate II RNA Mini kit 

(Bioline, Cat. # BIO-52072), following the protocol provided by the manufacturer. The 

concentration and quality of the extracted total RNA samples were assessed using a 

NanoPhotometer (Integrated Science).   

 

2.7.2 cDNA synthesis and qRT-PCR 

 

The extracted total RNA samples were reverse-transcribed into complementary DNA 

(cDNA) using the SensiFAST cDNA Synthesis Kit (Bioline, Cat. # BIO-65054) according 

to the provided protocol from the manufacturer. In brief, the total RNA sample was mixed 

with 4x TransAmp buffer, reverse transcriptase and RNase-free water. The mixtures were 

subsequently placed in the thermal cycler with the following steps: annealing at 25°C for 10 

min, reverse transcription at 42°C for 30 min, enzyme inactivation at 85°C for 5 min, and 

then holding at 4°C.  
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Table 2. Forward and reverse primer sequences used for qRT-PCR 

 

Gene Forward primer Reverse primer 

ECAD GCAGAACTGTCCCTGTCCCAG GAACAGCACGTACACAGCCCT 

VIM TCTCTGAGGCTGCCAACCG CGAAGGTGACGAGCCATTTCC 

SNAIL ACCACTATGCCGCGCTCTT GGTCGTAGGGCTGCTGGAA 

TWIST GGACAAGCTGAGCAAGATTCAGA TCTGGAGGACCTGGTAGAGGAA 

SLUG TGTTGCAGTGAGGGCAAGAA GACCCTGGTTGCTTCAAGGA 

ZEB1 GCACCTGAAGAGGACCAGAG TGCATCTGGTGTTCCATTTT 

GUSB CCACCAGGGACCATCCAAT AGTCAAAATATGTGTTTCTGGACAAAGTAA 

GAPDH GGATTTGGTCGTATTGGG GGAAGATGGTGATGGGATT 

-Actin CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT 

ITGA3 GCCTGACAACAAGTGTGAGAGC GGTGTTCGTCACGTTGATGCTC 

ITGAV AGGAGAAGGTGCCTACGAAGCT GCACAGGAAAGTCTTGCTAAGGC 

ITGB4 AGGATGACGACGAGAAGCAGCT ACCGAGAACTCAGGCTGCTCAA 

MMP2 AGCGAGTGGATGCCGCCTTTAA CATTCCAGGCATCTGCGATGAG 

MMP9 GCCACTACTGTGCCTTTGAGTC CCCTCAGAGAATCGCCAGTACT 

LAMB1 GAGGTGTCTCAAGTGCCTGTAC ACTGGCAGTCAGAGCCGTTACA 

LAMC1 CTGTGAGGTCAACCACTTTGGG AGCCTTCTCTGCATTCACAGCG 

FN1 ACAACACCGAGGTGACTGAGAC GGACACAACGATGCTTCCTGAG 

IRS1 AGTCTGTCGTCCAGTAGCACCA ACTGGAGCCATACTCATCCGAG 
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The real-time RT-PCR (qRT-PCR) was conducted employing the SensiFAST SYBR Lo-

ROX Kit (Bioline, Cat. # BIO-94020). The primers that amplify the target genes for 

assessing EMT states and for RNA Sequencing validation are listed in Table 2. GAPDH, β-

Actin, and GUSB were utilised as housekeeping genes. A master mix was prepared for each 

targeted gene containing its forward and reverse primers, H2O, and the SensiFAST SYBR 

Lo-ROX mix containing SYBR® Green I dye, dNTPs, stabilisers and enhancers. After 

distributing the master mix into the PCR 96-well plate, the cDNAs were added and subject 

to the BioRad CFX96 PCR machine for the PCR measurement, starting with polymerase 

activation at 95°C for 2 min and then 40 cycles of denaturation at 95°C for 5 s, annealing at 

60°C for 10 s, and extension at 72°C for 20 s.  

 

The resulting Ct values obtained from the PCR machine were subsequently analysed to 

investigate the relative change in gene transcript level using the delta-delta Ct (ΔΔCt) 

method. The ΔCt values were first calculated based on the gene transcript Ct and the 

geometric mean Ct of the three housekeeping genes. The ΔCt values of the control and 

treated samples were then used to determine the ΔΔCt. The transcript expression analysis of 

each gene was performed in three experimental replicates. Statistical analysis was performed 

and evaluated using analysis of variance (ANOVA) in GraphPad Prism V10.4.1.  

 

2.7.3 RNA Sequencing 

 

The total RNAs isolated from the irradiated glucose- and mannitol-treated spheroids at 2 h 

and 24 h after radiation exposure and their respective control samples were subjected to an 

RNA integrity check. The integrity of the extracted RNA was measured with an Agilent 

4200 TapeStation (Agilent Technologies, Santa Clara, CA, USA) using RNA screentapes 

(Agilent Technologies, 5067-5576). RNA purity was assessed using a spectrophotometer 

(Eppendorf, Hamburg, Germany). 

 

For each sample, 400ng of RNA was used for library preparation at the Westmead Genomics 

Facility (The Westmead Institute for Medical Research, Sydney, Australia). The Illumina® 

Stranded mRNA Prep, Ligation kit (Illumina, San Diego, CA, USA) was used following the 
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protocol provided by the manufacturer. Libraries were then quantified with a 4200 

TapeStation (Agilent Technologies, Santa Clara, CA, USA) and their integrity was assessed 

with the Agilent D1000 ScreenTape System (Santa Clara, CA, USA). 

RNA sequencing was conducted at the Australian Genome Research Facility (Melbourne, 

Victoria, Australia) using an Illumina NovaSeq 6000 sequencer (Illumina, San Diego, CA, 

USA). The sequencing generated 50-base-pair (bp) paired-end reads, with around 20 million 

paired reads per sample, which were successfully mapped to the reference genome. 

 

To analyse the obtained data, the FASTQ files were downloaded using the KARAJ Unix 

toolset, chosen for its efficiency in managing large-scale batch downloads due to its 

multithreading capabilities (69). Adapter sequences (e.g., Illumina Nextera) were removed 

using Cutadapt, and the quality of reads was assessed with BBMap, excluding reads with a 

Phred score < 30 (70, 71). These steps ensured the removal of technical artifacts and low-

quality data. 

 

Reads were aligned to the T2T genome assembly CHM13v2.0 using STAR, a splicing-aware 

aligner optimised for handling repetitive and complex regions of the T2T CHM13v2.0 

genome assembly (72, 73). STAR was selected for its robust support of the ability to 

improve alignment accuracy in spliced regions. The T2T CHM13v2.0 genome assembly 

represents the most complete and recently characterised version of the human genome (72). 

Gene-level read counts were generated using FeatureCounts, restricting the analysis to reads 

covering at least 90% of exon regions (74). This threshold was applied to ensure an accurate 

representation of gene expression, minimising biases from partial alignments. 

 

Differential gene expression analysis was conducted using DESeq2 and R, which 

normalised read counts across conditions and applied variance-stabilising transformations 

(75). Genes with total counts across all samples of at least 10 were excluded before 

normalisation, ensuring cleaner input for normalisation, model fitting, and hypothesis 

testing. Genes were considered significantly expressed if they met the FDR threshold of less 

than 0.01. Biological replicates were included to improve statistical power and reliability. 
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Research has demonstrated that hyperglycaemia amplifies cancer aggressiveness across 

various types and worsens disease-free survival rates, including in patients with oral cancer 

(76). Additionally, our previous clonogenic assay experiment conducted on irradiated, 

hyperglycaemic-stressed models of four OSCC lines (SCC4, BICR22, SCC9, and SCC25) 

showed that elevated glucose levels affected the radiosensitivity of the SCC4 and BICR22 

lines, enhancing their survival rates after irradiation (Figure 5) (77). 

 

On the other hand, several studies have explored the association between hyperglycaemia 

and cancer EMT, observing that elevated glucose levels can enhance EMT via different 

mechanisms, thereby mediating tumour progression, aggressiveness, and therapeutic 

resistance (65, 66, 78-82). The phenotypic shift toward mesenchymal traits is linked with 

radioresistance and invasive capacity.  

 

This study focuses on exploring the potential relationship between metabolic stress induced 

by hyperglycaemia and EMT, as well as identifying the underlying molecular mechanisms. 

To achieve this, we chose SCC4 and BICR22 cell lines, which demonstrated high 

survivability after 7 days of hyperglycaemic stress during the clonogenic assay, as our 

primary study models.  

 

To explore the effects of hyperglycaemia on OSCC and their response to ionising radiation, 

SCC4 and BICR22 cells were exposed to metabolic stress for seven days in 20 mM glucose. 

Another set of these two cell lines was subjected to metabolic stress with mannitol at the 

same concentration, which served as an osmolarity control (Figures 6A and B). The 

metabolic-stressed cells were then cultured as hanging drops, and the resulting cell sheets 

were developed into 3D tumour spheroids, which were then irradiated for further analyses 

(Figure 6C). 
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Figure 6. In vitro study of hyperglycaemic stress and irradiation in 3D tumour model derived from 

Oral Squamous Cell Carcinoma. (A) Two OSCC cell lines, SCC4 and BICR22, were utilised in the 

study. (B) Hyperglycaemic metabolic stress in OSCC. (C) The generation of 3D tumour spheroids 

and the analysis of hyperglycaemic stress in the OSCC 3D model. (Created with Biorender.com)  
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3.1. Hyperglycaemic metabolic stress has no significant effect on 

the accumulation of radiation-induced DNA double-stranded 

breaks (DSBs) in OSCC tumour spheroids. 

 

Ionising radiation has been employed as an effective treatment for various types of cancer, 

including advanced-stage OSCC. This therapeutic approach induces a range of lethal 

damage to the cellular and genetic structures of cancer cells. High-energy X-rays inflict 

direct damage on the DNA strands of cancer cells and generate reactive oxygen species 

(ROS), which further compromise genetic integrity, leading to genomic instability and, 

ultimately, cell death (83). H2AX is a variant of histone protein H2A, when, as an early 

response to DNA double-stranded breaks (DSBs), phosphorylated at serine 139, is 

designated as γ-H2AX. γ-H2AX is recruited at the site of DNA damage to initiate the DNA 

repair processes (84, 85).  

 

To assess the effect of hyperglycaemia on the accumulation of radiation-induced DNA 

damage, total protein was extracted from both irradiated and non-irradiated hyperglycaemic-

stressed OSCC spheroids at 2 h and 24 h post-IR for western blotting experiment against γ-

H2AX, a sensitive marker for DNA DSBs, with Vinculin as loading control (Figure 7A).  

 

γ-H2AX expression was observed in both non-irradiated SCC4 spheroids treated with 

glucose and mannitol (Figure 7B). The level of γ-H2AX was elevated in hyperglycaemic-

stressed spheroids; however, it notably declined after radiation exposure. This might indicate 

early activation of DNA damage response (DDR) mechanisms. However, this DDR was 

possibly suppressed after activation, as the reduction was offset at 24 h post-IR, with all 

bands maintaining a similarly elevated γ-H2AX level, indicating high levels of accumulated 

DSBs.  
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Figure 7. The effect of hyperglycaemic metabolic stress on OSCC-derived spheroids in response 

to ionising radiation. (A) Timeline of total protein extraction from irradiated spheroids for the 

experiment. (Created with Biorender.com) (B) γ-H2AX expression levels in SCC4 spheroids in 

response to hyperglycaemia and IR. (C) γ-H2AX expression levels in BICR22 spheroids in response 

to hyperglycaemia and IR. Vinculin was utilised as the loading control. Bar graphs in (B) and (C) 

represent the quantification of the γ-H2AX band density.  

 

 

Tumour spheroids from BICR22 cells also exhibited an elevated level of γ-H2AX expression 

in glucose- and mannitol-treated samples (Figure 7C). Unlike the SCC4-derived spheroids, 

there was no significant radiation-induced change in γ-H2AX expression in either group. 

This pattern persisted for up to 24 hours post-IR in both glucose- and mannitol-treated 
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samples, despite an overall decline in γ-H2AX levels. This reduction may indicate the 

activation of DDR and DNA repair mechanisms, thereby resolving the DNA DSBs.  

 

In summary, although observation on γ-H2AX expression varies between SCC4 and 

BICR22, these findings indicate that hyperglycaemia does not significantly affect the 

occurrence of radiation-induced DNA double-strand breaks (DSBs) or their subsequent 

resolution.  

 

3.2. OSCC tumour spheroids exposed to hyperglycaemic conditions 

demonstrate a higher abundance of intermediate hybrid EMT 

states along the E-M axis.  

 

EMT has been a key focus in cancer research due to its significant role in tumour metastasis 

and resistance to therapies. On the other hand, hyperglycaemic conditions have been 

extensively studied and demonstrated to have substantial impacts on cancer progression, 

treatment strategies, and survivability. Hyperglycaemia promotes inflammation and 

oxidative stress through various signalling pathways, including TGF-β/Smad, Wnt/β-

catenin, and NF-κB pathways, which also have the potential to alter the expression of EMT 

markers such as E-cadherin, N-cadherin, and Vimentin (86-88).  

 

In order to investigate the impact of hyperglycaemia on cancer EMT, we obtained spheroids 

generated from metabolically stressed OSCC cells that were cultivated in a medium 

containing 20 mM glucose (or 20 mM mannitol as an osmolarity control) and exposed them 

to 2 Gy of ionising radiation. The spheroids were subsequently cryo-sectioned into 8-μm 

sections, which were subjected to immunohistochemistry utilising antibodies directed 

against E-cadherin (ECAD, an epithelial marker) and Vimentin (VIM, a mesenchymal 

marker) (Figure 8A). The representative images of the resulting immunofluorescent 

staining, which illustrate ECAD and VIM in the spheroid sections derived from SCC4 and 

BICR22, are presented in Figures 8B and 9A, respectively.  
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3.2.1. Hyperglycaemic metabolic stress promotes EMT remodelling toward 

hybrid EMT states in SCC4 spheroids. 

 

Research on EMT remodelling has revealed that this phenotypic transition is not a simple 

binary transformation of epithelial into mesenchymal cells (38, 39, 47). Instead, it is a multi-

step process that transits through intermediate states with high plasticity, known as partial 

or hybrid EMT. Cells exhibiting hybrid EMT characteristics show traits of both epithelial 

and mesenchymal cells and express their respective canonical markers (48).  

 

The immunohistochemical staining of antibodies against ECAD and VIM on sections of 

tumour spheroids derived from metabolically stressed SCC4 cells demonstrated the 

expression and precise localisation of both markers at the single-cell level (Figure 8B). Here, 

we observed the presence of a hybrid EMT cell subpopulation expressing both ECAD and 

VIM (ECADPos-VIMPos) in both mannitol- and glucose-stressed spheroids, with varying 

levels of ECAD expression. The quantitative analysis of this cellular subpopulation reveals 

a higher abundance of hybrid EMT cells in spheroids cultivated under hyperglycaemic 

conditions, highlighting the impact of hyperglycaemia on the EMT process (***p < 0.001)  

(Figure 8C).  
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Figure 8. The hyperglycaemia-induced phenotypic switch along the epithelial-mesenchymal axis 

in SCC4-derived tumour spheroids with and without exposure to IR. (A) The collection and 

preparation of OSCC-derived tumour spheroids at 2 h and 24 h post-irradiation for 

immunohistochemistry. (B) The representative images of immunohistochemical stained with 

antibodies against the canonical epithelial and mesenchymal markers, E-cadherin (ECAD, red) and 

Vimentin (VIM, green), respectively, on irradiated (2 Gy) and non-irradiated SCC4-derived 

spheroids, with and without hyperglycaemic stress, collected at 2 h and 24 h post-irradiation (scale 

bar: 10 μm). The cell nuclei were counterstained with Hoechst (blue). Arrows indicate cells with 

ECADLow/Neg-VIMPos phenotype. (C) Bar graph demonstrating the quantification of hybrid EMT cells 

(ECADPos-VIMPos). (D) Bar graph demonstrating the quantification of ECADLow/Neg-VIMPos cells. 

The quantification was performed on experimental triplicates. Statistical analysis was conducted 

with two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001). Values represent mean  SD. 
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The spheroids were exposed to 2 Gy of ionising radiation to assess the potential effects of 

hyperglycaemia on EMT remodelling in response to radiation. Following irradiation, a 

notable early elevation in the hybrid cell population was observed in mannitol-stressed 

spheroids just 2 h post-IR (***p < 0.001). In contrast, hyperglycaemic spheroids did not 

show a comparable increase until the 24-hour timepoint; however, the increase was not as 

significant as in mannitol samples (*p < 0.05) due to a much higher baseline of hybrid EMT 

cell abundance in non-irradiated spheroids (***p < 0.001). Altogether, these findings 

suggest that hyperglycaemic metabolic stress promotes the phenotypic shift toward the 

hybrid EMT states in OSCC cells.  

 

3.2.2. Exposure to hyperglycaemic conditions promotes the generation of the 

ECADLow/Neg-VIMPos cell subpopulation in SCC4 3D tumour spheroids. 

 

Our data confirms the presence of the hybrid EMT state in OSCC spheroids and the effect 

of hyperglycaemia on the generation of this subpopulation. However, the hybrid E-M state 

has been demonstrated to exhibit high plasticity and can shift along the E-M axis in response 

to environmental stresses (89, 90). Our previous study on EMT remodelling in OSCC 

revealed the emergence of a new subpopulation expressing low to negative ECAD levels 

while still exhibiting high levels of VIM, referred to as ECADLow/Neg-VIMPos, in response to 

radiation (37). The generation of this phenotypic subpopulation was linked with increased 

invasive capacity and resistance to radiation.  

 

Immunohistochemistry analyses of SCC4 tumour spheroid sections indicated the presence 

of ECADLow/Neg-VIMPos (Figure 8B). Quantitative analysis of this subpopulation 

demonstrated a significant increase in the number of ECADLow/Neg-VIMPos cells in spheroids 

exposed to hyperglycaemic conditions, regardless of the effects of irradiation (***p < 0.001) 

(Figure 8D). Following exposure to IR, no immediate change was noted in both mannitol- 

and glucose-treated spheroids (at 2 h post-IR). However, this increased in both groups at 24 

h after irradiation. Metabolic stress in hyperglycaemic conditions seems to have shifted more 

cells in the spheroids toward the ECADLow/Neg-VIMPos in response to ionising radiation 

(mannitol: *p < 0.05, glucose: **p < 0.01) (Figure 8D).  
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Figure 9. The hyperglycaemia-induced phenotypic switch along the epithelial-mesenchymal axis 

in BICR22-derived tumour spheroids with and without exposure to IR. (A) The representative 

images of immunohistochemical stained with antibodies against the canonical epithelial and 

mesenchymal markers, E-cadherin (ECAD, red) and Vimentin (VIM, green), respectively, on 

irradiated (2 Gy) and non-irradiated BICR22-derived spheroids, with and without hyperglycaemic 

stress, collected at 2 h and 24 h post-irradiation (scale bar: 10 μm). The cell nuclei were 

counterstained with Hoechst (blue). Arrows indicate cells with ECADLow/Neg-VIMPos phenotype. (B) 

Bar graph demonstrating the quantification of hybrid EMT cells (ECADPos-VIMPos). (C) Bar graph 

demonstrating the quantification of ECADLow/Neg-VIMPos cells. The quantification was performed on 

experimental triplicates. Statistical analysis was conducted with two-way ANOVA (*p < 0.05, **p 

< 0.01, ***p < 0.001). Values represent mean  SD. 

 

 

To ensure that these findings are not limited to a single cell line, we performed experiments 

using a different OSCC cell line, BICR22, which also expressed a notable level of 

radioresistance following exposure to hyperglycaemic conditions. The 

immunohistochemistry and quantitative analyses of the sections from hyperglycaemic-

stressed BICR22 tumour spheroids confirmed the presence of both ECADPos-VIMPos and 

ECADLow/Neg-VIMPos subpopulations and the effect of hyperglycaemic condition on their 
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abundance  (Figure 9). In summary, our data strongly indicate that hyperglycaemic treatment 

notably accelerates the phenotypic shift towards E-M hybrid states and leads to a marked 

transition towards a mesenchymal-like phenotype following exposure to ionising radiation.  

 

3.2.3. Tongue tumour tissues from diabetic patients exhibit a high abundance 

of hybrid epithelial-mesenchymal phenotype and mesenchymal-like 

ECADLow/Neg-VIMPos subpopulations. 

 

Recognising that tumour structures exhibit greater cellular and molecular complexity than 

3D tumour spheroids, we investigated whether the phenotypic transition along the E-M axis 

occurs in tongue tumour tissues and whether hyperglycaemic conditions in diabetic patients 

influence this cellular transition.  

 

Figure 10A displays representative images of haematoxylin and eosin (H&E) staining, along 

with immunohistochemistry staining of tongue cancer tissue sections from diabetic and non-

diabetic patients. The immunofluorescent images reveal the existence of the hybrid E-M cell 

population in both diabetic and non-diabetic tumour tissues (Figure 10A). Additionally, 

these images indicate a more significant presence of ECADLow/Neg-VIMPos cells in the tissues 

from diabetic tumours. Quantification of these subpopulations reaffirmed this observation 

and further supported our findings about the impact of hyperglycaemic conditions on the 

phenotypic transition (Figure 10B). 
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Figure 10. The states of EMT in tumour tissues from cancer patients with diabetes. (A) I, III, V, 

and VII: Haematoxylin (blue) and eosin (red) staining on normal and tumour tissue samples from 

non-diabetic and diabetic patients (scale bar: 100 m). II, IV, VI, and VIIII: Immunofluorescent 

staining on the normal tongue and tongue tumour tissue samples from non-diabetic and diabetic 

patients with antibodies against E-cadherin (ECAD, epithelial marker, red) and Vimentin (VIM, 

mesenchymal marker, green) counterstained with Hoechst (nuclei, blue) (scale bar: 100 m). Arrows 

indicate cells with ECADLow/Neg-VIMPos phenotype. (B) Bar graph demonstrating the quantitative 

analysis on non-diabetic and diabetic tumour tissues. The quantification was performed on 
experimental triplicates. Statistical analysis was conducted with two-way ANOVA (*p < 0.05, **p 

< 0.01, ***p < 0.001). Values represent mean  SD. 
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3.3. The influence of hyperglycaemic conditions on EMT-inducing 

transcription factor regulation during the phenotypic transition 

along the E-M axis in OSCC spheroids. 

 

The phenotypic transition along the E-M axis is primarily driven by the active modulation 

of EMT transcription factors (TFs), including ZEB1, SNAIL, SLUG, and TWIST. These 

factors facilitate the transformation of epithelial cells through various intermediate hybrid 

states with high levels of plasticity, ultimately progressing towards a mesenchymal state that 

shows enhanced invasiveness and resistance. In order to evaluate the regulation of these 

transcription factors under hyperglycaemic conditions and in response to exposure to 

ionising radiation, a quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

analysis was conducted on the total RNA samples extracted from the metabolic-stressed 

SCC4 and BICR22-derived tumour spheroids. This analysis included an assessment of the 

transcriptional expression of four EMT-driving transcription factors alongside the 

expression levels of E-cadherin and Vimentin.  

 

In SCC4-derived spheroids without radiation exposure, both SNAIL and SLUG exhibited a 

significant reduction in hyperglycaemic samples (SNAIL: ***p < 0.001 at 24 h; SLUG: *p 

< 0.05 at 2 h and ***p < 0.001 at 24 h) (Figure 11A). Two hours after exposure to 2 Gy of 

radiation, an upregulation of SLUG expression level was detected in both mannitol- and 

glucose-stressed samples; however, the significance was less pronounced in glucose (*p < 

0.05) than in mannitol (***p < 0.001). In contrast, SNAIL was upregulated at 24 h after 

irradiation in hyperglycaemic spheroids (***p < 0.001), while downregulated in mannitol-

treated spheres (***p < 0.001). No notable differences were observed in the transcriptional 

expression levels of ZEB1 and TWIST in SCC4 spheroids treated with glucose versus those 

treated with mannitol without irradiation. Following IR exposure, the expression levels of 

both factors increased in hyperglycaemic-stressed spheroids compared to the irradiated 

mannitol-stressed spheroids (ZEB1: *p < 0.05 and TWIST: **p < 0.01). Lastly, there were 

alterations in the expression levels of ECAD and VIM in response to hyperglycaemic 

conditions and irradiation, yet these changes lacked statistical significance.  

 



Chapter 3 – Results 

 

 
48 

In spheroids originating from BICR22, the hyperglycaemic conditions heightened the 

expression of TWIST (***p < 0.001); conversely, SNAIL levels in all hyperglycaemic 

samples were notably diminished regardless of irradiation (***p < 0.001) (Figure 11B). 

Two hours following IR exposure, both SNAIL and TWIST levels in hyperglycaemic 

spheroids were reduced compared to control samples. However, no notable changes were 

detected in the transcriptional level of ZEB1 and SLUG. Both ECAD (***p < 0.001) and 

VIM (**p < 0.01) exhibited an increased expression in the BICR22 spheroids when 

subjected to hyperglycaemic conditions. After IR, VIM expression level remained relatively 

unchanged across both treatments. Conversely, ECAD was downregulated in spheroids 

treated with glucose (**p < 0.01), in contrast to its upregulation in those treated with 

mannitol (***p < 0.001). The decrease in ECAD expression in glucose-treated spheroids 

persisted 24 h after IR (*p < 0.05).  

 

In summary, our qRT-PCR analysis has highlighted the influence of hyperglycaemic 

conditions on the expression of EMT transcription factors and both epithelial and 

mesenchymal markers. This demonstrates their involvement in the E-M phenotypic 

transition in OSCC and provides valuable insights into the response to metabolic stress and 

radiation exposure. 

 

3.4. The transcriptional profiling analysis in irradiated spheroids 

under hyperglycaemic conditions explores some potential 

underlying molecular players 

 

The observed changes in E-M phenotypes and transcription factor regulation suggest 

hyperglycaemia enhances dynamic molecular remodelling in OSCC spheroids during the 

first 24 h after ionising radiation exposure. To further investigate the transcriptional 

dynamics of OSCC spheroids in response to environmental stimuli, we conducted RNA 

sequencing on total RNA obtained from irradiated glucose- and mannitol-treated SCC4-

derived spheroids exposed to 2 Gy of radiation at both 2 h and 24 h, alongside their control 

samples (Figure 12A).   
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Figure 11. The hyperglycaemia-induced regulation of EMT Transcription Factors in OSCC-

derived tumour spheroids in response to IR. Quantitative RT-PCR analysis was conducted on total 

RNA extracted from hyperglycaemic and non-hyperglycaemic (A) SCC4- and (B) BICR22-derived 

spheroids with and without being exposed to 2 Gy IR to assess the regulation of EMT TFs (SNAIL, 

SLUG, ZEB1, and TWIST), E-cadherin (ECAD, epithelial marker), and Vimentin (VIM, 

mesenchymal marker) in response to hyperglycaemic metabolic stress and IR. The results shown are 

representative of experimental triplicates. Values represented mean ± SD (*p < 0.05, **p < 0.01, 

***p < 0.001).  
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In elaborating the effects of hyperglycaemia, the transcriptional analysis of differentially 

expressed genes (DEGs) was assessed between hyperglycaemic stressed samples and 

mannitol-treated samples. At the 2-hour mark, 643 DEGs were identified, while 494 DEGs 

were recorded at 24 h. Notably, 105 DEGs were common to both groups, indicating the 

baseline impact of hyperglycaemic metabolic stress on SCC4 cells (Figure 12B). Among 

these DEGs, we noticed an upregulation of Lactate Dehydrogenase A (LDHA), which 

catalyses the conversion of pyruvate to lactate, confirming the glucose uptake of the cells 

under hyperglycaemic conditions. Subsequently, we conducted a pathway enrichment 

analysis on the DEGs that were common across both time points, using the comprehensive 

gene set enrichment analysis tool developed by the Ma’ayan Lab 

(https://maayanlab.cloud/Enrichr/#) (Figure 12C). Hyperglycaemic metabolic stress 

affected the organisation of the extracellular matrix (ECM), focal adhesion, and the 

interactions between the membrane and the ECM (Figure 12C). Moreover, hyperglycaemic 

conditions affected SCC4 cells across various cancer-related pathways, such as 

PI3K/Akt/mTOR, TNF, Integrins, and WNT signalling. The effects of hyperglycaemia on 

EMT-related molecular signalling were also observed, suggesting possible molecular 

pathways that might clarify how hyperglycaemic conditions are associated with phenotypic 

remodelling along the E-M axis (Figure 12C). 

 

An in-depth analysis of the transcriptional changes in SCC4 spheroids treated with glucose 

and mannitol, both with and without irradiation, identified 1467 DEGs in hyperglycaemic 

spheroids at 2 h and 1058 DEGs at 24 h post-irradiation. For mannitol-treated samples, 1001 

DEGs were detected at 2 h and 632 DEGs at 24 h after irradiation (see Figure 12D). 

Although the count of DEGs in both conditions at 24 h following exposure to ionising 

radiation, glucose-treated samples consistently showed a higher DEG count than mannitol-

treated samples, indicating that irradiation induces greater genomic instability in the 

glucose-treated spheroids.  

  

https://maayanlab.cloud/Enrichr/
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Figure 12. The transcriptomic profiling and pathway analyses of irradiated SCC4 spheroids under 

metabolic stress induced by hyperglycaemic condition. (A) The experimental design and timeline 

of sample extraction from SCC4 spheroids for RNA Sequencing analysis. (B) Venn diagram 

showing the number of differentially expressed genes (DEGs) in response to the hyperglycaemic 

condition. (C) Pathway enrichment analyses from the common DEGs in (B). (D) Number of DEGs 

in irradiated mannitol- and glucose-treated spheroids vs respective control (non-irradiated). (E) 

Pathway enrichment analyses from the DEGs in irradiated glucose-treated spheroids at 2 h vs the 

non-irradiated in (D). (F) Pathway enrichment analyses from the DEGs in irradiated glucose-treated 

spheroids at 24 h vs the non-irradiated in (D). In (C), (E), and (F), only the top 10 differentially 

expressed pathways from each database are demonstrated. 

 

Two hours after IR, over half of the differentially expressed genes (DEGs) were 

downregulated (65% in glucose, 67% in mannitol), suggesting  (Figure 12D). Ionising 

radiation influenced numerous cancer-related pathways, including MET signalling, 

Receptor Tyrosine Kinase (RTK), NOTCH, NF-κB signalling, and pathways connected to 

epithelial-mesenchymal transition (EMT) in hyperglycaemic samples (Figure 12E). 

Furthermore, pathways associated with immune responses, such as Interleukin-1 (IL-1) and 

Tumour Necrosis Factor (TNF), were also affected in response to hyperglycaemic 

conditions and irradiation (Figure 12E).  
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Twenty-four hours after radiation exposure, the total number of DEGs in samples treated 

with glucose and mannitol decreased but remained high in glucose-treated spheroids (Figure 

12D). Most radiation-induced DEGs were upregulated in both treatment groups, with 460 

out of 632 DEGs in mannitol and 775 out of 1058 in glucose-treated spheroids (Figure 12D). 

The pathway enrichment analysis of DEGs from irradiated hyperglycaemic-stressed 

spheroids showed significant dysregulation in immune response and immune escape 

signalling pathways, indicated by the upregulation of human leukocyte antigens (HLAs) 

(Figure 12F). Furthermore, the analysis of pathways ranked below the top 10 displayed in 

Figure 12F revealed several pathways linked to cancer progression, including the AKT, 

MAPK, and MET signalling pathways. Based on the transcriptional expression of DEGs 

between samples and the pathway enrichment analyses, we selected genes involved in 

various potential cancer- and EMT-related signalling pathways that were differentially 

regulated under hyperglycaemic conditions in response to irradiation for further 

investigation (Figure 13A). The analyses of protein interactions and co-expression 

conducted with the online tool STRING (https://string-db.org/) presented in Figures 13A 

and B uncovered a complex network of interactions among the selected genes, highlighting 

their correlated expressions. The potential functions of these genes in contributing to cancer 

progression and EMT will be thoroughly elaborated in the Discussion chapter.  

 

To assess how hyperglycaemia affects the expression of selected genes, we conducted a 

qRT-PCR analysis on total RNA extracted from normal tongue tissues and tongue tumour 

samples from diabetic and non-diabetic oral cancer patients (Figure 13C). The integrins 

ITGA3, ITGAV, and ITGB4 showed increased expression in tumour tissues relative to 

normal tongue tissues. Additionally, the transcriptional expressions of these three integrins 

were considerably higher in tumour tissues from diabetic patients (***p < 0.001), indicating 

that hyperglycaemic conditions may impact their linked molecular signalling, potentially 

affecting EMT remodelling. LAMB1, LAMC1, MMP2, and FN1 were also found to be 

upregulated in diabetic tumour samples when compared to diabetic normal tissues and non-

diabetic tumour tissues. Although MMP9 levels were significantly greater in tongue cancer 

tissues from non-diabetic patients (***p < 0.001), only a minor increase was noted in 

diabetic tumour samples, which was not statistically significant. Lastly, no notable 

difference in IRS1 expression was observed between the samples.  
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Figure 13. Potential molecular players regulating EMT remodelling and radiosensitivity of OSCC 

under the hyperglycaemic condition and in response to ionising radiation. (A) The protein 

interactions between the selected DEGs using the online analysis tool STRING V12.0 (https://string-

db.org/). (B) Protein co-expression analysis of the selected DEGs using the online analysis tool 

STRING V12.0 (https://string-db.org/). (C) qRT-PCR analysis of total RNA isolated from healthy 

tongue and tumour samples of tongue cancer patients with and without diabetes, assessing 

transcriptional expression of the selected DEGs. The results shown are representative of 

experimental triplicates. Values represented mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001). 

https://string-db.org/
https://string-db.org/
https://string-db.org/
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Overall, these findings confirmed the differential expression of the chosen genes under 

hyperglycaemic conditions identified through RNA Sequencing. This provides strong 

evidence to support further exploration of their potential involvement in EMT remodelling 

as a response to hyperglycaemic metabolic stress and ionising radiation.   



 

 

 
56 

 

 

 

 

 

 

Chapter 4 – Discussion and 

Conclusion 

  



Chapter 4 – Discussion and Conclusion 

 

 
57 

Because of their substantial interrelation, cancer and diabetes are subjects of intensive 

research. This connection has emerged as one of the major concerns worldwide due to its 

high prevalence. The underlying mechanisms of this connection are complex and 

multifaceted, including insulin resistance, chronic inflammation, hyperglycaemia, and 

alteration in cellular metabolism (91-93). Deregulating cellular metabolism, resisting cell 

death,  genomic instability and mutation, and unlocking phenotypic plasticity are some of 

the well-recognised hallmarks of cancer that have been demonstrated to have strong 

connections with hyperglycaemic conditions (2, 94-96). Epidemiological studies have 

established a connection between prolonged hyperglycaemic states in diabetes mellitus and 

higher mortality and recurrence rates for various cancers, such as hepatocellular, pancreatic 

carcinoma, oral, ovarian, and kidney cancer (91, 97-99).  

 

Previous research from our lab, detailed in the Introduction chapter, demonstrated increased 

radioresistance in OSCC cells following exposure to hyperglycaemic conditions. 

Additionally, Zolghadr et al. validated in their study on epithelial-to-mesenchymal transition 

(EMT) remodelling in OSCC the significant links between radiation-induced EMT changes 

and enhanced invasive potential and radiation resistance (37). In the context of this study, 

limited evidence exists to confirm if the E-M phenotypic transition is the primary 

mechanism linking hyperglycaemic metabolic stress to radioresistance in OSCC, as well as 

identifying the potential key molecular players involved in this process.  

 

The previous study established an in vitro model simulating hyperglycaemic metabolic 

stress using both 2D monolayer and 3D spheroid cultures from four OSCC cell lines (Figure 

5). A clonogenic assay was conducted to evaluate the survival of hyperglycaemic stressed 

OSCC cells after exposure to 2 Gy of ionising radiation. Since SCC4 and BICR22 showed 

greater survival rates, we chose these two cell lines to explore further how hyperglycaemia 

affects their radiosensitivity, employing the same experimental protocol. In this study, 

however, we implemented the 3D tumour spheroid culture. Briefly, after a week of exposure 

to hyperglycaemic conditions (20 mM glucose), the cells were collected and incubated as 

hanging drops to create cell sheets. These sheets were then shaped into spheres, known as 

tumour spheroids. The non-hyperglycaemic group received the same concentration of 

mannitol.  
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Mannitol was employed as an osmotic control, simulating the hyperosmolar state in the 

glucose-treated group without introducing additional metabolic effects on the cells, thereby 

preventing any undesired impact of hyperosmolarity (100, 101). The tumour spheroids 

effectively replicate the intricate 3D structure of the tumours, capturing the in vivo 

physiological cell-cell interactions and hypoxic environment (102, 103). Furthermore, 3D 

spheroid cultures provide a more accurate representation of in vivo treatment effects, such 

as ionising radiation, and environmental stresses, like hyperglycaemic conditions, 

highlighting cellular responses more precisely than 2D monolayer cultures (102-104).  

 

4.1. The effect of hyperglycaemic condition on -H2AX expression 

levels in response to ionising radiation 

 

The DNA DSBs to -H2AX ratio is approximately 1:1; therefore, -H2AX is utilised as a 

key biomarker for DNA damage and to estimate double-stranded breaks (DSBs), and it is 

essential in the DNA damage response (DDR) process (105, 106). When the DSBs are 

induced, the DDR mechanisms are also initiated, starting with the phosphorylation of histone 

protein H2AX at Ser139, which accumulates at the sites of DNA damage (107). H2AX can 

be phosphorylated by different PI3-kinases, such as Ataxia Telangiectasia Mutated (ATM), 

Ataxia Telangiectasia and Rad3-related protein (ATR), DNA-protein kinase catalytic 

subunit (DNA-PKcs), depending on the type of DNA-damaging agent (107, 108). In this 

study, we used Western blotting to investigate the -H2AX expression levels in the SCC4 

and BICR22 cell lines to evaluate the accumulation of DNA damage in OSCC cells in 

response to hyperglycaemic conditions and ionising radiation. In both cell lines, 

hyperglycaemia had a negligible effect on DSB accumulation in the spheroids. It has been 

shown that hyperglycaemic conditions can cause and sustain increased DSBs through 

various mechanisms, including hindering DNA repair, promoting DNA SSBs and DSBs, 

destabilising HIF1, and indirectly causing DNA damage through oxidative stress and ROS 

production (109-111). Although hyperglycaemia did not result in any notable change to 

radiation-induced γ-H2AX regulation, glucose-treated spheroids still exhibited elevated γ-

H2AX accumulation.  
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Ionising radiation is employed as a potent therapy for various cancers, including OSCC 

(112-114). It utilises high-energy particles and waves to induce various destructive lesions 

in the cellular genome, including DSBs, contributing to genomic instability and ultimately 

leading to cell death (14, 115). Following DNA damage from ionising radiation, γ-H2AX 

accumulates at the locations of DSBs, facilitating the recruitment of DNA repair proteins 

like BRCA1, 53BP1, EXPAND1, and RAD18, which initiate repair processes such as 

homologous recombination (HR) and non-homologous end joining (NHEJ) (107, 108, 116). 

Once the repair process is completed, γ-H2AX is dephosphorylated, and its expression is 

resolved.  

 

In our analysis of the DNA double-stranded break marker, γ-H2AX, in SCC4, an initial 

DNA damage repair was observed only 2 h after radiation exposure. However, it appeared 

to be subsequently suppressed, with γ-H2AX level peaking again at 24 h after IR. On the 

other hand, BICR22 showed a reduction in γ-H2AX expression in both the control and 

irradiated glucose groups at 24 hours post-IR; however, this reduction was not as 

pronounced as in the mannitol samples. Research shows that cancer cells sensitive to IR 

retain γ-H2AX for a longer duration compared to those that are more radioresistant (117-

120). However, referring to the clonogenic assay (Figure 5), both SCC4 and BICR22 cells 

that were expanded in a hyperglycaemic condition expressed high survival rates after 

radiation exposure, suggesting that hyperglycaemia promotes resistance to radiation while 

maintaining high levels of genomic instability.  

 

4.2. The impact of hyperglycaemic metabolic stress on phenotypic 

remodelling along the E-M axis in response to ionising radiation 

 

The phenotypic transition along the epithelial-mesenchymal (E-M) axis is essential for 

cancer progression and advancement. It facilitates metastasis and invasive capability, 

significantly aiding in the emergence of resistance to anti-cancer treatments (35, 121).  
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Extensive research has investigated the role of EMT in drug and therapeutic resistance 

across various cancer types, underscoring its association with a complex array of molecular 

pathways. In skin squamous cell carcinoma, EMT is driven by RHOJ, allowing cancer cells 

to endure replicative stress and DNA damage from cisplatin and 5-fluorouracil (5FU), 

thereby developing chemotherapy resistance (122). Additionally, EMT is shown to be 

regulated by the PI3K/Akt/mTOR signalling pathway, which is activated by PDK1, 

promoting motility and invasiveness in hepatocellular carcinoma cells, as well as enhancing 

post-IR relapse (123). Moreover, EMT-induced local lymph node metastasis and tumour 

invasiveness diminish treatment effectiveness, resulting in poorer prognoses and higher 

relapse rates in patients with advanced oral cancer (10, 35, 124).  

 

The epithelial-mesenchymal transition (EMT) is defined by the gradual loss of epithelial 

traits and gain of mesenchymal features, which enhances their metastatic and invasive 

potential. During this transition, various hybrid E-M phenotypes have been observed in 

various cancers, which display both epithelial and mesenchymal markers. Cancer cells in 

these transient states gain characteristics of both cell types and demonstrate different levels 

of plasticity, stemness, metastasis, and invasiveness (48, 125-129). Our research indicates 

that hybrid E-M cells, indicated by the co-expression of positive levels of ECAD and VIM, 

are present in tumour spheroids derived from OSCC and tongue tumour tissues. As interest 

grows in the relationship between diabetes and cancer, researchers are extensively 

investigating how hyperglycaemia influences EMT, which affects the progression and 

advancement of epithelial tumours (79-82, 96). Notably, hyperglycaemic conditions have 

been found to shift the metabolism of pancreatic and bladder cancer cells towards a 

glycolytic phenotype and promote EMT through the YAP/TAZ/Hedgehog signalling 

pathway (67, 96). Moreover, hyperglycaemia is known to promote invasion and migration 

by accelerating EMT in lung cancer. Administration of Mogroside V reversed 

hyperglycaemia, leading to the reversal of EMT and, consequently, metastasis inhibition 

(78). Our findings are consistent with the previous studies, which showed that 

hyperglycaemic conditions significantly promote the phenotypic remodelling towards 

hybrid E-M cells (ECADPos-VIMPos). It was only after 2 Gy exposure to ionising radiation 

that the hybrid E-M population in normoglycaemic OSCC spheroids matched the abundance 

found in hyperglycaemic stress spheroids.  
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Prior research conducted in our laboratory by Zolghadr et al. showed the post-IR emergence 

of a distinct phenotypic subpopulation that adopts a more mesenchymal-like EMT state, 

marked by a notable reduction in ECAD expression while retaining positive VIM expression 

(ECADLow/Neg-VIMPos) (37). This subpopulation exhibits enhanced invasive properties and 

resistance to ionising radiation. E-cadherin has been implicated as a prognostic predictor in 

various cancers (130-133). Generally, elevated ECAD levels correlate with improved 

prognosis, whereas diminishing ECAD expression is significantly linked to aggressive 

characteristics in later stages of tumours and unfavourable disease outcomes (131, 132). The 

induction of the low-ECAD EMT states by ionising radiation was also noted in other cancer 

types (134-137). Acquiring mesenchymal characteristics enhances cancer cell movement, 

enabling them to escape the detrimental effects of anti-cancer therapies and increase 

metastasis rates.  

 

In our study, the IR-induced generation of the ECADLow/Neg-VIMPos subpopulation at the 

early time point was only observed in BICR22. In fact, both cell lines under the 

hyperglycaemic conditions exhibited a significantly higher presence of this subpopulation, 

both prior to and after radiation exposure. Furthermore, while there was no notable 

difference in hybrid E-M cell levels between the tumour tissues from diabetic and non-

diabetic tongue cancer patients, the abundance of ECADLow/Neg-VIMPos was significantly 

elevated in the tumour tissue of diabetic cancer patients. These results underscore how 

hyperglycaemic metabolic stress influences the phenotypic shift along the E-M axis in 

epithelial cells, promoting the development of hybrid E-M cells and their progression 

towards a mesenchymal-like phenotype. Consequently, this enhances the aggressiveness of 

tumours and strengthens their resistance to radiation in OSCC. 

 

Furthermore, diabetic tongue cancer patients, from whom the tumour tissues were retrieved, 

exhibited persistently elevated pre-operative random blood glucose levels and suboptimal 

HbA1c values, despite receiving anti-diabetic treatment. These findings suggest that 

pharmacological interventions may not fully mitigate hyperglycaemic stress within the 

tumour microenvironment. Importantly, these patients consistently experienced poorer 
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outcomes, including metastasis and unresectable disease, highlighting a potential link 

between metabolic dysregulation and tumour progression.  

 

Our findings support this model by showing that metabolic stress, even with the use of anti-

diabetic medications, correlates with enhanced tumour aggressiveness in OSCC. Although 

previous studies and the findings from our study have demonstrated the impact of 

hyperglycaemia on the EMT states of epithelial cancer cells and in response to irradiation, 

the precise molecular mechanisms underlying this association remain to be fully elucidated, 

warranting further investigation into glucose-mediated signalling in cancer cell plasticity.  

 

4.3. The influence of hyperglycaemic condition on EMT 

Transcription Factor regulation in response to metabolic stress and 

ionising radiation. 

 

The vital functions of EMT in tumour invasion, metastasis, and resistance to therapy have 

been emphasised across different cancers, indicated by the reduced expression of epithelial 

markers. At the transcriptional level, EMT is orchestrated by several transcription factors 

associated with EMT, including members of the ZEB (ZEB1 and ZEB2), TWIST, and 

SNAIL (SNAIL1 and SNAIL2/SLUG) families, which enhance cellular adhesion, motility, 

and invasiveness. These master regulators function distinctly to suppress epithelial markers 

like E-cadherin, -catenin, and cytokeratin while promoting the expression of mesenchymal 

markers such as Vimentin, Fibronectin, and N-cadherin (138). Numerous studies have 

shown that hyperglycaemic conditions enhance the levels of EMT transcription factors; 

however, this relationship has yet to be thoroughly elucidated.  

 

Our previous clonogenic assay experiments using irradiated, hyperglycaemic-stressed 

models of four OSCC cell lines (SCC4, BICR22, SCC9, and SCC25) demonstrated that 

elevated glucose levels selectively enhanced post-irradiation survival in SCC4 and BICR22 

cells (Figure 5). This differential radiosensitivity under hyperglycemic conditions informed 

the selection of these two lines for further mechanistic investigation. However, the real-time 
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RT-PCR revealed divergent regulation patterns of EMT-associated transcription factors in 

SCC4 and BICR22, despite the comparable final expression of ECAD and VIM in both cell 

lines. 

 

E-cadherin (ECAD) plays a crucial role in cell-cell adhesion. A decrease in its expression 

indicates a worse prognosis for cancer patients, linking it to the initiation of EMT, which 

enhances tumour invasion and metastasis. Notably, our research revealed ECAD was 

upregulated in both SCC4 and BICR22, contrasting with our immunofluorescent analysis 

that indicated increased EMT remodelling toward hybrid E-M and mesenchymal-like 

phenotypes in both cell lines. While the loss of ECAD is commonly associated with EMT, 

some studies have indicated that losing E-cadherin is not essential for EMT, as its expression 

can persist in late-stage carcinomas (139-141). Following irradiation exposure to irradiation, 

BICR22 spheroids under hyperglycaemic stress exhibited a significant reduction in ECAD 

levels, in contrast to those treated with mannitol. While hyperglycaemic spheroids 

demonstrated higher ECAD expression before irradiation compared to the mannitol-treated 

counterparts, their post-irradiation ECAD expression declined and continued to decrease 24 

h later.  

 

Vimentin is well established as a key indicator of mesenchymal phenotypes in cancer-related 

EMT studies. The transition of epithelial cells to adopt mesenchymal traits involves 

heightened Vimentin expression, which aids tumour invasion and metastasis and enhances 

resistance to environmental stressors. The ratio of the mesenchymal marker Vimentin to the 

epithelial marker E-cadherin is elevated in diabetic tumours and decreases when treated with 

insulin (142). This indicates a connection between diabetic hyperglycaemia, increased EMT, 

and more aggressive tumours. Furthermore, research into the relationship between EMT and 

hyperglycaemia across different cancers has demonstrated that Vimentin expression 

increases in cells under hyperglycaemic stress (65, 96, 143). The literature observations 

match our results from BICR22-derived spheroids, where hyperglycaemic stress leads to 

increased VIM expression. However, we did not observe any upregulation of VIM due to 

IR nor any significant alteration in VIM expression between the irradiated spheroids treated 

with glucose and mannitol in both cell lines. 
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SNAIL and SLUG are zinc-finger transcription factors from the SNAIL family, which acts 

as an inducer of the EMT process by downregulating the epithelial marker ECAD and 

upregulating mesenchymal markers. Both factors are found to be overexpressed in OSCC, 

facilitating EMT-associated tumour invasion, metastasis, and resistance to therapy. 

Additionally, SNAIL levels rise under hyperglycaemic stress due to ENO1, a glycolysis-

related gene, which further drives EMT in gastric cancer. Inhibition of ENO1 can block the 

SNAIL-induced EMT and the activation of TGF-β signalling (66). Moreover, 

cholangiocarcinoma cells subjected to high glucose show increased FOXM1 expression; 

blocking FOXM1 significantly reduces SLUG-mediated migration and invasion (144). 

Ionising radiation is known to increase SNAIL and SLUG levels, which contribute to tumour 

invasiveness and radiation resistance in various cancers, including OSCC (37, 145-149). 

However, in contrast to previous studies, SNAIL expression decreased in SCC4 and BICR22 

cells subjected to hyperglycaemic stress. Integrating this finding with the 

immunohistochemical analysis of the E-M hybrid phenotype and considering that SNAIL 

acts as a transcriptional repressor of ECAD and is not directly linked to a mesenchymal-like 

phenotype, lowering SNAIL expression levels may be a necessity for maintaining a high 

prevalence of the hybrid E-M cell population (138, 150, 151). Following exposure to 2 Gy 

of ionising radiation, SCC4 spheroids exhibited increased SNAIL levels, unlike the decrease 

observed in mannitol-treated spheroids. For BICR22 spheroids, SNAIL expression 

decreased at 2 h post-radiation, without any recovery at the 24-hour mark, remaining lower 

than in mannitol-treated spheroids. Conversely, SLUG levels in SCC4 spheroids were 

diminished under hyperglycaemic conditions compared to mannitol-treated spheroids, 

independent of ionising radiation effects. Notably, while IR prompted an increase in SNAIL 

in hyperglycaemic spheroids 24 h post-exposure, SLUG was elevated sooner. This indicates 

a potential switch between these two factors in facilitating hybrid E-M phenotype in 

response to hyperglycaemic stress and IR in SCC4-derived spheroids.  

 

TWIST functions as an EMT regulator in different carcinomas associated with tumour 

progression and aggressiveness. It facilitates EMT by downregulating the epithelial marker 

E-cadherin and increasing VIM expression (152-154). In SCC4, IR did not lead to any 

significant changes in TWIST expression levels. However, after IR, TWIST expression was 

markedly higher under hyperglycaemic conditions than mannitol-treated spheroids. 

Conversely, BICR22-derived spheroids showed increased TWIST expression levels due to 
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hyperglycaemia before IR, which is positively correlated with the upregulation of VIM. 

While IR increased TWIST levels in mannitol-treated spheroids, it decreased TWIST 

expression in glucose-treated tumour spheroids. Interestingly, when examining the 

regulation of EMT TFs and markers, we observed a similar regulatory pattern between 

TWIST and ECAD in response to hyperglycaemic stress and irradiation, despite the 

expectation that these two should be inversely regulated since TWIST downregulates ECAD 

to facilitate the EMT process (37, 155). Additionally, although TWIST overexpression is 

associated with the downregulation of ECAD, it is not always correlated with the 

mesenchymal markers or EMT (150, 156-158). Further research is required to fully elucidate 

the exact role of TWIST during EMT remodelling and its contribution to cancer progression 

and tumour advancement. 

 

Zinc finger E-box binding homeobox 1 (ZEB1) serves as a potent regulator of EMT. It plays 

a crucial role in the phenotypic shift along the E-M axis, significantly enhancing tumour 

invasion, metastasis, and resistance to anti-cancer therapies. Our investigation into EMT TF 

regulation revealed no significant change in ZEB1 expression in BICR22 in response to 

metabolic stress and irradiation. Conversely, ionising radiation increased the ZEB1 

expression level in SCC4-derived spheroids subjected to hyperglycaemic stress. 

Furthermore, ZEB1 expression after irradiation was significantly elevated in 

hyperglycaemic spheroids relative to those exposed to mannitol. This increase, in 

conjunction with SNAIL, correlates positively with the IR-induced phenotypic change 

towards hybrid E-M and mesenchymal-like phenotypes identified in the IHC analysis. The 

partnership between ZEB1 and SNAIL in promoting EMT has been shown in non-small cell 

lung cancer, where SNAIL overexpression alone proves insufficient (151, 159). The 

mesenchymal-like cell populations in different carcinomas show elevated ZEB1 levels, 

correlating with aggressive cancer behaviour (64, 128, 150, 160, 161). This highlights 

ZEB1's role in enhancing cancer cell invasiveness, metastatic ability, and radioresistance 

development. Overall, these results emphasise the distinct functions of EMT transcription 

factors in cancer progression and tumour aggressiveness. They point to a potential functional 

transition from SLUG and TWIST early on to SNAIL and ZEB1, which promote E-M 

phenotypes in response to hyperglycaemic metabolic stress and ionising radiation.  
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The inconsistency in EMT-TF regulation between these two cell lines emphasises that EMT 

is governed by multiple transcription factors (162). Rather than a single switch, various 

regulator combinations can lead to similar phenotypes (163). EMT is increasingly 

recognised as a spectrum with intermediate states, where cells can exhibit hybrid epithelial–

mesenchymal traits that have distinct transcriptional architectures but share functional 

similarities (164). Therefore, the misregulation of different EMT transcription factors in 

SCC4 and BICR22 likely reflects cell line–specific regulatory landscapes, yet both lines 

undergo comparable EMT remodelling in response to hyperglycemic stress and irradiation. 

 

 4.4. The potential molecular players driving EMT remodelling and 

resistance to radiation in SCC4-derived spheroids under 

hyperglycaemic conditions. 

 

In this study, we conducted an RNA-sequencing analysis of spheroids from SCC4 cells to 

examine transcriptional changes associated with cellular responses to hyperglycaemic 

metabolic stress and ionising radiation. The results indicated a dynamic pattern of 

transcriptional remodelling due to hyperglycaemia in control samples (non-irradiated). 

However, a decrease was observed at the 24-hour post-irradiation time point compared to 

the 2-hour mark. Several factors could be taken into consideration to explain this 

observation. Tumour spheroids were withdrawn from hyperglycaemic and mannitol-treated 

media before exposure to ionising radiation, potentially reversing the hyperglycaemic-

induced metabolic changes in the tumour microenvironment. Such changes may gradually 

affect the spheroid transcriptome, explaining the differences noted between transcriptomes 

of spheroids collected 2 and 24 h after irradiation. However, various studies indicate that 

cancer cells experiencing extended hyperglycaemic stress can retain gene profile alterations 

induced by hyperglycaemia even after being withdrawn from these conditions, a 

phenomenon known as “hyperglycaemic memory” (165-168). Another potential factor is 

the amount of time culturing in 3D spheroid form that can affect the spheroid size and alter 

their hypoxic environment, causing alteration in transcriptional dynamic (169-172). 

Therefore, having time-equivalent non-hyperglycaemic and non-irradiated samples is vital 
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for accurate comparisons and analyses of the transcriptional dynamic in response to 

metabolic stress and ionising radiation. 

 

The impacts of hyperglycaemic conditions and radiation exposure on the transcriptomic 

profile of cancer cells have been well-documented across various cancers. In the present 

study, employing RNA-sequencing and pathway analyses of the differentially expressed 

genes among the samples, we have noticed several potential molecular players that have also 

been investigated for their functions during cancer progression. 

 

Integrins are transmembrane glycoprotein receptors that operate in both directions and are 

found on cell surfaces, responsible for transmitting signals between the extracellular matrix 

(ECM) and the intracellular cytoskeleton (173). The integrin family includes 24 distinct 

heterodimer molecules made up of 18  and 8  subunits, which are vital for governing 

numerous biological functions (174). In cancer cells, integrins play a crucial role in 

proliferation, angiogenesis, tumour invasion, and metastasis. Integrin subunits α3 (ITGA3), 

αV (ITGAV), and β4 (ITGB4) are found to be overexpressed in various cancers, correlating 

with poor prognoses and advanced tumour stages (175-182). This indicates their crucial role 

in tumour progression, invasion, and metastasis. In oral squamous cell carcinoma (OSCC), 

ITGAV overexpression is linked to increased perineural invasion and tumour budding (177). 

Meanwhile, the overexpression of ITGA3 correlates with high rates of lymph node 

metastasis, more invasive histopathology, and elevated recurrence rates, while higher levels 

of ITGB4 are associated with distant metastasis (178). The RNA-sequencing analysis in the 

present study only demonstrated an upregulation of ITGA3 and ITGB4 in the control 

samples under hyperglycaemic stress. Furthermore, the validation of the identified DEGs 

through qRT-PCR showed significant overexpression of all three integrins in tongue tumour 

tissues from patients with diabetes. However, there is insufficient research exploring their 

significance in the association between cancer and hyperglycaemia.  

 

ITGA3 only forms heterodimer laminin receptors with subunit 1, activated when 

interacting with extracellular laminin ligands, shown to be involved in different aspects of 

cancer hallmarks, including polymorphic microbiomes and activating invasion and 
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metastasis (173). Within the framework of cancer epithelial-mesenchymal transition (EMT), 

overexpression of ITGA3 was linked to aggressive breast cancer and the expression of 

ZEB1, an EMT transcription factor, through the MEK-ERK signalling pathway (183). In 

cervical cancer, ITGA3 was shown to influence EMT via the PI3K/AKT pathways (184). In 

addition, cells that overexpress ITGA3 showed heightened levels of VIM, MMP2, and 

MMP9. However, the potential connection between ITGA3, MMP2, and MMP9 remains to 

be thoroughly explored. Conversely, in some cancers, ITGA3 evidently appears to also 

function as a tumour suppressor, and its downregulation results in EMT remodelling, thereby 

facilitating tumour invasion and both local and distant metastases (185-192). A study on the 

CD151-ITGA3 functional connection in breast cancer has demonstrated that knocking down 

ITGA3 enhanced tumour growth and EMT via upregulating the EMT transcription factor 

SLUG and the canonical Wnt pathway (192). The β4 integrin subunit (ITGB4) exclusively 

pairs with the α6 subunit to form the α6β4 integrin receptor that interacts with laminin. This 

interaction is vital for establishing and preserving the integrity of epithelial adhesion and 

enabling communication between the ECM and intracellular cytoskeletal components 

through binding with laminins and epidermal integral ligand proteins (193). This regulatory 

mechanism impacts several key biological processes, such as cell death, angiogenesis, 

autophagy, and cell differentiation (194). ITGB4 has been identified as a tumour-associated 

antigen overexpressed in various cancers (195). It plays a crucial role in tumorigenesis traits, 

including cell proliferation, evasion of apoptosis, tumour invasiveness, and metastasis, by 

interacting with the growth factor receptor signalling network. This interaction regulates 

downstream pathways such as the PI3K/AKT and MAPK pathways (196, 197). ITGAV 

forms transmembrane heterodimer arginine-glycine-aspartic (RGD) receptors with 5 β-

subunits (β1, β3, β5, β6, β8). It reduces ECAD expression by interacting with TGF-β 

signalling pathways, promoting EMT as cancer progresses and tumours advance (180). In 

addition, the crosstalk between αV-pairing heterodimer integrins and TGF-β signalling can 

also trigger various downstream pathways, including MAPK, PI3K/AKT, Ras, and SMAD 

signalling, facilitating tumour invasion and migration (180, 198, 199). Currently, there is 

insufficient research on the regulation of ITGA3 and ITGAV in response to irradiation. Our 

RNA-sequencing analysis revealed that irradiation induces an elevation in ITGA3 and 

ITGAV. Given their crucial roles in cancer EMT, this elevation could play a part in the 

radioresistance seen in epithelial tumours under hyperglycaemic conditions; however, 

further functional analyses are required to validate this hypothesis. ITGB4 levels were found 
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to be increased in irradiated SCC4-derived spheroids in our study and also shown to be 

upregulated in radioresistant colorectal HCT116 and esophageal squamous carcinoma cells, 

indicating that ITGB4 may be another critical factor in regulating cancer cells 

radiosensitivity in hyperglycaemic conditions (200, 201). 

 

Matrix metalloproteinase-2 (MMP2) and Matrix metalloproteinase-9 (MMP9) are zinc-

dependent gelatinases produced by tumour and stromal cells. They play crucial roles in 

degrading type IV collagen and gelatin in the extracellular matrix (ECM). These enzymes 

are overexpressed in various carcinomas, where they significantly facilitate cancer cell 

proliferation, angiogenesis, tumour invasion, and metastasis, ultimately resulting in poor 

prognosis and survival outcomes (202-206). In the setting of hyperglycaemia, 

cholangiocarcinoma cells experience metabolic stress, resulting in heightened expression of 

MMP2 and vimentin, a process that occurs downstream of increased FOXM1 levels (144, 

207). Inhibiting FOXM1 subsequently reduces the expression of SLUG and MMP2, 

suggesting that MMP2 is involved in the hyperglycaemia-triggered epithelial-mesenchymal 

transition (EMT), which is regulated by SLUG and influenced by FOXM1 (144). 

Additionally, MMP9 has been found to be overexpressed in hyperglycaemic pancreatic 

cancer cells, consistent with our findings of increased MMP2 and MMP9 expression in 

hyperglycaemic SCC4-derived spheroids (55). However, analysis of diabetic tumour tissues 

via qRT-PCR revealed that only MMP2 expression was elevated in diabetic patients, while 

no significant change in MMP9 levels was observed. Additionally, irradiation also 

upregulates MMP2 and MMP9 levels, suppressing the radiosensitivity of adenocarcinoma 

and neuroblastoma cells (208-211). Using adenovirus expressing siRNA targeting MMP2 

(Ad-MMP-2-Si) effectively inhibits MMP2, which in turn suppresses Checkpoint-2/1 and 

reverses the radiation-induced G2 cell cycle arrest, thereby increasing apoptosis in cancer 

cells (208). Conversely, the downregulation of MMP-9 overexpression induced by radiation 

via Ad-MMP-9 infection has been shown to inhibit HIF-1 and NF-κB signalling pathways, 

leading to a reduction in breast cancer progression (209). Together, MMP2 and MMP9 

present promising targets for further research on their role in the relationship between 

hyperglycaemic metabolic stress, EMT, and radioresistance. 
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Laminin subunit beta 1 (LAMB1) and laminin subunit gamma 1 (LAMC1) play essential 

roles in forming large extracellular matrix (ECM) proteins called laminins. These proteins 

are vital for several key biological processes, including the creation of basement membranes, 

as well as cell adhesion, migration, and proliferation. LAMB1 and LAMC1 are frequently 

upregulated in various carcinomas, which correlates with adverse disease outcomes, linking 

them to specific oncogenic pathways and facilitating cancer cell adhesion, tumour invasion 

and metastasis (212-216). In our study, the RNA-sequencing analysis did not detect any 

upregulation or downregulation of LAMB1 and LAMC1 in the SCC4-derived spheroids due 

to hyperglycaemia. However, their regulation in response to the combination of 

hyperglycaemic metabolic stress and irradiation differed from that in mannitol-treated 

spheroids, and increased expression levels were observed in the diabetic tongue tumour 

tissues. Currently, there is limited research on the regulation of LAMB1 and LAMC1 in 

tumours under hyperglycaemic conditions, along with their functions during the EMT 

process. However, elevated levels of LAMB1 were detected in the metastatic E1 cell lines 

of colorectal cancer, even though LAMB1 is known not to be secreted by colorectal cancer 

cells at the primary sites. The pathway analysis from our study also shows the potential 

involvement of LAMB1 and LAMC1 in various cancer-related pathways, including focal 

adhesion and the PI3K/AKT/mTOR and MET signalling pathways, which are known to 

facilitate EMT remodelling in cancer.  

 

Fibronectin 1 (FN1) has been demonstrated to act as a tumour promoter in various cancers, 

in which its overexpression is correlated with poor prognosis, enhanced proliferation and 

migration (217, 218). FN1 serves as a marker for EMT due to its crucial role in regulating 

cellular adhesion, migration, and ECM remodelling, all of which are vital during the 

phenotypic shift along the E-M axis. In ovarian cancer, FN1 shows a positive correlation 

with designated promoting transition-associated lncRNA (PTAL), which enhances 

metastasis by facilitating EMT through increasing the expression of SLUG and VIM while 

inhibiting E-cadherin (219). In head and neck squamous cell carcinoma, the overexpression 

of FN1 is also associated with the elevation of VIM and N-Cadherin levels, favouring EMT 

remodelling toward the mesenchymal-like phenotypes (220). The expression of FN1 in 

cancer cells under hyperglycaemic conditions has not been extensively studied. In our 

research, we found a substantial increase in FN1 levels in tongue tumour tissues from 

diabetic patients, as well as in spheroids derived from SCC4. Furthermore, FN1 levels were 
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notably higher in radioresistant HNSCC  (220, 221). Together, these results highlight the 

crucial role of FN1 in the EMT remodelling of OSCC under metabolic stress and radiation 

exposure.   

 

Insulin receptor substrate 1 (IRS1) is a cytoplasmic adaptor protein that plays a crucial role 

in insulin signalling pathways by acting as a binding site for insulin receptors and insulin-

like growth factor receptors. Overexpression of IRS1 is linked to more aggressive diseases 

and worse clinical outcomes in various cancers, facilitating tumour progression through the 

PI3K/AKT and MAPK pathways (222-225). In thyroid cancer, increased IRS1 levels are 

associated with more significant distant metastasis and more advanced stages of the disease 

(226). Additionally, IRS1 has been shown to promote thyroid cancer metastasis by 

influencing epithelial-mesenchymal transition (EMT) remodelling through PI3K/AKT 

pathways (226). In OSCC, IRS1 expression levels were found to be increased, influencing 

proliferation and triggering EMT through p53/Line-1 signalling pathways (227). When IRS1 

was inhibited, there was a decrease in the levels of SNAIL, SLUG, and VIM, which could 

potentially reverse EMT (227). In this study, we observed no significant increase or decrease 

in IRS1 due to hyperglycaemia-induced metabolic stress in both SCC4-derived tumour 

spheroids and tongue cancer tissues. However, evidence suggests IRS1 is overexpressed in 

cancer cells facing hyperglycaemic conditions, which boosts Ras and RAF1 proto-oncogene 

activity, leading to the phosphorylation of ERK1/2 signalling (228).  

 

4.5. Conclusion 

 

In summary, although significant research has examined tumour progression and how cancer 

cells respond to external stressors and treatments, the signalling pathways that regulate 

tumour formation and disease progression remain complex and require further investigation. 

Moreover, the relationship between hyperglycaemia and the cancer-related epithelial-to-

mesenchymal transition (EMT), along with its association with radioresistance, has not been 

thoroughly investigated. This study aims to contribute our findings to the broader field of 

cancer research concerning diabetes mellitus and resistance to radiation therapy. Given our 

initial results showing a high post-irradiation survival fraction of SCC4 and BICR22 cells 
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after seven days of metabolic stress in hyperglycaemic conditions, we delve further into the 

mechanisms at play and identify potential key factors influencing this response to ionising 

radiation.  

 

In our research, we employed 3D tumour spheroid tissue cultures and utilised various 

analytic techniques to investigate the impact of chronic exposure to elevated glucose levels 

on the EMT phenotypic changes in SCC4 and BICR22-derived spheroids, particularly 

concerning their response to ionising radiation. This may influence the radiosensitivity of 

both OSCC cell lines. Immunohistochemical analysis of OSCC-derived spheroids and 

tongue cancer tissues indicated increased EMT remodelling toward the mesenchymal end of 

the E-M axis in the spheroids stressed by hyperglycaemia, a higher abundance of hybrid or 

intermediate EMT and mesenchymal-like populations. Additionally, exposure to ionising 

radiation intensified these phenotypic changes. Transcriptional analysis of EMT 

transcription factors hinted at a potential shift from TWIST and SLUG to SNAIL and ZEB1 

in promoting E-M phenotypes under metabolic stress and radiation exposure.  

 

We employed high-throughput RNA sequencing and pathway analyses to identify the main 

molecular components that drive epithelial-mesenchymal transition (EMT) and enhance 

radioresistance. To gain deeper insights into the signalling network that supports cancer cell 

responses to hyperglycaemia and radiation, additional functional analyses, such as gain-of-

function or loss-of-function studies, are necessary.  

 

Nevertheless, our current study has certain limitations. Although the 3D spheroid system 

provides a more physiologically relevant model than traditional 2D monolayers, it is 

essential to acknowledge its constraints. Our model only consisted of a single OSCC cell 

type, which does not reflect the cellular heterogeneity present in the native tumour 

microenvironment, including stromal, immune, and endothelial cells. Therefore, while the 

spheroids offer insight into cell–cell interactions and hypoxia, they do not fully represent 

the complexity of the in vivo conditions. Additionally, we utilised tumour tissues from 

tongue cancer patients, both with and without diabetes, to validate our findings from the 

immunofluorescent analyses of the hybrid E-M phenotypes. These tissues also helped to 
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explore the expression of selected genes identified through RNA sequencing and pathway 

analyses in diabetic tumours. However, we lacked access to any tongue cancer tissues that 

had undergone radiotherapy, limiting our ability to confirm the effects of ionising radiation. 

Furthermore, most diabetic cancer patients would be on diabetic control medication. 

Therefore, to have a more relevant understanding of the association between diabetic 

hyperglycaemic conditions and cancer progression, these diabetic control medications 

should also be engaged in future studies.  

 

In summary, we have demonstrated that exposure to both hyperglycaemic metabolic stress 

and ionising radiation can induce phenotypic changes along the epithelial-mesenchymal (E-

M) axis, which is closely associated with the emergence of resistance to therapeutic ionising 

radiation. The molecular mechanisms that contribute to cancer progression, along with their 

connections to various factors during disease development, constitute a complex and 

extensive area of research; therefore, there remains a significant need for more 

comprehensive studies.   
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