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ABSTRACT 

 

Glioblastoma multiforme (GBM) is one of the most aggressive and lethal cancers with 

a poor prognosis. Advances in the treatment of GBM are limited due to several 

resistance mechanisms and limited drug delivery into the central nervous system 

(CNS) compartment by the blood-brain barrier (BBB) and by actions of the normal 

brain to counteract tumour-targeting medications. Hypoxia is common in malignant 

brain tumours such as GBM and plays a significant role in tumour pathobiology. It is 

widely accepted that hypoxia is a major driver of GBM malignancy. Although it has 

been confirmed that hypoxia induces GBM stem-like-cells (GSCs), which are highly 

invasive and resistant to all chemotherapeutic agents, the detailed molecular 

pathways linking hypoxia, GSC traits and chemoresistance remain obscure. Evidence 

shows that hypoxia induces cancer stem cell phenotypes via epithelial-to-

mesenchymal transition (EMT), promoting therapeutic resistance in most cancers, 

including GBM.  

This study demonstrated that spheroid cultured GBM cells consist of a large population 

of hypoxic cells with CSC and EMT characteristics. GSCs are chemo-resistant and 

displayed increased levels of HIFs and NFB activity. Similarly, the hypoxia cultured 

GBM cells manifested GSC traits, chemoresistance and invasiveness. These results 

suggest that hypoxia is responsible for GBM stemness, chemoresistance and 

invasiveness. GBM cells transfected with nuclear factor kappa B-p65 (NFB-p65) 

subunit exhibited CSC and EMT markers indicating the essential role of NFB in 

maintaining GSC phenotypes. The study also highlighted the significance of NFB in 

driving chemoresistance, invasiveness, and the potential role of NFB as the central 
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regulator of hypoxia-induced stemness in GBM cells. GSC population has the ability 

of self-renewal, cancer initiation and development of secondary heterogeneous 

cancer. The very poor prognosis of GBM could largely be attributed to the existence 

of GSCs, which promote tumour propagation, maintenance, radio- and 

chemoresistance and local infiltration. 

In this study, we used Disulfiram (DS), a drug used for more than 65 years in 

alcoholism clinics, in combination with copper (Cu) to target the NFB pathway, 

reverse chemoresistance and block invasion in GSCs. The obtained results showed 

that DS/Cu is highly cytotoxic to GBM cells and completely eradicated the resistant 

CSC population at low dose levels in vitro. DS/Cu inhibited the migration and invasion 

of hypoxia-induced CSC and EMT like GBM cells at low nanomolar concentrations. 

DS is an FDA approved drug with low toxicity to normal tissues and can pass through 

the BBB. Further research may lead to the quick translation of DS into cancer clinics 

and provide new therapeutic options to improve treatment outcomes in GBM patients.   
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1. INTRODUCTION 

Globally, cancer is one of the leading diseases that cause death. The most common 

cancers are lung cancer (2.09 million), female breast cancer (2.09 million), prostate 

cancer (1.28 million), colorectal cancer (1.1 million), and stomach cancer (1.03 million) 

(Mehmet et al., 2019). With the recent increases in cancer cases, by 2030, the existing 

figure is expected to rise by 68% to around 23.6 million new cases each year. In 2018, 

18 million new cancer cases and 9.6 million cancer-related deaths were reported 

worldwide (Sullivan, 2018). 

1.1. GLIOMAS 

Brain tumours include a diverse group of neoplasia that arise from different cell lineages. 

Specifically, gliomas include all forms of intra-axial tumours originating from glial cells of 

the nervous system (Dirks, 2007). Glioma is a term that denotes a tumour of glial origin 

in the brain or spine (astrocytes, oligodendrocytes, and satellite cells are different types 

of glial cells). Different types of glial cells are associated with different unique functions: 

Oligodendrocytes are responsible for insulating and supporting the axons in the CNS; 

astrocytes provide synaptic support while satellite cells aid in regulating the external 

chemical environment. Oligodendrocytes are responsible for constructing the myelin 

sheath around the axons, enabling rapid signal transmission. Astrocytes also maintain a 

suitable concentration of ions and neurotransmitters (Jakel and Dimou., 2017). The 

extensive research on gliomas in the last decade has given us significant knowledge in 

understanding the molecular mechanisms that underly glioma formation and enabled the 

design of anticancer therapies accordingly (Price and Chiocca., 2014). In 2014, the 
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International Society of Neuropathology included molecular information and histological 

characteristics of brain tumour diagnoses and the World health organisation (WHO's) 

current updated guidance has classified CNS tumours and gliomas into different grades 

from I to IV, graded by pathologically evaluating the molecular information on the 

neoplasm's malignancy level. The classification of gliomas has proved influential in 

clinical settings to determine the treatment type for the patients. Tumours that are grade 

I can potentially be cured by surgery as they have low proliferation rates (Claus et al., 

2015). Grade II tumours are very invasive and can often recur despite having low 

proliferative potential. Grade III tumours are often malignant and exhibit anaplasia, and 

often have a rapid mitotic cell division, while Grade IV represents advanced malignant 

neoplasms with the poorest prognosis and a high rate of fatal outcome (Perkins and Liu., 

2016). Astrocytoma represents the most common type of glioma in children and adults 

(Cancer Research UK, 2019). Gliobls is a grade IV astrocytoma that develops from 

astrocytes and oligodendrocytes (Hanif et al., 2017). 

1.2. GLIOBLASTOMA MULTIFORME (GBM) 

GBM is a very aggressive and frequent diffusive glioma with astrocytic lineage and 

represents one of the most malignant tumours of the CNS (Louis et al., 2016). Based on 

the WHO guideline, GBM is classified as grade IV glioma. GBM is an incurable 

malignancy with a poor prognosis and survival rate, mainly located in the cerebral regions 

and rarely in the cerebellum (Louis et al., 2016). GBM accounts for about 54% of all 

glioma cases and 16% of all brain tumours (Davis, 2016). GBM is generally classified into 

two subtypes, differentiated through diverse genetic paths: One is primary or de novo 
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GBM, which accounts for about 80% and is predominant in patients over 60 years of age 

(Tamimi and Juweid., 2017), the other subtype is secondary GBM, arising from lower-

grade astrocytoma and mainly occurs in relatively younger patients under 45 years of age 

(Ohgaki and Kleihues., 2007). WHO has also classified a rare subtype of GBM called 

GBM with oligodendroglioma component (GBM-O), having regions with similar 

characteristics of anaplastic oligodendroglioma with hallmark GBM properties and the 

presence of necrosis with occurrence or absence of microvascular proliferation (Appin et 

al., 2013). Primary or de novo GBM generally exhibits PTEN (MMC1) mutation (Ohgaki 

and Kleihues., 2007), epidermal growth factor receptor (EGFR) overexpression (Xu et al., 

2017), and CDKN2A (p16) deletion (Martinez., 2012). Whereas secondary GBM is known 

to mature from lower-grade astrocytoma's and exhibits TP53 mutations as alterations 

detectable early in the development (Venneti and Huse., 2015). 70-80% of secondary 

GBM contains Isocitrate dehydrogenase-1 (IDH1) and IDH2 mutations, whereas only 5-

10 % of the gliomas contain them. Primary gliomas display a pool of genetic features such 

as loss of heterozygosity on chromosome 17p and 10q, p16 deletion, and the deletion of 

phosphatase genes and tensin homologue genes on chromosome 10 (Jovcevska et al., 

2013). Grade I gliomas have low proliferative potential and could be treated with surgery, 

while grade II to IV gliomas are usually highly malignant and invasive (Thakkar et al., 

2014). Despite recent advances, the treatment of GBM remains challenging due to the 

unique challenges such as blood-brain barrier (BBB) and blood-tumour barrier (BTB) 

limiting drug delivery pathways to the region of GBM. (Yang et al., 2016). In one of the 

complete reports provided by The Cancer Genome Atlas (TCGA) Research Network, it 

was shown that, multiple genes including Epidermal Growth Factor Receptor (EGFR), 
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Platelet- Derived Growth factor Receptor Alph (PDGFRA), Cyclin Dependent Kinase 4 

(CDK4), Murine double minute 2 (MDM2), Murine double minute 4 (MDM4), Classic cell 

cycle kinases 6 (CDK6), Cyclin D2, and Serin/threonine kinase 3 (AKT3) have been 

amplified in GBM, in addition to multiple abnormalities identified in important cell signalling 

and regulatory pathways (Furgason et al., 2015). 

1.3. HISTORICAL OVERVIEW OF GBM  

During the 1800s, gliomas were formally addressed as fungus medullary. The current 

core classification of the gliomas was provided by Harvey Cushing and Percival Bailey 

during the late 1800s (Ferguson and Lesniak., 2005). Most of the clinical and 

morphological features of GBM were suggested by Hans Joachim Scherer between 1934 

to 1941 (Stoyanov and Dzhenkov., 2018). Rudolf Virchow first described the phrase 

glioma and separated them into two sets according to their general and cellular variance 

upon observing it to other healthy brain tissue. 

1.4. GBM EPIDEMIOLOGY 

The average incidence rate of GBM remains around 3.19 per 100,000, with the median 

age of diagnosis in the early 60's. Men are more susceptible than women, and white 

people of non- Hispanic races have higher incidence rates. Very few patients diagnosed 

with GBM survive, with less than 5% of the patients living to reach five years following 

diagnosis. The incidence of GBM peaks between the age group of 75-84 years (Tamimi 

and Juweid., 2017). Children do not often develop diffuse high grade GBM like adults, 

since several age-specific mutations present in H3F3A play a vital role in the development 

of one third of paediatric GBM (Vanan and Eisenstat., 2014). Furthermore, the common 
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mutations like IDH1 and IDH2 mutations which are present in 98% of the adults secondary 

GBMs are very rarely found in paediatric GBM indicating distinct age-specific genetic and 

molecular differences (Sturm et al., 2012; Pollack et al., 2010). First-world western 

countries tend to have a higher incidence of gliomas compared to less developed 

countries. However, this might be due to under-reporting of cases and limited diagnosis 

due to limited health care facilities. The highest rates of diagnosis were observed in 

Caucasians, with those in industrial zones being particularly susceptible (Tamimi and 

Juweid 2017). A meta-analysis revealed that Arg399Gln polymorphism in XRCC1 was 

directly linked to a high risk of glioma in the Asian population and borderline increased 

risk for Caucasians (Jiang et al., 2013).  However, another study found that the Asia-

pacific population had a better survival than white non-Hispanic population (Bohn et al., 

2018). Some individuals with hereditary tumour syndromes like Turcot syndrome or Li 

Fraumeni syndrome tend to have a higher incidence of GBM (Dunbar et al., 2016). Apart 

from in these rare familial cancer syndromes, sporadic development without any genetic 

predisposition is seen in GBM (Tamimi and Juweid., 2017). GBM recurrence is suggested 

to be an inevitable event, and the management of which is not usually straightforward. 

Generally, GBM tends to recur after a median period of about 32-36 weeks. Studies have 

shown that GBM recurrence most often develops in the form of continuous local growth 

within 2-3cm from the border of the original lesion (Hanif et al., 2017). Recurrence of 

glioma at the original tumour site is observed in almost 90% of the patients and recurring 

GBMs have a low prognosis with an average survival of around 3-5 months (Ozdemir and 

Yesil, 2018). The treatment of recurrent GBM is extremely challenging, which leads to 

very poor survival rates. 
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1.5. AETIOLOGY OF GBM 

Comprehensive knowledge of the aetiology of GBM has not been established to date. 

There are no apparent carcinogenetic factors, but continuous exposure to high doses of 

ionising radiation is a risk factor (Bondy et al., 2008). A substantial improvement in the 

understanding of the molecular mechanisms of glioma, such as identification of hallmark 

events in the development of primary GBM such as EGFR mutation, deletion of p16, 

TERT promoter mutation, and overexpression of mouse double minute 2 (MDM2) and the 

loss in the heterozygosity of 10q holding phosphatase and tension homolog (PTEN) has 

been observed in the last decade (Amen et al., 2021; Shen et al., 2019; Song et al., 2013). 

Hallmarks of secondary GBM such as overexpression of platelet-derived growth factor-

alpha (PDGF/ PDGFRa), mutations of TP53, ATRX, and IDH1/2 have also recently been 

identified (Liu et al., 2011). Similarly, critical understandings in the molecular mechanisms 

behind the progression of GBM such as the influence of integrin inhibition in the 

inactivation of TGFβ pathway, abnormality in the G1/S checkpoint regulation of the cell 

cycle, and various other genetic and epigenetic abnormalities leading to 

immunosuppression, invasiveness, and stemness of human GBM has come to light 

through extensive studies in GBM in the last decade (DeCordova et al., 2020; Hu et al., 

2016; Song et al., 2017). 

1.6. CHARCTERISTICS OF GBM 

GBM is usually located in the brain's preperitoneal region, which represents the frontal, 

temporal, occipital, and parietal lobes. It is extremely difficult to distinguish tumour mass 



8 

 

from healthy tissue since it represents a mix of tumour and stromal cells (Louis et al., 

2016). Some glioblastomas are clearly separated from the healthy tissues and can be 

seen using the right diagnostic technique. Furthermore, the increased volume of the 

tumour through oedema makes localisation by pneumography a challenge (Walker et al., 

2011). Generally, no morphological differences are observed between GBM in children 

and adults. The tumour development may sometimes result in hydrocephaly due to high 

levels of intracranial pressure associated with it (Walker et al., 2011). Studies suggest 

that the low metastatic potential of GBM could result from the obstacles formed by 

cerebral meninges and a concise disease course (Robert and Wastie, 2008; Da Ros et 

al., 2018). 

GBM cells are polygonal to spindle-shaped cells, that possess very indistinct cellular 

borders and an acidophilic cytoplasm (Urbanska et al., 2014). GBM cells nuclei are often 

found to be oval or elongated and include coarsely clumped hyperchromatic chromatin 

with multiple unique centrally located nucleoli. Some GBM cells exist like adipocytes due 

to the presence of vast and bulky lipomatous vacuoles (Richard et al., 2018). Despite the 

variances in morphology, glioblastoma of that type displays numerous molecular 

characteristics like a primary glioma and is termed a "fat-rich" glioma (Urbańska et al., 

2014). Extensive cellular necrosis is often found in GBM and is one of its most distinctive 

features (Louis et al., 2016; Rong et al., 2006). Spontaneous cell fatality is extremely 

prominent in GBM in micronecrosis, which is surrounded by hypercellular zones adjacent 

to healthy tissue or parenchymal cells (Louis et al., 2016; Urbańska et al., 2014). Usually, 

two types of characteristics are observed: The first type has significant necrosis in central 

tumour regions, mostly due to an inadequate blood supply, and the second type 
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displaying irregular and insignificant necrotic regions surrounded by pseudo palisading 

zones (Rong et al., 2006). The increase of malignancy is often supported by 

enhancement in the grade of atypia, development of necrotic zones, and nuclear 

hyperchromatism (Alexander and Cloughesy, 2017). 

1.6.1. MOLECULAR SUBTYPES 

GBMs are classified based on the data obtained from microarray gene expression profiles 

and high throughput next generation sequencing.  In the early 1990s scientists acquired 

data from PCR and first-generation sequencing techniques and found a variety of 

molecular markers and subtypes in GBM which presented differential prognosis. But the 

landscape of GBM was not very clear because GBM development involved highly 

complex genetic and epigenetic changes. A ground-breaking study from Phillips et al., 

classified GBM in to three subtypes namely, Proneural, Proliferative and Mesenchymal. 

(Phillips et al., 2006). It was found that proneural subtype was more common in younger 

patients with better prognosis and expressed molecular markers such as NCAM, 

GABBR1 and SNAP91 (Phillips et al., 2006). The proliferative subtype expressed 

proliferation related markers such as TOP2A and PCNA and the mesenchymal subtypes 

expressed angiogenesis related markers such as PECAM1, VEGF, VEGR1 and 

VEGFR2. Both proliferative and mesenchymal subtypes were associated with activation 

of PI3K/Akt, PTEN loss and EGFR amplification and presented a poor prognosis (Phillips 

et al., 2006).   Based on the perspectives from the classification by Phillips et al., and with 

the advent of next generation sequencing methods and machine learning algorithms, a 

further classification was provided by Verhaak et al., in 2010 with data from deep analysis 
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of transcription profiles of GBM (Verhaak, et al., 2010). The classficiation provided by 

Verhaak et al., is widely used and has four subtypes of GBM: Proneural, Neural, Classical 

and Mesenchymal (Figure 1.1) (Verhaak et al., 2010). The proneural subtype is common 

in patients of younger age and commonly represented with IDH1 mutation and high 

expression of PDGFRA and had better prognosis.  The neural subtype expressed makers 

such as SYT1, SLC12A5, GABRA1 and NEFL which are similar to the patterns of normal 

brain tissue and has better response to radiation and chemotherapy. The classical 

subtype shows aberrant changes such as amplification in Chr.7, Chr.10 loss and 

homozygous deletion in Chr.9p21.3, in addition to increased expression of the neural 

precursor and stem cell marker, NES and inactivated Retinoblastoma-associated protein, 

Sonic hedgehog and Notch signalling pathways. GBM patients with classical subtype 

treated with aggressive radiotherapy and chemotherapy, show a significant reduction in 

mortality when compared to other subtypes (Colman et al., 2010; Verhaak et al., 2010). 

The mesenchymal subtype is the most aggressive type of GBM with extensive necrosis 

and inflammation noted in the pathophysiology and usually has increased expression of 

genes involved in angiogenesis, TNF, and the NFB pathways (Verhaak et al., 2010). 

Mesenchymal GBM is also characterized by deletion of tumour suppressor genes such 

as P53, PTEN, and NF1 (Verhaak et al., 2010). Although GBM patients with 

mesenchymal subtype respond initially to aggressive radiotherapy and chemotherapy, 

they have the worst prognosis among all subtypes with frequent recurrence (Colman et 

al., 2009).  

The presence of mesenchymal markers in glioma is often supported by a variety of 

sources which proposes that they could occur from 1) tumour microenvironment which 
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Mesenchymal
• Focal deletion at 17q 11.2
• Mutated NF1 (70%)
• Increased NF-B pathway
• Mutated PTEN
• Mutated TP53
• Higher activity of astrocytic 

markers

Neural
• Neuron markers (NEFL, GABRA1, 

SYT1 and SLC12A5)
• Few (75%) has normal cells in 

pathology slides
• Association with 

oligodentrocytic and astrocytic 
differentiation but mostly 
expresses neuron markers

Proneural
• Altered PDGFRA
• Point mutations at IDH1 (93%)
• TP53 LOH (67%)
• Lesser chromosome 7 

amplification with LOH 
chromosome 10

• Focal amplification at 4q12 
(higher than other subtypes)

• Expression of oligodendrocytic
genes.

Classical
• High EGFR (97%)
• Lack of TP53 mutations (P=0.04)
• Chromosome 7 amplification 

with LOH chromosome  10
• CDKN2A deletion (94%)
• High Notch and Sonic hedgehog 

markers
• Patients survive longest given 

aggressive treatment (P=0.002)

includes recruited cell types such as mesenchymal stem cells or macrophages; 2) due to 

the resistance developed against tumour managements agents like chemotherapy, 

radiotherapy, and anti-angiogenic therapy; 3) intrinsic expression of mesenchymal 

markers in tumour cells with several genetic mutations (Du et al., 2017; Zanotto-Filho et 

al., 2017). Genetic aberrations and mutations, primarily NF1 mutations, along with NFB 

transcriptional programs, are known to be the key driver of acquiring mesenchymal 

signature (Behnan et al., 2019). Certain genetic mutations such as loss of NF1 and PTEN, 

along with the NFB pathway, play an important role in leading to the acquirement of 

mesenchymal-characters (Zanotto-Filho et al., 2017; Yamini, 2018). 

 

 

 

 

 

 

 

 

Figure 1.1. Subtypes of Glioblastoma. GBM is classified in to four subtypes based on transcription profiles, 
genetic alterations, and DNA methylation. With the recent development of technology and classification 
algorithms that analyses high throughput data, GBM is divided in to classical, mesenchymal, proneural and 
neural subtypes. The typical molecular markers and characteristics for each subtype is given in this figure 
which can be used for prognosis and treatment strategies. 
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1.7. TREATMENT 

GBM treatment is a challenging aspect of clinical oncology, with a range of different 

treatments investigated over the years not being very successful due to the complexity 

and location of the tumour (Shergalis et al., 2018). Though significant improvement has 

been made in approaches of surgery, radiotherapy, and chemotherapy, the prognosis is 

still very poor. Surgical removal of the tumour, followed by radiotherapy and 

chemotherapy, is the current standard of care (Tam et al., 2020). The BBB that protects 

the CNS makes the task of treatment extremely challenging, especially in the hypoxic 

areas that are highly invasive and resistant to radiotherapy. GBM can seldom be cured 

by surgery (Alexander and Cloughesy., 2017).  

1.7.1. SURGERY 

The first treatment choice for GBM is surgery, where the malignant tumour is extracted 

as much as possible (Extent of resection-EOR); it has been reported that GBM patients 

who have undergone surgical resection with greater than 90% of EOR prior to 

radiotherapy or chemotherapy have a significant advantage of favourable prognosis and 

better survival rate (Lacroix et al., 2001). The infiltrating nature of gliomas is a big 

challenge to neurosurgeons as it makes it extremely difficult to differentiate the tumour 

from the normal brain parenchyma. Cytoreduction is a complex process aiming at 

complete excision of visible tumours (Yong and Lonser, 2011). Almost 80% of cases 

relapse within 2-3 cm of the original lesion. There are risk factors with this procedure that 

can lead to loss of vital brain tissue and cause further damage leading to neurological 

deficits. The residual tumour left after surgery has the tendency to act more malignantly 
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and can cause acute neurological problems. Surgical procedure is not usually 

recommended in elderly patients aged 60 or above because of the poor overall survival 

and poor quality of life in this age group (Kessler and Bhatt, 2018). 

1.7.2. RADIOTHERAPY 

Radiotherapy involves the use of high energy x-rays to eradicate tumour cells, generally 

given after surgery and may be given alone or along with chemotherapy. Radiotherapy 

after surgical treatment has been a standard procedure for decades to kill remaining 

tumour cells (Tam et al., 2020). The life expectancy of patients having high-grade gliomas 

was observed to progress on undertaking this technique. However, older patients with 

GBM are more likely to have a reduced prognosis and no survival benefit due to high 

toxicity (Rock et al., 2012; Roder et al., 2014). It has been shown that stereotactic 

radiotherapy and brachytherapy radiotherapy were effective therapies against relapsed 

GBM; normally this treatment is given two weeks after surgery to allow enough time for 

healing (Hanif et al., 2017). Analysis of the link between survival and radiation dose 

showed a dose-effect relationship, with a dose of 60Gy providing superior survival 

compared to the lower dose (Mann et al., 2018). Although radiation is part of the standard 

of care for GBM treatment, many areas of controversy and innovation remain. For 

example, safety radiation regimes for the elderly or fragile, reirradiation options in 

previously treated patients, and imaging methods to enhance safety and efficacy. 

Radiation is stated to be the ideal therapy option for elderly GBM patients, where a 

surgical procedure is not an option (Mann et al., 2018). 
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1.7.3. CHEMOTHERAPY 

Chemotherapy is another mode of treatment used in treating GBM. This treatment 

involves drugs that destroy tumour cells in the patient could be given alone or in 

combination with surgery and/or radiotherapy. Standard radiotherapy with adjuvant and 

concomitant chemotherapy with temozolomide (TMZ) after surgery is the typical type of 

standard care of glioblastoma patients. However, the median survival range is between 

12-15 months, with the prognosis remaining poor (Hanif et al., 2017). Alkylating agents 

like TMZ, carmustine or BCNU (bis-chloroethyl nitrosourea), and lomustine (CCNU) have 

shown some advantage and have been used clinically in the majority of GBM. However, 

treatment with these drugs is highly cytotoxic and associated with many side effects that 

can affect the quality of life of GBM patients, and often results in the early development 

of resistance which further limits their benefit (Ohka et al., 2012). Temozolomide is the 

only standard chemotherapy for patients with GBM (Hanif et al., 2017). Despite 

aggressive treatment, including surgery, chemotherapy, and radiation, the prognosis of 

GBM remains low (Hottinger et al., 2014). 

1.7.4. TEMOZOLOMIDE 

TMZ is a second-generation imidazotetrazine derivative, which exerts its cytotoxic effects 

by methylation of specific DNA sites. The methylation of the O6 position of guanine in 

DNA is generally considered the most critical. On March 15, 2005, TMZ was approved by 

the US Food and Drug Administration (FDA) for the treatment of adult patients with newly 

diagnosed GBM (Cohen et al., 2005). Temozolomide is taken orally and is absorbed 

quickly; with a nearly complete bioavailability after oral administration, it crosses the BBB 
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at a high concentration in the cerebrospinal fluid. TMZ management, along with 

radiotherapy, leads to an enhanced median overall survival, from 12.1 to 14.6 months 

(Minniti et al., 2009). The blockage of NHERF-1 synthesis in glioma cells raises their 

sensitivity to the cytotoxic action of TMZ and initiation of apoptosis in cancer cells 

(Urbańska et al., 2014).   

TMZ mainly benefited patients with a methylated O-6-methyl- guanine-DNA 

methyltransferase (MGMT) gene promoter (Fan et al., 2013). MGMT is a DNA repair 

protein that reverses the damage produced by alkylating chemotherapy agents (Fan et 

al., 2013). Methylation of the gene promoter leads to a decreased expression of this 

specific enzyme and consequently makes tumour cells more vulnerable to alkylating 

agents (Hottinger et al., 2014). However, it is reported that high levels of MGMT activity 

in tumour cells is associated with inadequate temozolomide response (Cabrini et al., 

2015). MGMT is a critical DNA repair protein that protects tumour cells against alkylating 

chemotherapeutic agents. Other chemotherapeutic approaches for GBM include anti-

angiogenic agents, such as anti-VEGF monoclonal antibodies, also known as 

Bevacizumab, monoclonal antibodies targeting EGFR (Erlotinib and Gefitinib), anti-FGF 

antibodies, and tyrosine kinase inhibitors (Hanif et al., 2017). Although TMZ shows few 

adverse events, the risk of haematological complications, fatigue, and infections are 

increased with its use (Fernandes et al., 2017). 
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1.8. CHALLENGES IN GBM CHEMOTHERAPY 

1.8.1. DRUG EFFLUX MECHANISMS - BLOOD-BRAIN BARRIER 

Brain tumours are challenging to treat, mainly owing to the biological features of these 

cancers. Brain tumours are located behind the BBB which protects the neural tissue from 

pathogens and toxins that try to invade the CNS by the precise control of CNS 

homeostasis. BBB is correlated by a sequence of metabolic properties possessed by the 

endothelial cells (ECs) that forms the walls of the blood vessels and regulates physical 

transport of molecules across the barrier (Daneman and Prat, 2015). Any alterations to 

these barriers are significant because this can cause serious issues such as disease and 

infection. Over the years, not much progress has been made in the management of 

chemotherapy of GBM as the potentially therapeutic drugs exposed are often incapable 

of crossing the BBB (Haumann et al., 2020). The brain is protected by the BBB since it is 

a delicate organ and required protection from pathogens and other large particles that are 

external to the CNS (Herholz et al., 2012). Any molecule less than 400Da and are known 

to be lipophilic or lipid-soluble in general can pass the BBB by passive transport. However, 

any molecules greater than 400Da cannot, and this causes an obstacle for drug delivery 

to the CNS. The ECs of CNS are held together by tight junctions (TJs), which significantly 

limit the paracellular flux of solutes (Daneman and Prat, 2015). 

1.8.2. DRUG EFFLUX MECHANISMS -P-GLYCOPROTEIN  

P-glycoprotein (P-gp) is a transmembrane transporter in humans. P-gp is a 170-kDa 

membrane protein and is encoded by the ABCB1/MDR1 gene. P-gp is an ATP-driven 
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efflux pump that utilises ATP hydrolysis to carry and transport several substrates across 

the plasma membrane of numerous tissues (Gregorio et al., 2018). GBM cells have 

shown to obtain increased amounts of P-gp, and it is thought to be related to the intrinsic 

resistance of GBM (Fallacara et al., 2019). P-gp provides a multi-drug resistance (MDR) 

phenotype to cancerous cells that have advanced resistance to chemotherapy drugs 

(Callaghan et al., 2014). In addition, there have been several single nucleotide 

polymorphisms discovered and reported for the MDR1 gene; These single nucleotide 

polymorphisms are linked with drug resistance, the altered oral bioavailability of P-gp 

substrates, and susceptibility to most human illnesses and infections (Zhou, 2008). P-gp 

efflux pump activity contributes to the resistance of tumour cells to several antineoplastic 

agents (Gregorio et al., 2018). Unfortunately, despite decades of research in P-gp, there 

has been no apparent therapeutic approach found to tackle the challenges around the 

drug efflux pump in tumours. 

1.8.3. DNA DAMAGE REPAIR MECHANISMS - MGMT 

TMZ, an alkylating agent, is the only drug that is currently used in GBM treatment. 

However, a major hindrance to the multi-cycle uses of this chemotherapeutic mediator in 

treating the disease is the gain of drug resistance (Strobel et al., 2019). One of the chief 

resistance mechanisms adapted by the cancer cells is the enhanced activity of the DNA 

repair enzyme MGMT (Hegi et al., 2008). This enzyme, which serves as a crucial 

component of chemoresistance to TMZ, responds to chemotherapy-induced DNA 

alkylation. When a prolonged treatment with TMZ is carried out, upregulation of MGMT 

protein results in the repair of O6-meG (O6-methylguanine) lesions by transferring the 
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alkyl group from guanine to a cysteine residue, this results in the acquisition of resistance 

to the drug and ultimately poses a major therapeutic challenge (Fan et al., 2013). It is 

clear from various studies that tumours from different individuals have different MGMT 

expression levels (Wang et al., 2017). Thus, the grade and aggressiveness of the tumour 

all differ with respect to the individual. Reports from several studies have shown that, 

patients with GBM that exhibit promoter methylation of MGMT, respond positively to TMZ 

treatment and radiation therapy, in comparison to patients with GBM that has an 

unmethylated MGMT promoter. This provides clear evidence that MGMT methylation in 

GBM plays a vital role in response to therapy and serves as a biomarker in predicting the 

individual's sensitivity to TMZ therapy (Yoshimoto et al., 2012). 

1.8.4. DNA MISMATCH REPAIR 

As mentioned earlier, diverse DNA repair pathways play a critical role in disabling the 

cytotoxicity activity of chemotherapeutic agents and radiotherapies; and promote 

resistance (Annovazzi et al., 2017). A mechanism that corrects mismatches generated 

during DNA replication and escaped proofreading is DNA mismatch repair (MMR). Kunkel 

and Erie (2005) have reported a wide range of biological consequences on the 

inactivation of MMR. Some of the most common and important enzymes involved in MMR 

are MSH2, MSH6, MLH1, and PMS2. Any mutation to any of these genes may have a 

high negative impact on the function of the MMR mechanism. Tumour cells exposed to 

TMZ initiate apoptosis (programmed cell death), thus contributing to TMZ resistance in 

recurrent tumours (McCord et al., 2020). Even the slightest decrease in the expression 

level in MSH2 and MSH6 and similar MMR components in GBM results in extreme effects 
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on TMZ sensitivity (McFaline-Figueroa et al., 2015). In was observed that microsatellite 

instability (the standard marker for MMR deficiency) is absent in recurrent GBM, indicating 

the lack of involvement of MMR in the resistant phenotype. However, recent research 

suggests that reduced MMR protein levels frequently arise in recurrent GBM, a 

mechanism by which they evade TMZ sensitivity (McFaline-Figueroa et al., 2015). 

Different kinds of DNA damage, and at least six major DNA repair pathways are induced 

by different drugs. Also, numerous sub-pathways are encompassed in the repair of 

damage (Nagel et al., 2016). Furthermore, in cells that lack MMR, the base pairing of O6-

methylguanine with thymine persists, and upon DNA replication, it leads to nucleotide 

transitions from guanine to adenine. 

1.8.5. APOPTOSIS RESISTANCE 

An additional event that has been shown to contribute to the chemoresistance in GBM is 

the ineffective occurrence of apoptosis (Valdes-Rives et al., 2017). One of the hallmarks 

of cancer is the evasion of apoptosis; any irregularities in the regulators of the apoptosis 

event can result in malignant progression and tumorigenesis (Fernald and Kurokawa., 

2013). Most anticancer treatments aim to induce apoptosis in the tumour cell. Hence, 

when this process is disrupted during tumour evolution, it results in drug resistance and 

subsequent failure of the therapeutic agent. Krakstad and Chekenya (2010) stated that 

the key controllers of cancer cell survival are apoptosis resistance and improved survival 

signalling. Thus, targeting one of the two events might aid in attaining a beneficial and 

effective result. The apoptosis mechanism is initiated by the cellular stimulation of the 

molecular pathway that eventually allows the cell to decease when they develop into 
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defective or damaged cell. The two crucial molecular pathways involved in apoptosis are 

the extrinsic and intrinsic pathways (Jan and Chaudhry., 2019). They result in proteolytic 

activation of caspases. Cell variations that include chromatin condensation, membrane 

bleeding, DNA fragmentation, and cell shrinkage are promoted by these proteases 

(Elmore, 2007). The proapoptotic ligands that trigger cell surface death receptors from 

outside the cell activate the extrinsic pathway. The binding between the ligand and 

receptor results in the establishment of a death-inducing signalling complex (DISC) 

(Elmore, 2007). Moreover, activation of procaspase-8 and procaspase-10 and, ultimately, 

caspase-3 is prompted by the DISC protein, which initiates apoptosis. In comparison, the 

intrinsic pathway is induced from inside the cell by extreme cell stress, such as DNA 

damage. This triggers the effector caspase-7, caspase-6, and caspase-3, which 

ultimately implements apoptosis (Valdés-Rives et al., 2017). 

1.9. CANCER STEM CELLS 

1.9.1. GBM HETEROGENEITY AND CANCER STEM CELLS 

To a great degree, GBM tumours display phenotypic and functional heterogeneity (Qazi 

et al., 2017). The genetic and epigenetic changes combined with varying 

microenvironmental cues within different regions of the tumour leads to heterogeneity 

among tumour cells within a single tumour. Based on the gene expression levels shown 

from studies, tumour fragments from different anatomical regions of the same patient 

tumour may be classified into different GBM subtypes (Sottoriva et al., 2013). The 

coexistence of a hierarchy of mitotic clones within the same fragment of the tumour was 

shown by single-cell sequencing studies of the clonal composition of single tumour 
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(Sottoriva et al., 2013; Dirkse et al., 2019; DeCordova et al., 2020). It is suggested that 

tumour cells heterogeneity may occur from clonal evolution and from the differentiation of 

Cancer Stem Cells (CSCs). The versatility and plasticity of heterogeneous tumour 

populations are well explained in the CSC model, which suggests that very small 

subpopulations of CSCs drive cancer progression and can lead to subpopulations of 

cancer cell types with specific features within a given tumour (Safa et al., 2015). The 

epigenetic mechanisms that drive the phenotypic diversity of neoplastic cells, which is an 

attribute critical for the development of resistance to therapy, can be explained by this 

CSC paradigm (Shibue and Weinberg., 2017). Evidence from recent studies with CSC 

plasticity suggests that the tumour cell populations are dynamic, and due to various 

environmental factors, both CSCs and non-CSCs are interconvertible (Safa et al., 2015; 

Jung et al., 2021). The generation of tumour heterogeneity and CSC-targeted therapy is 

further complicated when non-CSCs dedifferentiate into CSCs. GBM CSCs, like other 

CSCs, are a rare population of slow-growing cells in tumours that display various 

"stemness" properties, which include 1) the ability to self-renew and differentiate into 

distinct lineages through different intermediate progenitors; 2) coexistence or 

heterogeneity of cells with different differentiation capacities providing the cellular 

hierarchy within the tumour; 3) the ability to initiate tumours in intracranial xenograft 

models in immunodeficient animals that recapitulate phenotypic characteristics of the 

initial tumour including tumour cell heterogeneity, invasiveness, migration and 

metastasis, hypoxic tumour response; resistance to drugs and radiation; the resistance 

of tumours to apoptosis stimuli, and vascular characteristics (Safa et al., 2015). GBMs 

contain self-renewing, tumorigenic CSCs that help in tumour initiation and therapeutic 
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resistance (Lathia et al., 2015). In general, normal stem cells aid in tissue development 

and repair, and these developmental programs are also associated with CSCs, which 

help the development and progressive growth of malignant tumours. Actively remodelling 

the microenvironment and receiving vital maintenance cues from their niches, these 

CSCs operate within an ecological system (Lathia et al., 2015). Adaptation and variations 

of CSCs to the environment in such a way that they reinforce the malignant state of the 

tumour can be mediated via epigenetic alterations like DNA methylation; for instance, the 

malignant properties of GBM can be suppressed by the resetting of DNA methylation by 

induction of pluripotent stem cell reprogramming, resulting in cellular differentiation.  

1.9.2. GBM CANCER STEM CELL SPECIFIC MARKERS 

Though the origin of glioma stem cells (GSCs) has been recognised over a decade ago 

(Vieira de Castro et al., 2020), the refinement and classification of GSCs remain 

challenging (Safa et al., 2015). Although stem cell specific markers such as CD133, 

CD44, and CD15 are shown to identify GSCs within the GBM cell population, these 

markers lack sensitivity and reliability in determining GSC populations from patient 

samples, and has no significant prognostic value (Kong et al., 2012). Several 

investigations on the role of the cell surface protein CD133 (prominin) as a cancer stem 

cell marker in GBM have been made, these suggest that the CD133 marker is identified 

in GSCs that form neurospheres and generate heterogeneous tumours when 

transplanted in immune-compromised mice, and CD133-negative cells display similar 

properties (Ahmed et al., 2018; Brescia et al., 2013). Intriguingly, Brescia et al (2013) 

through clonal analysis, reported that there exists no hierarchical relationship between 
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CD133-positive and CD133-negative cells, and in fact, CD133 can change its subcellular 

localisation between the cytoplasm and the plasma membrane of GSC neurospheres. 

The experiment demonstrated by these authors showed that silencing CD133 in human 

GBM neurospheres using lentivirus-mediated short hairpin RNA reduced the self-renewal 

and tumorigenic capacity of neurospheres. Conversely, the percentage of CD133-positive 

cells in hypoxia significantly increased from 69% to 92%. Collectively, these data suggest 

that CD133 is indispensable in GSC function and essential for maintaining the self-

renewal and tumorigenic potential of GBM stem cells. Furthermore, increased 

proliferation rates in neurospheres of CD133-positive cell lines and increased 

differentiation potential towards neuronal lineages was demonstrated by Denysenko et al 

2010, while cell lines with low CD133 expression showed mesenchymal properties in 

vitro. CD133 may collaborate with other similar factors and aid in the increase of stemness 

of the GSCs. Co-expression of EGFRvIII (a proto-oncogene commonly overexpressed in 

GBM) with CD133, contributes to increased stemness (Safa et al., 2015; Zarkoob et al., 

2013). However, the role of other GBM associated biomarkers such as L1CAM, SOX2, 

CXCR4, Integrin α-6, and CD36, in contributing to the GBM CSC phenotype is not well-

defined.  

1.10. ORIGIN OF GBM CANCER STEM CELLS 

1.10.1. TUMOUR MICROENVIRONMENT AND GBM CANCER STEM CELLS 

Increasing evidence suggests that the stem cell niche, i.e., the environment in which 

GSCs reside, is responsible for the maintenance of these cells with respect to "stemness" 

and therapeutic response (Safa et al., 2015). The close network of various cell types and 
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the niche paracrine factors play an important role in controlling the necessary signalling 

pathways that regulate the properties of GSCs. Maintaining the stemness and regulating 

the tumour propagating capacity of CSCs, including GSCs, involves numerous signalling 

pathways. Exposure to microenvironmental conditions such as nutrient deficiency, 

hypoxia, radiation, and various others, shift the dynamics of regulation and control of 

these interconversions, resulting in changes in the GSC and non-GSC pools (Gimple et 

al., 2019). The three primary microenvironments described in GBM are hypoxic-necrotic 

core, perivascular niche, and invasive edge (Figure 1.2) (Hambardzumyan and Bergers 

2015). A variety of cellular programs are activated in GSCs by each unique biome, which 

actively assists in remodelling the architecture of the microenvironmental. A crucial event 

involved in maintaining the breadth of states that the GSC population can occupy is niche 

interactions. It promotes heterogeneity and robust maintenance of stem properties 

(Hambardzumyan and Bergers., 2015).   

1.10.2. HYPOXIC AND NECROTIC NICHE 

Hypoxic and necrotic regions are hallmark characteristics of glioblastoma and support 

GSC maintenance, proliferation, and therapy resistance (Colwel et al., 2017). Hypoxic 

stress generates a subpopulation of cells that can survive in nutrient-restricted conditions 

and promote the change towards the production of glutamine-mediated fatty acid and 

aerobic glycolysis (Dang 2012). Furthermore, as in the normal neural stem cell niches, 

hypoxia is hypothesised to promote quiescence (Plaks, Kong and Werb., 2015), a 

phenotype that could significantly contribute to the enrichment of chemo and 

radioresistant populations. Hypoxia-inducible factor 1 (HIF1) and HIF2 largely mediate 
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the effects of hypoxia (Raval et al., 2005). During chronic hypoxia, the level of HIF2α 

persists at an elevated state and is indicated in the signalling pathways activation, which 

regulates KLF4, SOX2, and OCT4 that are involved in stem cell maintenance (Keith and 

Simon 2007). Conversely, in acute hypoxic response HIF1α is predominantly upregulated 

relative to HIF2α (Palazon et al., 2014). It mediates the metabolic adaptation to nutrient 

deprivation, elevates the mesenchymal shift in hypoxic GBM cells. It promotes the pro-

survival factors (such as ERK) expression and also the expression of VEGF, thus 

stimulating angiogenesis in hypoxic regions. 

1.10.3. PERIVASCULAR NICHE 

The perivascular niche plays a significant role in the maintenance of stemness by 

providing vital cues for GSCs. It also promotes pathways that induce GSCs capable of 

migration and DNA repair (Roos et al., 2017). Endothelial cells (ECs) promote stem-like 

phenotype through NOTCH, Sonic hedgehog, and nitric oxide signalling pathways, 

among many others (Yan et al., 2014). In addition, other perivascular cell populations, 

such as tumour-associated macrophages, secrete chemokines that promote GSC growth 

and expansion (Yan et al., 2014). Signalling within the perivascular niche also generates 

GSCs that may adapt therapy resistance. TGFβ is highly expressed around the tumour 

vasculature and promotes stem cell maintenance, DNA repair pathway activation and 

matrix metalloproteinase 9 expression (MMP9), an important mediator of invasion (Krstic 

and Santibanez., 2014). The ligand CXCL12, which provides a chemotactic signal, is 

expressed by ECs. It is a positive regulator of the expression of matrix metalloproteinase 

and hence promotes the invasion event in GSC populations (Yao et al., 2011). The 
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perivascular niche is remodelled and maintained by these GSC populations, which 

elevate the level of proangiogenic factors like VEGF (Codrici et al., 2016). VEGF, in turn, 

induces the proliferation, survival, migration, and blood vessel permeability of EC 

(Johnson and Wilgus 2014). GSCs can give rise to pericyte-like cells, key regulators of 

vascular remodelling and stabilisation, whereas differentiation of GSCs into tumour ECs 

remains controversial. The perivascular niche is known to play an important role in tumour 

growth however, anti-angiogenic factors have not performed well in clinical trials (Charles 

and Holland 2010). Though the high levels of vascularity, presumably through angiogenic 

pathways that circumvent VEGF targeting, are retained in some resistant tumours, the 

hypoxic niche expands and becomes predominant in most others (Codrici et al., 2016).  

1.10.4. INVASIVE NICHE 

The invasive niche is the third major glioblastoma microenvironment. GSCs are enriched 

for their invasive potential, a finding consistent with the ability of leading-edge cells to 

drive tumour recurrence following surgical resection (Prager et al., 2020). Utilising 

cadherins and integrins, the GSC, which are known as the 'surgically resistant' 

populations, migrate along the vasculature and white matter tracts (Prager et al., 2020). 

Using matrix metalloproteinases such as MMP2, MMP9 and ADAMT2, these GSCs 

cleave their way through the ECM (extracellular matrix) (Kessenbrock et al., 2015). 

Invasion is facilitated by several signalling pathways that are upregulated in GSCs, 

including L1CAM and ephrin-B2 (Prager et al., 2020). GSCs also express multiple 

mediators of the epithelial-mesenchymal transition, during which cancer cells convert to 

a more invasive, metastatic phenotype, including the TWIST1–SOX2 signalling axis, N-
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cadherin, STAT3, NFB, and periostin (Jung et al., 2021; Prager et al., 2020). The 

signalling in the hypoxic and perivascular niches promote the invasive and migratory 

phenotype (Plask et al, 2015). It is modulated by the differential tissue mechanics and 

matrix stiffness of blood vessels and white matter tracts (Hambardzumyan and Bergers, 

2015; Jung et al, 2021). Hence, normal brain tissue can be an attractor in the development 

of the invasive niche (Hambardzumyan and Bergers, 2015). 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2. Cancer stem cell niche. Glioma initiating cells were initially described to reside in a perivascular 
niche around tumour vasculature where the NO produced by endothelial cells maintains the cancer stem 
cell (CSC) phenotype. Recent evidence suggests that a secondary niche more distal from the vasculature 
exhibits lower oxygen tension and has also been shown the regulate the CSC phenotype. Adjacent to the 
rim of necrotic cells, this hypoxic niche contains CSCs whose activity is modulated by multiple HIF-regulated 

genes, such as HIF2 and HIF1 and other signalling modules (OCT4, VEGF, NOTCH, and c-myc). Recent 
evidence suggests that CSCs differentially respond to hypoxia with distinct HIF induction patterns. Targeted 

inhibition of HIF2 inhibits self-renewal, proliferation, and survival in vitro and attenuates tumour initiation 
potential of the CSCs (Mohyeldin et al., 2010). 
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1.11. PLASTICITY 

During the period of adult body development, a subpopulation of cells exists, that can 

transit or differentiate into multiple lineages. This ability is defined as phenotypic plasticity 

(Fusco and Minelli 2010). Though this feature is limited in adult stem cells and is observed 

in embryogenesis, it can be reactivated tissue such as the liver, pancreas and colon to 

repair and maintain these organs (Fang et al., 2004). Similarly, the reactivation of 

plasticity in cancer cells is observed, which is a primary feature of tumour progression 

(O'Brien-Ball and Biddle, 2017). Cellular plasticity enables, when necessary, some 

daughter cells, progenitor cells, transient cells and even differentiated cells to re-enter the 

linear and hierarchical process of cellular differentiation. For instance, when liver cells are 

damaged, hepatocytes which are the terminally differentiated liver cells, re-enter the cell 

cycle to substitute the lost hepatocytes without becoming complete stem cells. Likewise, 

this trans-differentiation ability is also demonstrated in the acinar cells of the pancreas. A 

study in 1995 showed the appearance of foci of hepatic cells in the pancreas of rats 

treated with ciprofibrate, a peroxisome proliferator, or exposed to a low-copper diet, 

respectively. Thus, altogether, plasticity may be more common and much more important 

than previously appreciated. Additionally, some CSC subpopulations with phenotypic 

plasticity are found in a quiescent stage. That is, until they are required to rebuild into the 

primary tumour, these cells are present in a relatively inactive state (Chen et al., 2016). 

In other cases, they are required to establish the secondary tumour after the metastatic 

process. During this inactive state, these cells can evade the anti-tumour therapies or 

even the immune system (Lambert et al, 2017). A hallmark characteristic of plastic CSCs 

is their ability to take up the quiescent state (Lee and Hall, 2016; Jung et al., 2021). This 
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ability may be the reason behind the relapse of disease years after even a successful 

surgical intervention and tumour free survival. 

1.12. EPITHELIAL TO MESENCHYMAL TRANSITION 

An important process described in the setting of embryonic development is Epithelial-

mesenchymal transition (EMT), It is a significant process in the multiple stages of organ 

and tissue differentiation (Micalizzi et al., 2010). During EMT, cells gain mesenchymal 

characteristics encompassing the ability to migrate and invade, lose other processes that 

promote cellular polarity and cell-cell contact inhibition. Mesenchymal differentiation is a 

primary feature of cancer; It induces tumour growth, migration, and metastasis (Kim et 

al.,2021).  

Aiming to separate GBM tumours into different subtypes, gene expression profiling was 

performed on a series of GBMs by Phillips et al 2006 and three distinct expressional 

subtypes were identified: mesenchymal (MES), proliferative (PRO) and proneural (PN). 

Subsequently, unsupervised clustering of global gene expression from 200 GBMs was 

used by TCGA group and identified four clusters: Neural (N), Proneural (PN), Classical 

(CL) and Mesenchymal (MES) (Ling et al., 2020). Apart from its diagnostic ability, the 

subgrouping of GBM provides significant information on the prognosis and potential 

response to a specific therapy: among the subtypes, PN has been consistently related to 

better response to therapy and improved survival (Fedele et al., 2019).  

While bulk GBM specimens were examined in initial molecular studies, it was 

demonstrated that within a single tumour, different subtypes coexisted in spatially 
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segregated areas (Yamini, 2018). Notably, even at the single-cell level, there is 

heterogeneity of expressional subtype, and they exhibit characteristic features of 

plasticity. GBM cells, in events similar to EMT, undertake proneural-mesenchymal-

transition (PMT), either instinctively or in response to DNA damaging therapy (Behnan et 

al., 2019; Fedele et al., 2019).  

Furthermore, upon disease recurrence, PMT has been implicated in treatment resistance 

and GBM relapse (Fedele et al., 2019). As in other cancers, in GBM, mesenchymal 

differentiation is identified by the higher expression of proteins like vimentin, CD44, and 

matrix metalloproteinases (MMPs) and decreased expression of epithelial markers like 

E-cadherin (Lamouille, Xu and Derynck., 2014). Additionally, a range of transcription 

factors like SNAI1 (SNAIL), TWIST1 and Zinc Finger E-box-binding homeobox-1 (ZEB-1) 

and ZEB-2 stimulate mesenchymal differentiation (Mahabir et al., 2013; Siebzehnrubl et 

al., 2013). Balanced cross-examination of gene regulation in mesenchymal tumours GBM 

cells demonstrates the regulation of the tumours by specific master transcription factors 

such as transcriptional co-activator with PDZ-binding motif (TAZ), C/EBPβ and STAT3 

(Bhat et al., 2011; Carro et al., 2009; Yamini, 2018). Closely connected in this complex 

mesenchymal transcriptional network reside the nuclear factor-kB (NFB) family of 

proteins (Yamini, 2018). 
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1.13. HYPOXIA AND RESISTANCE 

1.13.1. HYPOXIA INDUCED MIGRATION AND INVASION 

Hypoxia is a common event in solid tumours, including GBM. It is a condition in which the 

growth rate of cancer cells outstrips its blood supply, generating cells deprived of oxygen 

due to a limited blood flow. This exposure to low levels of oxygen can produce necrotic 

areas, one of the hallmarks of GBM (Monteiro et al., 2017). The necrotic areas are 

typically surrounded by "pseudopalisading" cells, marked to be severely hypoxic cells 

overexpressing HIF1 (Rong et al., 2006). These typical areas of hypoxia in GBMs have 

been associated with poor prognosis and have a negative impact on the survival of 

patients (Monteiro et al., 2017). Findings indicate that tumour cells can adapt to hypoxic 

condition, giving rise to resistant cells (Muz et al., 2015). This condition allows survival 

and consequently results in a more malignant phenotype, probably through an EMT-like 

process. This could explain why the beneficial effect of anti-angiogenic therapy is 

transient, with initial responses being frequently followed by an intense progression of the 

disease (Vasudev and Reynolds., 2014). 

1.13.2. HYPOXIA INDUCED CANCER STEM CELLS AND EMT 

The introduction to a low level of oxygen precedes an important hallmark of GBM – 

necrosis of cells of the region. The hypoxia-induced resistance lets the cells survive and 

invade, resulting in the emergence of phenotypes that are much more malignant.  
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In human GBM cell lines, characteristics changes such as morphological changes, 

enhanced invasive/migratory capacity and overexpression of mesenchymal markers like 

fibronectin and COL5A1 indicate the mesenchymal shift induced by hypoxia (Joseph et 

al., 2015). An important gene interceding the mesenchymal shift induced by hypoxia is 

ZEB1. This is shown from experiments in ZEB1-knockdown cells; these knockout cells, 

when exposed to hypoxic conditions, did not show any phenotype shift or potential 

invasiveness (Joseph et al., 2015). The association between HIF1α signalling, cMet, 

CD133 and CD44 in human GBM samples is identified by morpho-proteomics analysis 

(Brown and McGuire, 2012). This involvement of the markers exposes the notion that the 

hypoxic condition in GBM cells could precede its increased potential of stemness and 

phenotype shift (Figure 1.3). In addition, it is supported by the fact that tumour samples 

that were treated with the anti-VEGF antibody bevacizumab show rise in mesenchymal 

markers such as MMP2, ZEB1, ZEB2, SNAIL, SLUG, and TWIST (Piao et al., 2013). 

Also, a distinct rise in cellularity, cell proliferation, and spindle-shaped mesenchymal 

morphology was observed in these tumour samples. This evidence suggests that an 

increased hypoxic environment is generated when treated with anti-angiogenic therapy, 

which in GBM ultimately activates an EMT-like process via inhibitor of HIF1/2α (Piao et 

al., 2013; McIntyre and Harris, 2015). It is notable that TWIST1 is activated by direct 

binding of HIF1 to its promoter (Yang et al., 2008). Therefore, several physiological 

conditions and discrete factors of the tumour microenvironment promote the EMT 

programme activation through numerous mechanisms in various cancer cells. This 

intricacy has resulted in the major challenge in formulating effective therapeutics targeting 

the EMT programme.  
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Figure 1.3: Hypoxia as a driver of aggressive tumour phenotype. HIF activation drives 
two critical tumour promoting pathways, (1) increase in CSC markers (Oct4, Nanog, Sox2 
and Snai1) and (2) EMT promoting marker (ZEB2, SNAI1, TWIST, WNT, SLUG, NOTCH 

and TGF These HIF driven pathways interact with one another leading to 
enrichment/enhancement in both CSC and EMT cell population that in turn is a driver of 
aggressive tumour type (Bao et al., 2012). 

1.14. ROLE OF EPITHELIAL TO MESENCHYMAL TRANSITION AND GLIOMA STEM 

CELLS IN RESISTANCE AND ITS CLINICAL SIGNIFICANCE 

Several experiments have demonstrated that GSCs are more resistant than differentiated 

GBM cells toward conventional anticancer drugs such as TMZ (Auffinger et al., 2015). 

Whereas other data suggest that primary GSCs are sensitive to TMZ therapy (Safa et al., 

2015). This investigation revealed that in the case of both in vitro and in vivo, treatment 
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of established GBM cell lines and patient derived GBM models with TMZ, resulted in the 

rise of the GSC pool over time. Moreover, the authors have demonstrated lineage-tracing 

analysis of the expanded GSC pool, which showed that the non-GSC population 

phenotypic shift to a GSC-like state which expressed pluripotency and stemness markers 

such as CD133, SOX2, OCT4, and Nestin, resulted in a rise of GSC pool by TMZ. 

Furthermore, it is evident that the recurrence of the tumours is initiated from these new 

GSCs, which serve as a reservoir. Studies in breast cancers have also shown such 

unprompted conversion of a non-CSC population into a CSC-like population (Lee and 

Hall, 2016; Visvader and Lindeman, 2012). Hence, these results, along with several data 

published on various tumours, show CSCs are not tightly controlled by the cellular 

hierarchy within a tumour, instead the stemness of CSCs is controlled by the cellular 

heterogeneity of the tumour along with cellular plasticity (Jung et al., 2021; Lee and Hall, 

2016; Lu and Kang., 2019; Safa et al., 2015; Visvader and Lindeman, 2012). 

Tumour progression, by an EMT-like process, is suggested to occur in parallel to the 

different therapeutic modalities for glioma treatment (inclusive of radiotherapy and 

chemotherapy with TMZ) (Fernandes et al., 2017). This suggests a therapeutically 

targetable mechanism that accounts for recurrence of GBM tumours. In an assessment 

of GBM patient by Meng et al 2008., using Gene Expression Omnibus (GEO) and TCGA 

datasets, it was found that an EMT gene expression signature was concomitant with 

radio-resistance. In radiotherapy-treated patients, they identified 31 signature genes that 

were related to radiosensitivity. The observation revealed that the survival of the 

radiosensitive patient was higher than the patients who were radioresistant. Additionally, 

a radioresistant profile was found to be intensely associated with many mesenchymal 
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gene sets. This supports the notion that EMT exhibits a major influence in resistance to 

radiation. Markers such as vimentin, fibronectin, CD44, collagen, and MMPs, which are 

related to EMT, were found to increase in clinically recurrent human GBM. In vitro studies 

showed that through the induction of c-MYB, miR-200 and MGMT, ZEB1 was capable of 

inducing TMZ resistance in human GBM cell lines (Siebzehnrubl et al., 2013). c-MYB, 

which is a proto-oncogene, positively regulates MGMT and binds to the promoter region 

of MGMT in GBM cells (Siebzehnrubl et al.,2013) and c-MYB is inhibited by miR-200, 

which is involved in the negative feedback loop with ZEB1 (Gregory et al., 2008).  Notably, 

after the treatment with TMZ, an increase in the survival rate was observed in ZEB1 

knockdown GBM cells engrafted in mice in comparison to control mice (Zhang et al., 

2019). Delineating the molecular mechanisms of resistance is important for the future of 

personalised medicine for cancer patients and to predict the therapeutic response in 

GBM.  An important step towards the goal of better prognostics and therapeutics will be 

the identification of molecular predictors of drug response, these molecular markers are 

likely to include GSC markers. Reports from recent studies suggest that within a single 

GBM tumour, there are distinct subpopulations of GSCs that exist (Auffinger et al., 2015). 

Hence, to eradicate GSCs that exhibit various phenotypic, genotypic, and epigenetic 

characteristics, it is essential to generate therapeutic strategies which will contain agents 

that will target different signalling pathways. In response to severe environmental 

conditions, the GBM cells, which are complex in nature, show rapid characteristic 

evolution. Characterised as 'wounds that do not heal’, these GBM cells survive by 

acquiring stem-like features. Due to its ability to rapidly change its microenvironment via 

a change in the immune system (DeCordova et al., 2020), various therapeutic drugs 



36 

 

against GBM that show promising results in preclinical studies become inefficient in-

patient clinical trials (Banerjee et al., 2021). Though the mechanisms of EMT-programme 

activation are becoming clear, the mechanism of the reverse process, MET is still to be 

fully elucidated. The one suggested mechanism known to activate MET is the deactivation 

of a previously active EMT programme which is caused by reduced or completely absent 

expression of EMT-TFs (Shibue and Weinberg, 2017; Gunasinghe et al., 2012; Brabletz, 

2012; Banyard and Bielenberg, 2015). Evidence shows that there are other signalling 

mechanisms, which are not directly related to the well-characterised EMT related 

transcription factors, may instead be involved specifically in activating the MET 

programme. For instance, MET-programme activation is involved in the reprogramming 

of mouse fibroblasts into pluripotent stem cells, which is mediated partially by the 

transcription factor KLF4 by epithelial gene expression induction. Additionally, Wnt9b 

released by the ureteric epithelium during the development of mice kidney triggers the 

secretion of the signalling proteins Wnt4 and Fgf8 and these signalling proteins are 

involved in the transition of initially mesenchymal aggregates into the renal epithelium, 

partially via the activation of the Lhx1 transcription factor. 

1.15. NFB PATHWAY  

NFB is a transcription factor that has multiple subunits, it is comprised of five chief 

proteins; p50 (NFB1, p105), p52 (NFB2, p100), p65 (RelA), RelB, and c-Rel 

(Demchenko and Kuehl., 2010). By forming dimers and binding to DNA, these subunits 

exhibit their cellular activity (Christian et al., 2016). The dimers of NFB are usually bound 

with the inhibitor-B (IB) proteins in the cytoplasm. The two catalytic subunits that make 
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up the IB kinase (IKK) complex are IKKα and IKKβ (in conjunction with IKKγ, NEMO - a 

non-catalytic, regulatory subunit) (Paul et al., 2018). A number of pathways that are 

interrelated converge on the IKK complex to activate NFB. NFB is translocated to the 

nucleus when the IB protein is phosphorylated, targeting it for degradation (Christian et 

al., 2016). In the regulation of NFB, the primary step is nuclear translocation (Solt and 

May., 2008). The composition of the NFB dimer, the specific post-translational 

modification (PTM) of each subunit and the identity of the co-regulating factor, which are 

a collective event of multiple promoter-specific factors, are present at each promoter is 

required to determine the overall response of NFB, the nuclear translocation is the 

primary step in the regulation of NFB (Solt and May., 2008). Moreover, another 

significant component in the regulation of NFB and gene expression is the specific 

sequence of the cis-acting B-site (Anrather et al., 2005). 

The subunits p50 and p65 are the primary NFB dimer often found in GBM cells. The 

subunit p50 does not have a TAD, and it is produced from its parental protein p105 in a 

co-translational manner. This subunit, unless dimerised with another subunit-containing 

TAD (like p65) or associate with a transactivating coregulator, only exhibit an inhibitory 

capacity. The subunit p65, in general at rest, is in the cytoplasm (Christian, Smith and 

Carmody 2016). However, in the case of tumour cells, due to the continuous increased 

level of cytokine and oncogene stimulation, there is an elevation in IKK activity and 

nuclear translocation of p65. Knowing the significant role of p65 in inducing transcriptional 

activity of NFB, the major focus has been given to this subunit in analysing the role of 

NFB in GBM (Puliyappadamba et al., 2014). Apart from nuclear translocation and DNA 
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binding of p65 for inducing its transcriptional activities, another important action is the 

site-specific phosphorylation that is required to increase its activity: Serines 276 and 536 

are the two-best characterised of more than 10 p65 phosphorylation sites (Pradere et al., 

2016). Though the s276 phosphorylation site is associated with increased NFB activity, 

it is not frequently assessed as a mark of NFB activity in GBM (Christian et al., 2016). 

This may be because of the available anti-phospho-S276-p65 antibody and the 

inconsistency associated with it (Spooren et al., 2010).  

On the other hand, phosphorylation of S536, which can stimulate various stimuli and 

kinases, is often used as an indicator in GBM for the increased NFB activity. In addition 

to p65, which is considered as the primary method to analyse the global NFB activity in 

GBM, other subunits such as p52 or RelB also play a significant role in GBM pathobiology 

(Yamini 2018). Unlike the ease of examining activated phospho-p65, the examination of 

the subunits p52 or RelB is not as easy in vivo (Yamini 2018, Puliyappadamba et al., 

2014). In general, it is observed that NFB binds at the connection of upstream inducers 

and downstream mediators of the EMT response (Yamini 2018). Hence, a large variety 

of cell-intrinsic and micro environmental factors which induce mesenchymal 

differentiation is responsible for the activation of NFB. This activation of NFB precedes 

the regulation of various transcription factors and other proteins that induce the global 

mesenchymal program (Oeckinghaus and Ghosh, 2009). This section elaborates on the 

specific mechanisms by which the NFB system acts in this capacity. 
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1.15.1. NFB IN GBM 

Increased activation of NFB has been shown to associate with increasing grade in 

astrocytic tumours: The mesenchymal subclass, is characterised by elevated levels of 

NFB signalling components such as TRADD, RELB, TNFRSF1A and increased 

resistance to chemo- and radiation therapy, poor prognosis (Verhaak et al., 2010). 

Intriguingly, results from a recent study showed an NFB/TNFα-dependent mechanism 

promoting differentiation of proneural patient-derived neurospheres to mesenchymal 

phenotype (Bhat et al., 2013). Several signalling pathways and growth factors that are 

dysregulated in GBM are sometimes capable of activating NFB (Nogueira et al., 2011). 

For instance, the growth factor EGF and its receptor EGFR (epidermal growth factor and 

epidermal growth factor receptor), are known to activate NFB (Sethi et al., 2007). Over 

expression of EGFR can promote chemoresistance in breast cancer cells via the NFB 

pathway and is often mutated and highly activated in GBM (Puliyappadamba et al., 2013; 

Vinod et al., 2013). 

1.15.2. NFB AND EMT REGULATION 

Specific transcription factors such as SNAIL, ZEB1, and TWIST1 are well known classical 

regulators of mesenchymal transition, binding to the promoter region of E-box sequences, 

the transcription factor SNAIL represses epithelial-phenotype genes (Sundararajan et al., 

2019). The NFB homologue in Drosophila known as Dorsal promotes SNAIL expression 

(Wang et al., 2013). Whereas in human, the transcriptional activity of SNAIL is promoted 

by the binding of p65 to the proximal SNAIL promoter (Yamini 2018). The inhibition of 
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glycogen synthase kinase-3 (GSK-3) mediated by NFB is known to increase SNAIL 

expression (Ganesan et al., 2010). An active insulin-like growth factor receptor (IGF-1R) 

activates the AKT and NFB signalling pathways which is a negative regulator of GSK-3, 

that eventually leads to a higher mRNA expression of SNAIL. Moreover, increased 

potential in cancer cell invasion and migration was shown to be promoted by SNAIL in 

response to TNFα, an inflammatory cytokine which is known to activate the NFB 

signalling (Wang et al., 2013). Intriguingly, NFB-induced stabilisation of SNAIL protein 

is known to mediate further activation of NFB pathway through a circuitry, by 

suppressing the Raf kinase inhibitor protein that inhibits NFB (Wu and Zhou., 2010). 

TWIST1, a basic helix-loop-helix (bHLH) factor, is another significant mesenchymal 

transcriptional factor known to be mediated by NFB, these bHLH factors usually 

downregulate the epithelial genes and promote other mesenchymal factors by binding to 

the E-boxes (Qin et al., 2011). As in the case of SNAIL, Dorsal directly induces the 

transcriptional factor TWIST in Drosophila (Rembold et al.,2014). A decreases expression 

of twist protein was observed in mice lacking IKKα, TWIST1 is induced by TNFα by a 

mechanism involving p65 in mouse embryonic fibroblasts (Tan et al., 2017) and in human 

mesenchymal lung cancer cells, canonical NFB signalling is inhibited by the expression 

of IBα super-repressor (IBα-SR), which results in the blocking of TNFα-induced 

TWIST1 expression (Wang et al., 2015). P65-induced expression of TWIST1 mediates 

inflammation-induced mesenchymal differentiation, this response is known to induce 

metastasis (Li et al., 2012). The transcription factors ZEB1 and ZEB2 are also induced by 

NFB; both ZEB1 and ZEB2 contain B-sites at the promoter regions and the activity of 
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a luciferase reporter bearing the ZEB1 B-site and the mRNA expression of these factors 

was induced by p65 (Yamini 2018). Furthermore, NFB was reported to promote 

migration by inducing the expression of ZEB1 by binding to the ZEB1 promoter-reporter 

in GBM stem-like cells and expression of ZEB1 protein was shown to increase in 

pancreatic cancer cells by the activity of NFB (Maier et al., 2010). A systematic analysis 

in GBM reported various proteins such as STAT3, C/EBPβ and TAZ, to relate to 

mesenchymal differentiation (Bhat et al., 2011). Intriguingly, IBα-SR seems to block the 

mRNA expression of STAT3, CEBPB and TAZ in GSCs derived from patients (Bhat et 

al., 2011). This suggests that NFB regulates the chief mesenchymal transcription factors 

in GBM. Previously, a study has been carried out to investigate the relationship between 

the transcription factors NFB and STAT3 in cancer as these factors are known to induce 

processes such as angiogenesis and inflammatory cell infiltration that are essential for 

mesenchymal differentiation. The combination of p65 and STAT3 in GBM was shown to 

promote the Notch pathway and induce the expression of glioma stem cell characteristics 

(Valdes-Rives et al., 2017) and the dimerization of the NFB subunit called p52, which 

was shown to be necessary for mesenchymal gene expression, was reported to be 

induced by STAT3 in GBM (Valdes-Rives et al., 2017). Although GBM studies on several 

master transcription factors associated with mesenchymal differentiation have been 

shown to be regulated by and interact with NFB, a network of structural and secreted 

proteins downstream of these transcription factors have been suggested to mediate the 

mesenchymal phenotype. In general terms, the loss of epithelial markers such as E-

cadherin, and a simultaneous increase in mesenchymal factors like N-cadherin and 

vimentin is involved in the mesenchymal transition. Beside involving secondary 
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transcription factors in mediating the expression of these factors, NFB has the capability 

to directly induce the expression of many mesenchymal proteins. In this respect, the 

NFB consensus site has been observed in the promoter region of N-cadherin (Pires et 

al., 2017). Similarly, another well-known NFB target gene is VIM, which mediates 

mesenchymal differentiation when induced by p65 and RelB (Huber et al., 2004). 

Moreover, several factors such as CHI3LI, CD44 and RELB, which are notably 

upregulated in mesenchymal GBM, are shown to be directly regulated by NFB (Yamini, 

2018). 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Interaction between HIF and NFB signaling pathways. Hypoxia activates NFB signaling via 

inhibitor of B kinase (IKK). Under hypoxic conditions, the hydroxylase-mediated degradation of IKK beta is 

suppressed resulting in enhanced IKKβ activity, enhanced IBα phosphorylation and degradation via the 

proteasomes pathway leading to increased p65 NFB activity. Transcriptionally active p65 and p50 dimer 
complexes translocate to the nucleus and bind to the HIF1α promoter region at 197/188 base pairs 
upstream of the promoter. This results in an increased transcription of HIF1α mRNA and subsequently the 
protein levels of HIF1α. 



43 

 

1.15.3. NFB AND MESENCHYMAL DIFFERENTIATION 

The procurement of a more pluripotent phenotype that is linked to stem-like cells is an 

essential characteristic of EMT. In accordance with the statement, in tumour cells that go 

through mesenchymal differentiation, factors associated with stem cells and 

mesenchymal GBM are positively regulated and increase the stem cell marker genes 

expression.  

The transcription factor NFB is strongly associated with endorsing the maintenance and 

propagation of stem-like cancer cells. Likewise, the two NFB pathways - the canonical 

and non-canonical pathways – are suggested in mediating stem cell self-renewal by EMT 

involving mechanism in breast cancer (Rinkenbaugh and Baldwin 2016). In the case of 

prostate cancer, a decrease in the level of NFBIA transcription and IBα; an increase in 

NFB activity was observed in cells with stem-like characteristics (Staal and Beyaert 

2018). In GBM, the propagation of GSC has been implicated by NFB. Conversely, the 

non-canonical NFB activator NFB inducing kinase (NIK) was indicated to respond to 

epithelial V-like antigen 1 (Eva1), resulting in the increase of RelB and induction of GBM 

tumorigenic and stem cell properties (Ohtsu et al., 2015).  

As stated earlier, the nuclear p65 associates with STAT3 and promotes the growth of 

GSC in GBM cells. In GBM and cancer in general, a significant signalling pathway linked 

with stem cell growth is the WNT/β-catenin pathway (Nager et al., 2012). GSC 

differentiation and tumour recurrence are often associated with the promoting factor 

WNT5A (Hu et al., 2016). Additionally, a decrease in mesenchymal differentiation and 
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reversal of stem-like properties was observed in GSCs on inhibiting the WNT pathway 

(Zuccarini et al., 2018). In an intestinal cancer model, an enhance WNT activation and 

induction of dedifferentiation of non-stem cells into tumour-initiating cells was shown 

when the NFB signalling was elevated (Schwitalla et al., 2013). This strongly supports 

the notion of an association between NFB and stem cell properties. 

A central factor, TGFβ (Transforming growth factor-β), which has an intricate role in self-

renewal and maintenance of GSCs, is identified as a strong inducer of EMT in cancer 

(Song et al., 2017; Luo, 2018). TGFβ in GBM has been suggested to induce expression 

of leukaemia inhibitory factor (LIF), SOX2 and SOX4, preceding the stimulation of stem 

cell phenotype in patient-derived neurospheres (Roy et al., 2014). Notably, LIF was 

suggested to be a primary MES signature gene in the earliest transcriptional profiling of 

GBM (Roy et al., 2014). It has been reported that NFB is activated by TGFβ. Generally, 

multiple downstream signalling mechanisms aid in the crosstalk between these TGFβ and 

NFB pathways. TGFβ-activated kinase 1 (TAK1) is a kinase molecule that is intricated 

in intermediating innate immune signalling, which phosphorylates and activates p65 and 

IKKα, which is induced by several pathways induced by TGFβ (Lee et al., 2020). The 

innate immune signalling pathway is shown to be involved in the promotion of EMT 

(Suarez-Carmona et al., 2017). Though it is suggested that the activation of TAK1 shows 

a Smad-independent pathway for activating NFB, it, at times, also involves Smad-

dependent responses to mediate the signalling of NFB (Luo, 2016; Zhang et al., 2017).  

The above-stated pathways demonstrate the significant role of NFB in GBM in 

supporting stem cell characteristics. Apart from this, another important role of this 
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signalling pathway is promoting PMT (proneural to mesenchymal transition). This was 

primarily described in the surrounding GSCs microenvironment in relation to the activation 

of NFB by TNFα (Bhat et al., 2013). The heterogeneity of GSCs in GBM and the 

tendency for mesenchymal differentiation under specific conditions was emphasised in 

this study. The same group carried out a follow-up study in which they recognised 

serine/threonine kinase, mixed lineage kinase 4 (MLK4), to be an intrinsic factor 

specifically important in the mesenchymal GBM stem cell pool (Kim et al., 2016).  

Previous studies have suggested that the mesenchymal transition that results from the 

treatment of recurrent GBMs with DNA-damaging therapeutics such as radiotherapy 

could be related to the survival and growth of a population of tumour cells with a 

mesenchymal profile, as has been reported in other cancers (Figure 1.5) (Bao et al., 2006; 

Behnan et al., 2019; Bhat et al., 2013; Lin et al., 2018; Segerman et al., 2016). The 

expression of mesenchymal factors and promotion of mesenchymal differentiation in PN 

GSCs in a patient derived GSCs study was demonstrated to be induced by radiotherapy 

(Yamini 2018). In a similar study, expression of mesenchymal transcription factors such 

as SNAIL and TWIST was shown to be induced by radiotherapy in primary and recurrent 

tumours compared to matched primary tumours (Lin et al., 2018). Likewise, a genetically 

engineered mouse model of GBM showed the induction of expression of a mesenchymal 

gene by radiotherapy in 6 hours from the time of treatment, preceding PMT. It is also 

known that radiotherapy induces NFB with a similar time course as mesenchymal gene 

expression (Hellweg et al., 2016). However, no data or study has shown the direct effect 

of NFB on damage-induced PMT. A nuclear to a cytoplasmic response involving ataxia 

telangiectasia mutated (ATM) and IKKγ cause the formation of DNA double-strand breaks 
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(DSBs), followed by the NFB activation (by radiotherapy) (Hellweg et al., 2016) and the 

upregulation of many NFB-dependent mesenchymal factors was observed in 

radiotherapy-induced PMT in a mouse model of GBM (Kim et al., 2021). Furthermore, a 

recent study suggested that radiotherapy treated GSCs contained an elevated level of 

NFB transcription factors (Yamini., 2018). Collectively, data from several studies 

suggest that therapy induced PMT results in a shift in the overall expressional program, 

rather than survival of populations of resistant cells alone. Apart from the formation of 

DSBs, which leads to the activation of NFB, radiotherapy also promotes a mesenchymal 

program; this is exhibited by inducing TGFβ level in the microenvironment (Zhou et al., 

2011). As stated before, TGFβ mediates NFB via Smad-dependent and independent 

pathways. This, in turn, induces mesenchymal master regulators. In GBM, these DNA 

damaging therapies not only induces NFB-mediated mesenchymal differentiation but 

also lead to resistance to treatment. This phenomenon was observed both in 

experimental studies and clinical samples (Bhat et al., 2013; Wang et al., 2017). 

Resistance to other therapeutics like the anti-angiogenic agents is also induced by 

mesenchymal differentiation. Though TNFα-induced activation of NFB is influenced by 

mesenchymal differentiation and resistance to radiotherapy, this event is hindered by G-

protein coupled receptor (GPCR), GPR56 which exhibits the inhibitory mechanism by 

acting on the IKK complex (Huang and Hung., 2013).  

In conclusion, understanding that NFB primarily induces an aggressive phenotype 

suggests that efforts should be made to develop novel inhibitors of NFB as a potential 

therapeutic option for treatment of GBM and other malignancies. Either NFB proteins, 
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or the IKK complex, could be a potential target for cancer treatment. Keeping this in mind, 

a quick approach to develop drugs that can target the NFB pathway could be achieved 

by identifying FDA approved drugs that are already known to interact with the NFB 

pathway.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Hypoxia induced EMT and stemness in GBM. Rapidly dividing tumour bulk of GBM has a hypoxic 
niche that has elevated levels of inflammatory signals and cytokines induced by the tumour 

microenvironment. These inflammatory cytokines trigger the activation of NFB pathway which in turn act 
as a master transcriptional regulator of several hypoxia induced genes including the genes involved in CSC 

and EMT signaling pathways. Hypoxia induced EMT mediated by NFB results in mesenchymal phenotypes 
with stem cell characteristics and increased migration and invasion potential. These mesenchymal 
phenotypes are extremely resistant to all treatment modalities and drives the local invasion and disease 
recurrence, resulting in poor prognosis. 



48 

 

1.16. DRUG REPURPOSING 

Though several recent advances have been made in the treatment of cancer, 

chemotherapy still represents the main part of a treatment regime. One of the prime 

reasons that chemotherapeutic agents fail is the development of resistance in the tumour 

cells against the drug and its toxicity to the human body (Alphandery., 2018). 

Chemotherapeutic agents that target a single mechanism in most cases are largely 

ineffective because the cancer cells overcome the drug-using various other mechanisms 

and continue to proliferate (Alfarouk et al., 2015). Hence, a drug that targets multiple 

mechanisms and is relatively less toxic at therapeutic doses is of clinical importance in 

cancer treatment. Drug repositioning or drug repurposing is an auxiliary process to 

conventional drug discovery that has gained attention from both academia and 

pharmaceutical companies. It is a novel approach of finding a new use for older and 

previously approved drugs that already exist for several years other than their prescribed 

target disease using several techniques such as proteomics, pharmacogenomics, and 

molecular network analysis approach (Law et al., 2013).  

Drug repurposing provides a cost-effective and quicker route since the drugs used 

clinically are already approved, and the biochemical and pharmacological data is already 

available. The conventional drug development process follows a five-stage strategy, 

namely discovery and preclinical studies, safety review of the compound, clinical phase, 

FDA review and post-market safety monitoring. It normally takes 12 years and $1.5 billion 

for one drug development (Freedman., 2018). In the case of a repurposed drug, the 

process needed is much shorter with identification, development and FDA post-market 
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safety monitoring (Nosengo, 2016). This decreases the time and cost factors involved 

significantly. In developing and under developing countries, this could prove to be a very 

attractive alternative as the bottlenecking costs are eliminated. In addition to lower cost 

and time, the drug repurposing strategy provides a low-risk strategy compared to the 

traditional drug development process as the drugs have already been used in the clinic. 

 

 

 

 

 

1.17. DISULFIRAM  

Disulfiram (DS), also known as tetraethyl thiuram disulphide, is an FDA approved drug, 

has been used clinically used as an anti-alcoholism drug for the past 70 years. It has been 

commercially available in the market as Antabuse. It belongs to the family of 

dithiocarbamate (DTC) with the functional group R1R2NC(S)SR3, which can react with 

sulfhydryl and complex with metal (Eneanya et al., 1981). First, DS was used by two 

physicians from Britain for treating scabies (Gordon et al., 1942). Hald, Jacobsen and 

Larsen (1948) Danish physicians, reported that DS had an unpleasant effect when taken 

with alcohol, and thus, DS could be used as an anti-alcoholism drug. The data and reports 

Figure 1.6. Overview of traditional drug development and advantages of drug repurposing. Traditional drug 
development takes 10-17 years and £1.5 billion with more than 95% of the drugs failing in clinical trials due to 
toxicity issues. Drug repurposing takes 3-8 years and costs less than £40 million and has very low attrition rates 
because of established safety data and preclinical in FDA (Freedman., 2018). 
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throughout the last decade suggested that DS and its DTC derivatives have substantial 

potential in cancer therapy. They are notably toxic to a wide range of cancer cells in vitro 

and show very little toxicity towards normal cells (Wang and Darling., 2013). In recent 

years, evidence for DS's anticancer activity has been accumulating, and several ongoing 

clinical trials are evaluating DS as an anticancer drug: DS has been tested for various 

solid malignancies like GBM, malignant mesothelioma, pancreatic cancer, non-small cell 

lung cancer, metastatic melanoma (Viola-Rhenals et al., 2018). DS is well tolerated and 

appears to prolong survival in patients with newly diagnosed non-small-cell lung cancer, 

this serves as evidence for DS to be clinically used as a chemotherapeutic agent (Jiao et 

al., 2017). DS is a metal ion binding compound. Among the metal ions investigated, 

Copper (Cu) and Zinc (Zn) are regarded as important metals in the regulation of cancer 

cell growth and tumour progression. One of the potential mechanisms of DS's anticancer 

property lies in its ability to form strong complexes with endogenous heavy metal ions. 

DS and its metabolites have been reported to strongly chelate Cu or Zn ions and 

ultimately shift the levels of intracellular heavy metal ions (Viola-Rhenals et al., 2018). 

Thus, resulting in the inhibition of enzymes that are Zn- and Cu-dependent, such as 

superoxide dismutase and MMPs. In return, cellular oxidative stress is enhanced, or 

cancer cell invasion, tumour angiogenesis, and metastasis are altered (Jiao et al., 2017). 

DS suppresses proteasome activity in cancer. The combination of DS with Cu was 

reported to inhibit the proteasome protein degradation system in cancer cells (Spillier et 

al., 2019). The coordinated expression of apoptosis-control proteins and cell cycle-

regulatory are suggested to be maintained by a functional proteasome system. Hence the 

inhibition of proteasome activity by DS/Cu complex triggered the aggregation of cytotoxic 
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protein and poly-ubiquitinated proteins accumulation (Ding and Zhu 2018) and therefore, 

protein homeostasis is disturbed and lead to cancer cell death. The complex of the DS 

metabolite and Cu ions inhibits the proliferation of cancer cells with the same 

mechanisms. 

DS can penetrate and chelate Cu intracellularly (Butcher et al., 2018). As the cytotoxicity 

of DS appears to be Cu dependent, high Cu concentration in cancer cells may enable DS 

to specifically target cancer and spare normal tissues (Liu et al., 2013). Though DS is 

effective, its activity is limited because of its very short half-life in the bloodstream. But 

this can be overcome by encapsulation of DS with liposome. Lipo- DS/Cu is found to be 

more effective with an enhanced half-life (Liu et al., 2014). CSCs significantly contribute 

to tumour metastasis, cancer recurrence and chemoresistance. This can be overcome by 

DS and Cu complex. Aldehyde dehydrogenase (ALDH), a toxic metabolite of alcohol, 

belongs to an enzyme superfamily that is responsible for catalysing aldehydes. It is 

essential in the synthesis of molecules that are important in the proliferation, 

differentiation and survival of cells. High ALDH expression or activity is involved in 

enhanced tumour formation and chemotherapeutic resistance to cisplatin. DS has a well 

characterised inhibitory activity against ALDH, specifically ALDH1, which is strongly 

associated with the CSC phenotype (Suh et al., 2006). Therefore, inhibition of ALDH 

activity by DS has been proved to play a key role in suppressing CSCs. The fate of cancer 

cells is dependent on the signalling pathways involved in cell proliferation and apoptosis. 

NFB is a key signalling factor involved in regulating cell survival and proliferation and 

DS can inhibit cancer stem cell growth by deregulating the NFB pathway (Liu et al., 

2014). DS/Cu complex in cancer cells inhibits proteasome activity and blocks the 
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degradation of Inhibitor kappa B (IB) and NFB nuclear translocation (Guo et al., 2010). 

In many forms of cancers, a major challenge is metastasis, which causes 90% of deaths 

in solid tumours (Seyfried and Huysentruyt 2013), DS was found to inhibit the growth of 

the cells that metastasised to the lymph nodes and lungs (Li et al., 2017; Wang et al., 

2017), therefore DS may offer a potential benefit to cancer therapy by suppressing tumour 

metastasis. DNA methylation and histone modification, the key epigenetic mechanisms, 

are also regarded as significant regulatory mechanisms in human cancers (Sharma et al., 

2010).  

 

 

 

 

 

 

 

 

 

Figure 1.7. Mechanism of action of DS and Cu mediated reversal of chemoresistance in cancers. (A) 
Conventional anticancer drug kills bulk of tumour cells but spares CSC. CSCs can pump out the drugs by 
drug efflux proteins such as p-glycoprotein or detoxify anticancer drugs by increased ALDH activity. Higher 
dose of anticancer drug kills cancer cells non-specifically. (B) DS is specific inhibitor of ALDH and drug efflux 
proteins. Cancer cells have elevated levels of intracellular copper in comparison to normal counterparts. 
DS is a strong chelator of Cu and generates toxic reactive oxygen species (ROS) that kills cancer cells and 
spares normal cells. 
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DS has an extensive effect on these epigenetic signalling pathways. DS possesses strong 

thiol-reactive functional groups that could inactivate cysteine in the active site of certain 

enzymes. The cytotoxicity of DS is dependent on the supplement of Cu (II) (Cu) or some 

other transition bivalent metal ions. DS/Cu can target cancer cells by the combination of 

two types of action, i.e., instant killing executed by DS/Cu reaction generated ROS and 

the delayed cytotoxicity introduced by the product, DDC-Cu (Butcher et al., 2018). The 

Cu plays a crucial role in redox reactions and triggers the generation of ROS, which 

damage DNA, protein and lipids leading to apoptosis (Tawari et al., 2015). The potential 

of DS as adjuvant chemotherapy in combination with other cancer therapeutics have 

significant development in treatment. DS has been shown to increase the cytotoxicity of 

many anticancer drugs such as cisplatin and gemcitabine (Jiao and Ding, 2016). DS and 

its metabolites have been repeatedly shown to increase oxidative stress in cancer cells 

(Bruning and Kast, 2014). The combined action of DS with other drugs that modulate 

cellular anti-oxidative defence systems has shown to enhance their anticancer activity 

(Jiao and Ding, 2016). Hence the combination of these repurposed drugs can serve as a 

novel cancer therapy. 

GBM is a highly aggressive tumour, which is often resistant to chemotherapies such as 

TMZ, leaving the patients with very few treatment options available. Given the fact that 

GBM is considered as a rare cancer with a limited marketing opportunity, the huge cost 

involved in the development of novel anti-GBM drug, is unaffordable for pharmaceutical 

companies. Therefore, repurposing FDA-approved drug like DS, is a promising strategy 

for rapid drug development for GBM. There is increasing evidence supporting the 

anticancer activity of DS in GBM. Several in vitro and in vivo studies by different groups 
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have shown DS could be an effective therapeutic agent in the case of GBM. DS, at very 

low levels, inhibited the self-renewal and proliferative abilities of TMZ resistant GBM cells 

while being safe to normal cells (Triscott et al., 2012). A study by Choi et al 2015, showed 

that DS was effectively able to cross the BBB, which could mean high levels of 

bioavailability at the site of GBM (Choi et al., 2015) and DS has been shown to induce 

cell killing via inhibiting MGMT expression in a xenograft model (Paranjpe et al., 2014). 

Currently, there are three ongoing clinical trials investigating the use of DS in combination 

with Cu for GBM patients (www.clinicaltrials.gov, identifiers NCT01777919, 

NCT02715609 and NCT02678975). A further review of the mechanism of action of DS 

can be found in Chapters 5 and 6. 
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1.18. AIMS AND OBJECTIVES OF THIS STUDY 

The aim of this project is to study if DS/Cu can effectively target the hypoxia induced CSC 

and EMT characteristics by inhibiting NFB pathway and inducing apoptosis in in three 

human GBM cell lines U87MG, U251MG and U373MG. The study also aims to elucidate 

the key role played by NFB as a master transcriptional regulator of hypoxia induced EMT 

and stemness using stable transfected GBM cell line models with ectopic overexpression 

and Crispr Cas9 knock out of NFB-p65. 

The key objectives of the project are as follows 

• To establish the central role of hypoxia in driving stemness, EMT, chemoresistance 

and metastatic features in GBM cell lines. 

• To investigate the role of NFB-p65, HIF1 and HIF2 transcription factors in 

promoting EMT pathways and modulation of metastasis related genes using 

U373MG GBM cell line that ectopically overexpress NFB-p65, HIF1 and HIF2. 

• To develop CRISPR/Cas9 mediated NFB-p65 knockout model using U373MG 

GBM cell line and compare the resistance, migration and invasion potential in the 

absence of NFB-p65. 

• To determine the cytotoxicity of DS/Cu in GBM cell lines and its ability of inhibiting 

NFB pathway, targeting hypoxia induced GSCs, reversing chemoresistance and 

inhibiting invasiveness features of GBM cell lines. 
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MATERIALS AND METHODS 
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2.0 Introduction 

All materials, methods, protocols and analytical software stated below and used for 

this work are also used by other researchers and students in Prof. Weiguang Wang’s 

Experimental Therapeutics Research Group at Faculty of Science and Engineering, 

University of Wolverhampton, UK. Therefore, similarities with written work produced 

by previous students of the group may occur in this thesis, with respect to the named 

consumables, reagents and established protocols. Wherever required the protocols 

are adapted according to the aims and objectives of this study. 

2.1 Materials 

2.1.1 Labware, equipment, reagents, enzymes and kits 

AccuGel 40% (19:1 acrylamide:bis), 30% acrylamide:bis-acrylamide(37.5:1), 10× 

Electrophoresis buffer -Tris/Glycine/SDS, 10× Transfer buffer - Tris/Glycine, 10×TAE 

buffer, 10XTBE buffer, EZ-ECL chemiluminescence detection kit for horse radish 

peroxidise solution A and B (GeneFlow, UK-National Diagnostics, Yorkshire, UK). 

TWEEN-20 viscous liquid polyethylene glycol sorbitan monolaurate, Dimethyl 

sulfoxide (DMSO), RNase2AP, Crystal violet solution, Phosphate buffered saline 

(PBS) tablet, Agarose, Ammonium persulfate(APS), Poly (2-hydroxyethyl 

methacrylate), Zinc chloride(ZnCl2), LB broth, Gold(III) chloride hydrate, Sodium 

diethyldithiocarbamate trihydrate, Sodium hydroxide, Copper (II) chloride hydrate, 

Glycine, Sodium chloride (NaCl), Trizma base, 45% D-(+) glucose solution, 

Temozolomide (TMZ), Hygromycin B solution from Streptomyces hygroscopicus, DL- 

Dithiothreitol solution (DTT), Bovine serum albumin(BSA), Thiazolyl blue tetrazolium 



58 
 

bromide, Insulin solution human(10mg/ml), Kodak medical X-ray film, Isopropanol, 

(SIGMA-ALDRICH, USA). 

Mini-protein Western blot tank with lid and gel plate adapters, 1mm and 1.5mm glass 

plates, 15 well and 10 well combs, gel cutter, buffer dam (balance plate for running 

single gel), Bio-Rad protein assay kit II, power pack for electrophoresis (Bio-Rad 

laboratories, Hertfordshire, UK). 

Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L glucose, L-Glutamate (200 

mM), Penicillin-Streptomycin (10,000U/ml penicillin and 10,000U/ml Streptomycin), 

10xTrypsin, phosphate buffer saline (PBS), DNase and RNase free ultrapure water 

(BioWhittaker® Lonza, Walkersville, USA - Lonza, Slough, UK). 

Enhanced chemiluminescence (ECL) Western blot signal detection kit (Amersham 

Biosciences, UK), Li-Cor Western blot scanner (LI-COR Biosciences). 

Nalgene Cryoware™ Cryogenic vials (Labware, Roskilde, Denmark). 

Complete easy packs-protease inhibitor cocktail Tablets phospho-stop phosphotase 

inhibitor Tablets, (Roche Diagnostics Ltd., East Sussex, UK). 

Amersham Hybond™-PVDF membrane, Amersham Hybond TM - N+ (GE Healthcare, 

Buckinghamshire, UK). 

ADLH-ALDEFLUOR assay kit (Stem cell technologies, Cambridge, UK). 

BD Fluorescence activated cell sorter (FACS) Accuri C6 Cytometer, Cell wash, FACS 

Clean, FACS Rinse, BD Falcon FACS tubes (BD Biosciences, Oxford, UK). 

Boyden chambers, BD Falcon chamber slides, BD Falcon tissue culture dishes, 

Corning 24 well plates for trans-well inserts (Corning, MA, USA – distributed by VWR, 

Sussex, UK). 
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EVOS™ FL Auto 2 Imaging System (ThermoFisher). 

10, 25, 50 and 100ml universal polystyrene tubes, 6 well, 24 well and 96 well flat-

bottom tissue culture plates, Tissue culture Cell flasks with PE ventilation caps (T25, 

T75, T175 cm2), Filtropur V50.0.2 Vacuum Filter (500ml), Cell scrapper, 1.5ml and 

0.5ml Eppendorf tubes, sterile disposable pipettes, (5ml, 10ml, 25ml), (Sarstedt Ltd., 

Leicester, UK). 

NuPAGE ® LDS Sample Buffer (4x), SeeBlue plus 2 pre-stained protein markers, 

Geneticin (G418), N2® supplement (100x), B-27® supplement (50x), Trizol, Optimem, 

Lipofectamine transfection reagent (Life technologies-Invitrogen Ltd., Paisley, UK) 

Fuji medical X-ray film super RX (Fujifilm UK Ltd., Bedfordshire, UK). Marvel semi- 

skimmed dried milk (Marvel, Dublin, Ireland). 

Fibroblast growth factor-human (hFGF) (R&D systems, Albingdon, UK). 

Micropipette tips refill cartridges (1ml, 200μl) and Nuclease free filtered tips (1 ml, 10 

μl, 40μl, 200μl) (Alpha laboratories, Eastleigh, UK) 

Micropipettes – BiopetteTM Auotclavable pipettes (Labnet international inc., USA) and 

PipetmanTM autoclavable pipettes (Gilson inc., Luton, UK). 

Luciferase assay kit, Dual Luciferase Assay reagents (Promega UK Ltd., 

Southampton, UK). 

Microscope slide (Thermofisher, UK). 

Nalgene Cryoware™ Cryogenic vials (Labware, Roskilde, Denmark). 

100% Ethanol, 95% Ethanol, 70% Ethanol, Methanol, HCl, Trigen, Aquaguard,  
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Norgen RNA isolation kit, High-Capacity cDNA Reverse Transcription Kit 

(TheermoFisher scientific), TaqMan™ assays (Applied biosystems), TaqMan™ 

Universal PCR Master Mix (Applied biosystems). 

• BioMAT2 Class 2 microbiological safety cabinet (Contained Air Solutions, 

Manchester, UK) 

• CO2 incubators (Panasonic, Leicestershire, UK) 

• Eclipse TS1000 (4x, 10x and 20x lenses) (Nikon, Amesterdam) 

• Refrigerated centrifuge sigma 6-16KS (Sigma, Dorset, UK) 

• Hypoxic incubator (Panasonic, Leicestershire, UK) 

• Ultrasonic Cleaner (VWR, Pennsylvania, USA) 

• Block heater, see-saw rocker, heat- stir UC152 (Stuart, Staffordshire, UK) 

• Multidrop 384, Multiskan Ascent, Fluroskan Ascent, NanoDrop 2000, Shandon 

Cytospin 4 (Thermo Scientific, Massachusetts, USA)  

• Evos FL Cell Imaging System (Invitrogen, California, USA) 

• QuantStudio 6 Flex (Applied Biosystems, CA, USA) 

• TE70 ECL Semi-Dry Transfer Unit, Hypercassette (Amersham, Biosciences) 

• Mini protein electrophoresis chamber kit (BIORAD, Hertfordshire, UK) 

• Mini centrifuge (Labnet, New Jeresy, USA) 

2.1.2 Cell lines 

Human Glioblastoma multiforme cell lines: U87MG, U251MG and U373MG (ATCC, 

Teddington Middlesex, UK). U373MG pcDNA 3.1 NFB-p65 transfected cell lines; 

U373MG pcMV6 HIF1 transfected cells and U373MG pcMV6 HIF2 transfected cells 
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(Professor Weiguang Wang’s laboratory, Developed by Dr Vinodh Kannappan, 

University of Wolverhampton). 

2.1.3 Antibodies 

BD FACS CD44-Flourescine isothiocyanate conjugated antibody (BD biosciences, 

UK)   

Horse radish peroxidase conjugated secondary anti-mouse and anti-rabbit antibodies 

(Amersham Biosciences, UK)  

Flow cytometry CD133-PE conjugated antibody, (Miltenyi Biotec Ltd, Surrey, UK)  

HIF2 antibody (Novus Biologicals, USA) 

Antibodies against: SOX2, OCT4, NANOG, Vimentin, N-Cadherin, NFB-p65, BCL2, 

BAX, E-Cadherin, Nucleolin, HIF1, HIF2, MMPs, BMPs and MGMT (Abcam, UK). 

2.1.4 Buffers  

2.1.4.1 RIPA Buffer for Whole Protein Extraction 

10x RIPA Buffer was prepared as outlined in table 2.1, and was stored at -20°C until 

use 

2.1.4.2 Buffer A for Nuclear Protein Extraction  

Buffer A was prepared as outlined in table 2.2and stored at -20°C until use. 

2.1.4.3 Buffer C for Nuclear Protein Extraction  

Buffer C was prepared as outlined in table 2.3 and was stored in -20°C until use. 
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Table 2.1 Reagents for preparing RIPA buffer 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2 Reagents for preparing buffer A (nuclear protein extraction) 

 

 

 

 

 

. 

 

 

 

 

 

Chemicals Concentration W/100 ml 

Tris HCL 25 mM 395 mg 

SDS 0.1% 0.1 g 

Triton X-100 1% 1 ml 

Sodium deoxycholate 0.5% 0.5 g 

NaCl 0.15 M 0.88 g 

EDTA 1 mM 37.2 mg 

Sodium 
orthovanadate 

1 mM 18.4 mg 

Leupeptin 1 µM 1 mg 

Aprotinin 1 µM 1 mg 

PMSF 1 mM 17.4 mg 

Chemicals  Final Conc. Stock solution 

10 mM hepes 500 mM 200 µl 

10 mM KCl 2 M 50 µl 

0.1 mM EGTA (pH 8.0) 500 mM 2 µl 

0.1 mM EDTA (pH 8.0) 500 mM 2 µl 

1 mM DTT 0.5 M 20 µl 

protease inhibitor 25x 500 µl 

Water 9.2 ml - 
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Table 2.3 Reagents for preparing buffer C (nuclear protein extraction) 

 

 

 

 

 

 

2.1.4.4 Running buffer  

1X running buffer was prepared by adding 100ml of 10X stock solution with 900ml 

deionized water. 

2.1.4.5 Transfer buffer 

1X transfer buffer was prepared by mixing 700ml deionized water, 200ml methanol, 

100ml of 10X stock solution and was stored at room temperature. 

2.1.4.6 Tris-buffered saline Tween- 20 (TBS-T)  

10X TBS solution was prepared as outlined below and the pH was adjusted to 7.4 and 

was stored at room temperature until use: 

• 12.11-grams Tris base  

• 81.8-grams NaCl 

• 1 litre of deionized water. 

Then, the 1xTBS-T buffer was prepared by diluting 100ml (10X) TBS, 900ml deionized 

water and 500μl of Tween- 20. 

Chemicals  Final Conc. Stock solution 

20 mM hepes 500 mM 60 µl 

0.4 M NaCl 5 M 120 µl 

1 mM EGTA 500 mM 3 µl 

1 mM EDTA (pH 8.0) 500 mM 3 µl 

1 mM DTT 0.5 M 3 µl 

Protease inhibitor 25x 75 µl 

5% glycerol 100% 75 µl 

Water - 1161 µl 
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2.1.4.7 Blocking buffer for Western blot  

The blocking buffer for Western blot, was prepared by mixing 5-grams semi-skimmed 

milk powder in 100ml of (1X) TBS-T. For Phosphorylation-specific antibodies 2% BSA 

in TBS-T was used as blocking buffer.  

2.1.4.8 Protease and phosphatase inhibitor 

A 25X protease inhibitor solution was prepared by dissolving 1 protease inhibitor tablet 

in 25 ml of deionized water, aliquoted in Eppendorf tubes and stored at -20°C until use. 

2.1.4.9 Sorensen’s Glycine Buffer for MTT 

500ml of Sorensen glycine buffer was prepared by mixing 3.75-grams glycine and 

2.92-grams sodium chloride in deionized water. The buffer’s pH was adjusted to 10.5 

by using NaCl tablets. The solution was stored at room temperature until using. 

2.1.4.10 Flow cytometry blocking buffer 

Flow buffer was prepared by adding 4% Foetal bovine serum (FBS) in PBS and used 

as blocking buffer in flow cytometry procedure staining of live cells. In procedures 

involving fixed cells, to increase cell permeability, PBS containing 1%BSA and 

0.01%Triton-X 100 was used as blocking buffer. 

2.1.4.11 Cleaning buffer for flow cytometry 

The cleaning solution was prepared by mixing 3ml of cleaning solution stock in 197ml 

of deionized water. 
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2.1.4.12 PBS washing buffer 

PBS washing solution was prepared by dissolving 5 PBS tablets in 1 litre of deionized 

water and stored at room temperature until use. 

2.1.4.13 Passive lysis buffer luciferase assay 

Passive lysis buffer was prepared by 1ml of lysis buffer stock solution in 4ml of 

deionized water. New preparation of passive lysis buffer recommended for each 

experiment.  

2.2 Methods 

2.2.1 Routine Cell culture (Normoxia or Hypoxia) 

2.2.1.1 Recovering cells from liquid nitrogen 

Cells were frozen and stored in freezing buffer; FBS (90%) DMSO (10%).  Cells 

recovered from liquid nitrogen were immediately transferred to vented tissue culture 

flask with 20ml DMEM serum-containing medium. The cells were incubated overnight 

to attach. To remove dead cells and DMSO from cryovial, the medium was changed 

the next day. 

2.2.1.2 Serum-containing medium  

Serum-containing medium consists of DMEM medium with 1% L-glutamine (5ml), 1% 

penicillin-streptomycin antibiotic (5ml) and 10% FBS (50ml) (BioWhittaker® Lonza, 

Walkersville, USA). 
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2.2.1.3 Serum-free medium 

Serum free medium (SFM) consists of DMEM medium with 1% L-glutamine, 1% 

penicillin-streptomycin antibiotic (Lonza, USA).  

2.2.1.4 Counting cells via haemocytometer 

A glass cover slide was placed on top of a haemocytometer and 10μl of suspended 

cells were loaded into the slot on the side of the haemocytometer. The 

haemocytometer was placed under the microscope (at 10X magnification) cells were 

counted in the 16 squares in each corner of the grid. The cell count per ml was 

calculated by taking the average of cells in the four corner squares and multiplying it 

by 104.  

2.2.1.5 Trypsin  

Trypsin (1x) was prepared by diluting stock solution of trypsin (10x) in sterile PBS and 

aliquoted in 50ml tubes and stored at 4oC until use (BioWhittaker® Lonza, 

Walkersville, USA). 

2.2.1.6 General procedure for maintenance of cell culture 

Trypsinizision is the process of cell detachment by serine protease enzyme trypsin. 

The spent DMEM medium from flask was aspirated and rinsed with 5 ml of PBS, and 

3 ml of trypsin was added to cover the whole flask and incubated at 37o C until the 

cells detached. When the cells were detached, 4ml of DMEM serum-containing 

medium was added to neutralize the trypsin. The cells with trypsin were transferred in 

to a 20ml tube and were centrifuged. After centrifuging, the cells were collected as a 

pellet and were re-suspended in 5 ml of fresh DMEM medium. The cells were then 
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mixed by pipetting. 1ml of cell suspension was then added to two 75 cm2 tissue culture 

flasks with 19ml of DMEM medium and incubated at 37°C. When the medium colour 

changed to yellow, but the cells were not confluent, the old media was removed and 

replaced with fresh DMEM media. For different experiments, the cells were grown in 

different vessels such as 96, 24, 12 well plates or different situations for example 

normoxia, hypoxia and spheroid. 

2.2.1.7 Freezing Medium for storage of cell lines 

Freezing buffer was prepared by mixing 90% foetal bovine serum with 10% DMSO 

and stored at 4 °C until use. 

2.2.1.8 Preparing cell lines for liquid nitrogen storage  

Cells were trypsinised and the cell pellet was collected by centrifugation for 5 minutes. 

The cell pellet was then re-suspended in freezing buffer and aliquoted into 1ml cryovial 

with full labelling. Each cryovial was then wrapped in tissue paper, put into a 

disposable labelled-glove, and placed (this ensured a cooling of approx. 1°C / 1min) 

at -80°C overnight. The following day, the cryovials were transferred to liquid nitrogen 

for long-term storage. 

2.2.1.9 Hypoxic culture 

The trypsinised cells were seeded in T25 cm2 (5x105 cells) T75 cm2 (1x106 cells) 

ventilated tissue culture flask with 7ml and 19ml of fresh DMEM serum containing 

medium and transferred to a hypoxia incubator (37°C and 1% CO2). The ideal time for 

using hypoxia cells is following 4 to 5 days of incubation, media was changed on the 

third day.  
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2.2.2 Sphere cultures 

2.2.2.1 Poly-HEMA coating solution for sphere cells 

Poly HEMA (poly-2-hydroxyethyl methacrylate) is usually used to coat cell culture 

flasks or plates in order to prevent cells adhesion to surface and formed spheroid 

formation in cancer research. The poly HEMA powder was dissolved (10 mg/ml) in 

95% ethanol overnight (100% Ethanol does not work). The solution was filtered and 

stored at 4°C. The following volumes were used for coating plates and flasks: 

• 4ml for T75 cm2 

• 2ml for T25 cm2 

• 0.4ml 6 wells 

• 0.2ml 24 wells 

• 30μl 96 wells 

The coated flasks were transferred to an incubator to dry. Poly-HEMA is a toxic 

material for cells. Hence, before using the coated flasks were rinsed three times with 

sterile PBS.  

2.2.2.2 Neuro-sphere culture 

GBM cells were trypsinised from tissue culture flasks and counted by automatic cell 

counter or by haemocytometer. All the experiments were done in T25 cm2 vented 

tissue culture flasks and 24 well plates. Approximately 5x105 cells for T25 cm2 flask 

and 1x104 cells for 24 well plates were seeded and incubated at 37 °C, 5% CO2 for 6-

7 days with replacement of fresh media after 3 days. Sphere formation was checked 

periodically under the microscope. The medium which was used for neuro sphere 

culture was stem cell media, which was prepared as outlined in table 2.4. 

 



69 
 

Table 2.4 Protocol for preparing stem cell media 

 

 

 

 

 

2.2.2.3 Suspension culture 

Suspension cultures are grown in DMEM plus 10% FBS medium. Suspension is 

alternative to neuro sphere culture. GBM cell lines were trypsinised from flasks and 

seeded in poly-HEMA coated flasks/plates.  

2.3 Cytotoxicity assay   

2.3.1 MTT assay 

The cells were cultured after counting (approximately 2x103 cells for NOR and 5x103 

cells for HYP) and left overnight at 37°C and 5% CO2 incubator. The next day, cells 

were dosed with different concentration of the anticancer drugs TMZ, DS and DS/CU. 

200µl of medium with different concentrations of drug was added to each well and 

incubated at 37°C for a specified time (depending upon on anticancer drug 

effectiveness in GBM cells). All MTT experiments were repeated three times in 96 well 

plates to analysing inhibitory concentration 50 (IC50) and standard deviation (SD).  

DMEM-F12  Added to 500ml 

B27  10 ml 

N2  5 ml 

EGF 10 ng/ml 100 µl 

hFGF 10 ng/ml 100 µl 

L-Glutamin  5 ml 

Antibiotic  5 ml 

Heparin 2 µg/ml 500 µl 

Insulin 20 µg/ml 1 ml 

D-Glucose 4.5% 3.1 ml 
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2.3.2 MTT reagent stock 

MTT reagent was prepared by adding 2.5-grams 3-(4,5- Dimethylthiazol-2-yl) 

Thiazolyl blue tetrazolium bromide in 500ml of PBS and mixed to dissolve. This 

reagent was filtered, wrapped in foil, and stored at 4°C until use. After cell incubation, 

20l of MTT reagent was added to the dosed and control wells and plates were 

wrapped in foil and incubated for 3 hours. Then, all the wells with MTT reagent were 

aspirated, 80L of DMSO and 20l of Sorensen Glysine buffer were added to wells. 

The plates were transferred to a Multiskan (Thermo Labsystems) plate reader to read 

OD values of each wells at 540nm wavelength. All raw data from each cell line and 

different anti-cancer drugs were analysed to determine the IC50 values. 

2.4 SDS-PAGE/Western blot protocol 

2.4.1 Whole protein extraction 

Cell pellets were centrifuged and washed with PBS. Depending on pellets size 70- 

200µl of RIPA buffer were added to pellets and mixed well to ensure cells were 

completely lysed. The solution was centrifuged at for 15 minutes at 4°C and the 

supernatant was collected in Eppendorf tube as total cellular protein. This protein was 

stored at -80°C. 

2.4.2 10% Ammonium persulphate  

10% Ammonium Persulfate (APS) (Sigma Aldrich Ltd., Dorset, UK) was prepared by 

dissolving 1-gram APS powder in 10ml of distilled water and was stored in -20°C until 

use. Free radical acrylamide and bis-acrylamide (comonomer crosslinker) are used in 

the preparation of polyacrylamide gel.  
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 2.4.3 Acrylamide:bis 19:1  (30%) 

Table 2.5 Reagents for preparing 30% 19:1 Acrylamide  

 2.4.4 Acrylamide:bis 19:1 (40%) 

Table 2.6 Reagents for preparing 40% 19:1 Acrylamide  

 

7ml of separating gel was used for 1.5mm integrated spacer plates (Bio-Rad, UK). 

About 200µl of isopropanol was added to top of separation solution to remove air 

bubbles from surface of the gel. Separating gels were left for approximately 10 minutes 

to set.  

30% 19:1 
Acrylamide 

     10%       8%    7.5%    6.5%      6% 

Separating 
buffer 

5.5 ml 5.5 ml 5.5 ml 5.5 ml 5.5 ml 

30% 19:1 
acrylamide 

5.9 ml 4.3 ml 4 ml 3.4 ml 3.2 ml 

dH2O 5 ml 6.2 ml 6.4 ml 7 ml 7.2 ml 

APS 120 µl 120 µl 120 µl 120 µl 120 µl 

TEMED 15 μl 15 μl 15 μl 15 μl 15 μl 

40% 19:1 
Acrylamide 

 
      12%     10%      8%     6.5%     6% 

Separating 
buffer 

5.5 ml 5.5 ml 5.5 ml 5.5 ml 5.5 ml 

40% 19:1 
acrylamide 

5 ml 4.4 ml 4.3 ml 3.4 ml 3.2 ml 

dH2O 6 ml 6.5 ml 6.2 ml 7 ml 7.2 ml 

APS 120 µl 120 µl 120 µl 120 µl 120 µl 

TEMED 15 µl 15 µl 15 µl 15 µl 15 µl 
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2.4.5 stacking gel 4% 

Table 2.7 Reagents for preparing 4% stacking gel  

 

 

 

 

Before adding stacking buffer, the isopropanol was removed from separating gel and 

washed with deionized water. The stacking gel was added to the set separation gel 

and a comb was immediately inserted on the top of the gel, to create wells for samples 

loading. The gel was left for 15 minutes and then the comb was removed.  

2.4.6 Nuclear protein extraction 

For nuclear protein extraction, cells were washed with PBS and added 100µL of buffer 

A and left on ice for 10 minutes. Then, 25µL 10% NP-40 was added to the solution 

and centrifuged at 9503G for 30 seconds. The supernatant was collected, and the 

pellet was re-suspended in 500μl buffer A to completely wash then, centrifuged for 

30secs at 9503G and the supernatant was removed. The pellet was then re-

suspended in 50-100μl of buffer C, left to spin on a rotator at 4°C for 1 hour, then 

centrifuged for 5 minutes at 18625G and the supernatant was collected as nuclear 

protein and stored at -80°C. 

Stacking buffer 5.5 ml 

40% 19:1 Acrylamide 1.2 ml 

dH2O 6.6 ml 

APS (10%) 250 µl 

TEMED 20 µl 
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2.4.7 Protein concentration measurement  

The collected protein was measured by the Bio-Rad protein assay reagents A, B and 

S. 5µl of protein was added to 96 well plates. A/S reagent mix was prepared by adding 

1ml of reagent A and 20µl of reagent S. then mixed by vertexing and 20µl of this 

mixture was added to protein in 96 well plates. Finally, 200µl of reagent B was added 

to plates and then incubated in room temperature for 10 minutes. The protein 

absorbance was read at 650nm by Multiskan plate reader and protein concentration 

of each sample was calculated from Excel. 

2.4.8 Gel electrophoresis 

SDS-PAGE gels inserted into electrophoresis tanks using the cassette and soaked in 

1x running buffer (diluted from 10x). The protein samples were prepared with 

4xloading buffer, 1μl of 1 M DTT solution and distilled water. The samples were heated 

at 96°C by using a block heater for 10 minutes then centrifuged quickly and stored on 

ice until use. Before loading the samples, the wells were washed by syringe to remove 

any gel particles and then the samples were loaded into the wells. 5μl protein ladder 

(abcam 116028) was loaded as a control in the first or last well. The gels were then 

run at 200V and 300mA for 1 hour until the ladder differentiated clearly. 

2.4.9 Blotting  

After electrophoresis, 8 sheets of blotting paper were cut in 10x10 cm size. PVDF 

membrane was cut in 4x8 cm size. 4 sheets of blotting papers were soaked in transfer 

buffer and were spread on the blotter. Then PVDF membrane was soaked in methanol 

and was placed on blotting papers. SDS-PAGE gel was spread top on the PVDF 
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membrane and covered by 4 wet blotting sheets. Protein was transferred from the 

SDS-PAGE gel to the PVDF membrane by applying 25 V and 155 mA for 2 hours. 

2.4.10 Blocking  

Blocking solution consisted of 5% semi-skimmed milk powder in 1x TBS-T solution. 

For some antibodies, 5% bovine serum albumin (BSA) was used for blocking. The 

PVDF membrane was soaked in 5% fat-free (skimmed) milk with TBS-T for 1 hour.  

2.4.11 Antibody staining 

Primary antibody was prepared in fat free milk (5ml). The specific antibodies dilution 

ratios are outlined in Table 2.8. After preparing primary antibody, the membrane was 

placed carefully in a plastic bag and the corners were sealed. Then, antibody 

containing milk was gently poured into the bag and sealed completely and stored 

overnight in cold room on a rocker. The following day, the PVDF membrane was 

removed and washed twice with 1xTBS-T for 10 minutes. After washing, 10ml of 

secondary antibody at 1:5000 concentration was added to PVDF membrane and 

incubated at room temperature. 
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Table 2.8 List of antibodies used for Western blotting  

Primary antibody Supplier Cat No Dilution 

NFB-p65 Abcam Ab 16502 1:1000 

IĸBα Abcam Ab 32518 1:1000 

BAX Abcam Ab 32503 1:1000 

BCL2 Abcam Ab 32124 1:1000 

OCT4 Abcam Ab 19857 1:1000 

Nanog Abcam Ab 109250 1:1000 

SOX2 Abcam Ab 92494 1:1000 

HIF1α Abcam Ab 179483 1:500 

HIF2α Abcam, NOVUS Ab 199 1:500 

BMP2 Abcam Ab 14933 1:1000 

BMP4 Abcam Ab 39973 1:1000 

BMP9 Abcam Ab 207318 1:1000 

MMP2 Abcam Ab 37150 1:500 

MMP7 Cell signalling 3801S 1:1000 

MMP9 Abcam Ab 76003 1:1000 

E-Cadherin Abcam Ab 40772 1:1000 

N-Cadherin Abcam Ab 76011 1:1000 

Vimentin Abcam Ab 92547 1:1000 

MGMT Abcam Ab 80513 1:1000 

Tubulin Sigma T5168 1:8000 

β Actin SIGMA A2228 1:8000 

Secondary 

antibody 
Supplier Cat No Dilution 

Anti- Rabbit Amersham NA934V 1:5000 

Anti- Mouse Amersham NA931V 1:5000 
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2.4.12 Signal detection 

The PVDF membrane was washed twice after secondary antibody incubation with 

10ml of 1x TBST.  EZ-ECL solution was prepared by adding 1.5ml of reagent A and 

1.5ml reagent B. the solution was added drop by drop to membrane ensuring the whole 

membrane is soaked and left for 2-3 minutes at room temperature. The solution was 

removed from the membrane by piece of tissue paper and was wrapped in cling film 

and exposed by x-ray film in dark room. The exposure time varies according to the 

signal strength achieved from different specificities of the primary antibody. The film 

was developed in developer solution and rinsed in water for 5 seconds and fixed in 

fixative solution. After fixing, the film was washed with water to remove all fixative 

solution.  

2.5 Functional studies  

2.5.1 Invasion assay 

The invasion plate was prepared by using Corning® Costar® 24 well plate. Before 

plate preparation, Geltrex® Matrigel was mixed with SFM in 1:5 ratio, 50µl was added 

to each insert and transferred to an incubator for overnight. The following day the 

mixture was removed from inserts carefully to avoid any damage to the coated 

Matrigel.  The samples were prepared in serum free media (SFM) which included 

1x104 cells in 200µl SFM. The cells were seeded in the inserts and wells filled with 

700µl serum containing media. The plate was transferred to an incubator overnight. 

After incubation, media was aspirated from the insert and then, using wet cotton 

swabs, cells were removed from the interior of the insert. The inserts were then dipped 

in crystal violet for 15 minutes in room temperature. The inserts were washed several 
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times in water to remove crystal violet and then were allowed to dry at room 

temperature. After taking picture of inserts by Evos microscope, the cells were counted 

and analysed. 

2.5.2 Migration assay 

The migration plate was prepared by using Corning® Costar® 24 well plate. The 

samples were prepared in SFM which included 5x104 cells in 200µl SFM. The cells 

were seeded in the inserts and wells filled with 700µl serum containing media. The 

plate was transferred to incubator either for 16hrs or 8 hours. After incubation, media 

was aspirated from the insert and then by using wet cotton swabs, cells were removed 

from the interior of the insert. The inserts were then dipped in crystal violet for 15 

minutes in room temperature. The inserts were washed several times in water to 

remove crystal violet and then were allowed to dry in room temperature. After imaging 

the inserts (by Evos microscope) the cells were counted and analysed. 

2.6 Luciferase reporter gene assay 

Cells were seeded at a density of 1x104 cells in 200μl of medium on to 96 well flat 

bottom white opaque plates and transferred to incubator to grow overnight. The 

following day, two sets of transfection solutions were prepared which contains the 

control pGL3-Basic vector in one tube and the test luciferase reporter gene vectors in 

another. Both solutions contain the internal control; pRL-SV40- Renilla. The cells were 

transfected using these vectors prepared in Lipofectamine following the 

manufacturer’s instructions. Briefly, Solution I: According to requirements in total 

number of wells, 0.2μg/well of Luciferase reporter plasmid DNA and 0.002μg/well pRL-

SV40-Renilla DNA was diluted in 25μl/well of SFM. Solution II: 10μl of lipofectamine-
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2000 was diluted in 250μl of OPTI-MEM for each plasmid vector and incubated at 

room temperature for 5 minutes. Solution I and solution II were mixed in equal amounts 

and incubated at room temperature for 20 minutes. After incubation the mix was 

aliquoted equally to all the wells with cells and the plates were incubated at 37°C, 5% 

CO2 for 48 hours. Luciferase assay was carried out after incubation time. 

2.6.1 Luciferase reporter assay   

After 48 hours the medium was removed, and the wells were washed with PBS. Then 

25μl of 1 x Lysis buffer was added to each well and incubated at room temperature for 

15 minutes on a shaker followed by the addition of 20μl Luciferase assay reagent and 

read in at 540nm in luminometer. The reading taken corresponds to the luciferase 

activity. This was followed by the addition of 20μl Stop & Glo reagent and read again 

which corresponds to Renilla activity. 

2.7 Stable transfection of cell lines  

Approximately 0.5x106 cells per well were cultured in 6 well-plates with 3ml medium 

and incubated overnight. In a tube containing 250μl of OPTI-MEM,10μl of 

lipofectamine-2000 was added and incubated for 5 minutes at RT. To another tube 

containing 250µl of OPTI-MEM, 10μg of plasmid DNA was added. After incubation 

both the solutions were mixed together and incubated for another 20 minutes at room 

temperature. The mix was added to cells in corresponding wells and incubated at 37oC 

for 24 hours and then sub-cultured in cell culture dishes with fresh DMEM medium 

with puromycin as a selection agent. The cells were allowed to grow for 10-15 days 

for selection of positive clones. They were routinely checked and fed with fresh 

selection medium every two days. When the positive cells formed colonies of more 

than 50 cells, the colonies were picked up by trypsinizing using colony cloning 
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cylinders and the single colonies were transferred to 24 well plates. Once the cells 

establish themselves in 24 well plates, they were transferred to 25 cm2 flasks 

containing a selective medium to enlarge the population and screened by Western blot 

for expression of target gene product. In total, about 40-60 clones were picked for 

every transfection and the two clones confirmed with highest level of expression were 

chosen for further experiments. 

2.8 Sphere reformation 

6 days neuro-sphere and suspension cells were dosed with TMZ and DS/Cu. The 

dosed flasks were transferred to 37 °C for overnight. The following day, the cells were 

collected in 10ml tubes, washed with PBS, trypsinised, counted with automatic cell 

counting and seeded at 1x104 cells in 2ml of stem cell medium and serum containing 

medium in 24 well plates (neuro-sphere cells in stem cell medium and suspension 

cells in serum containing medium). The plate was incubated in 37°C and 5% CO2 for 

10 days. Pictures were taken by Evos digital inverted microscope (4x) and the results 

were analysed by counting spheres in each well. 

2.9 Real time PCR (RT-PCR) 

This method was used to detect and quantify the target gene in RNA samples. 

2.9.1 RNA extraction  

RNA was extracted using the RNA purification plus kit (Norgen Biotek Corp., Canada), 

according to manufacturer’s instructions. NOR cells were plated at a density of 1 x 105 

cells/well in 6-well tissue culture plates and incubated at 37°C, 5% CO2. HYP cells 

were plated and incubated in a hypoxic incubator as previous described. The medium 

was removed, and cells were washed in PBS 1x. Cells were lysed using 300 μl of 
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buffer RL and lysate stored at -80°C or processed immediately for RNA isolation. The 

lysate was transferred into a genomic DNA column and centrifuged for 60 seconds at 

9503G (Sigma., UK) to remove DNA. After centrifugation, 200 µl of absolute ethanol 

(100%) was added to the lysate and the mixture vortexed for 10 seconds at room 

temperature. Then the solution was passed through RNA purification columns by 

centrifugation at 9503G for 60 seconds. The column was then washed three times with 

400 µl washing buffer at9503G. The RNeasy column (Norgen Biotek Corp., Canada) 

was transferred to a new tube and RNA was eluted by addition of 50 μl of RNA elution 

buffer directly to the dry columns and incubation for 2 minutes at room temperature. 

Purified total RNA was then collected by centrifugation at room temperature for 2 

minutes at 380G, followed by centrifugation for 1 minute at 9503G. 

The quality of RNA was assessed using a NanoDrop 2000 spectrophotometer 

(Thermo Scientific, UK). The ratio of absorbance at 260nm and 280nm was used to 

measure the purity of RNA in the sample. 

2.9.2 Reverse Transcription (RT) 

A high-capacity cDNA reverse transcription kit (Applied Biosystems, UK) was used to 

synthesise cDNA from total RNA. After RNA quantification, samples were diluted to 

500 ng of total RNA in a final volume of 10μl with nuclease free water. 10µl of total 

RNA solution were mixed with 10µl of a 2x RT mixture containing 2x Retro 

Transcription buffer, 8mM dNTP mix, 2x random primers. The master mix was 

prepared on ice, component volumes are shown in Table 2.9. This 2x RT master mix 

was mixed with each sample to make a final volume of 20µl.  
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Table 2.9 The components of the reverse transcription kit 

 

RT was carried out in a thermal cycler (PTC-200 Peltier Thermal Cycler, MJ Research) 

using the conditions outlined in the Table 2.10. After this step, the cDNA was diluted 

with 80 μl of nuclease-free water (1:4) and placed on ice for immediate use or stored 

at -20°C for long term storage. 

Table 2.10 cDNA synthesis program 

 

 

 

 

2.9.3 Quantitative RT-PCR   

All pipette tips used were RNase, DNase free, sterile filter tips and work was carried 

out on a clean bench. The quantification of gene-specific mRNA expression was 

determined by qRT-PCR using TaqMan Gene Expression Assays (Thermo Scientific, 

Component Total volume per Reaction (l) 

Nuclease Free H2O 4.2 

RT Buffer 2.0 

dNTP Mix (100 mM) 0.8 

RT Random Primers 2.0 

MultiScribeReverse 

Transcriptase 
1.0 

Total per Reaction 10 

Reverse Transcription 

Stage 
Temperature (°C) Time (Minutes) 

Denaturation 25 10 

Anneal 37 90 

Elongation 86 5 

                                                       Total Time: 105 
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UK) with FAM reporter. For each test, the cDNA reaction was diluted 1:4 with 

nuclease-free water and 4.5 µl of this dilution added to a reaction mix consisting of 5 

µl of a 2x Realtime qRT-PCR master mix (Thermo Fisher), 0.5µl of TaqMan Gene 

Expression assay to make a final volume of 10 µl. A negative control sample that 

contained 4.5µl of nuclease-free water instead of cDNA solution was included in the 

assay to verify the fidelity of the PCR amplification. The reactions were prepared in 

MicroAmp® fast optical 96-well reaction plates (Applied Biosystems, UK). After setting 

up the reaction, the plates were sealed with an optically clear seal, centrifuged to 

remove any air bubbles, and placed on a QuanStudio6 RT-PCR System (Applied 

Biosystems, UK), with the parameters outlined in table 2.11. 

Table 2.11 The parameters used to carry out RT-PCR  

 

 

2.9.4 Comparative (CT) Analysis 

To gain a quantifiable comparison between data, the parameters of the qPCR system 

were set to record expression using the CT method of analysis. This method allowed 

the quantification of expression of the gene of interest by using a reference gene 

(HPRT) as comparison by means of fold change. This provided the basis for a 

 

Incubation 

Polymerase 

Activation 

 

PCR (40 Cycles) 

Hold  

50°C 

Hold  

50°C 

Denature  

95°C  

Anneal/Extend 

60°C 

 2 minutes 2 minutes 1 second 20 seconds 
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comparison between gene expressions in all culture conditions. See table 2.12 for all 

TaqMan probes used in this research. 

Table 2.12 List of TaqMan primers used for qRT-PCR 

 
Primer 

(Thermofisher) 

TaqMan Gene 
Expression Assays ID 

Assay 
Cat no (4331182) 

1 P65 Hs01042014_m1 

2 HIF1 Hs00936371_m1 

3 HIF2 Hs01026149_m1 

4 SOX2 Hs01053049_s1 

5 NANOG Hs02387400_g1 

6 OCT4 Hs00999632_g1 

7 MMP2 Hs01548727_m1 

8 MMP7 Hs01042796_m1 

9 MMP9 Hs00957562_m1 

10 SNAIL 1 Hs00195591_m1 

11 SNAIL 2 Hs00161904_m1 

12 TWIST Hs01675818_s1 

13 ZEB 1 Hs00232783_m1 

14 HPRT1 hs99999909_m1 

15 GAPDH Hs02786624_g1 

16 E-CAD Hs01023895_m1 

17 VIM Hs00958111_m1 

18 N-CAD Hs00983056_m1 
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2.10 Flow cytometry for live cells 

Overnight normoxia, hypoxia and sphere cells were collected by trypsinising, the cells 

were stained with antibodies prepared in flow buffer or PBS. Flow buffer contains 

serum and helps to maintain live cells. We have used live cell staining method for 

CD133 and CD44. Cells were collected, re-suspended in flow buffer containing the 

CD133 or CD44 antibody and incubated in 4°C for 20 minutes. After incubation the 

cells were washed with flow buffer and analysed by FACS. The CD133 is a PE 

conjugated antibody and hence analysed using FL2 red range filter in the FACS 

machine. The CD44 is a FITC conjugated antibody and hence FL1 was used as filter 

for green range. 

2.10.1 ALDEFLUOR assay 

The ALDH- ALDEFLUOR reagent (StemCell Tech) was prepared according to the 

instruction in the kit, aliquoted in Eppendorf tubes and stored at -20°C until use.  The 

GBM cell lines were collected as live cells and were aliquoted at a density of 3x105 

cells in each tube. ALDH reagent was prepared by adding 5µl of the reagent (yellow 

colour) to 1ml of ALDH buffer. The ALDH buffer includes inhibitors to prevent the ALDH 

reagent from degradation and binding to ALDH positive cells. Cells were centrifuged 

at 9503G for 5 minutes and re-suspended in 100µl of ALDH solution and incubated for 

30 minutes at 37°C. The cells were washed with PBS and re-suspended in 200µl of 

ALDH buffer. Samples were analysed using BD flow cytometry with FL1 green filter to 

detect positive ALDH expression. 
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2.11 Statistical Analysis  

GraphPad Prism7 software data analysis tools were used to perform all statistical data 

analysis. The cut-off chosen for statistical significance between samples was p=0.05. 

Statistical tests with p<0.05 indicate that the results between the samples are 

statistically different, p<0.01 denotes the results between the samples are statistically 

very different, and p≥0.05 defines that the two samples are statistically not different. 

Student’s T-Test was used for two samples comparison. The one-way analysis of 

variance (one-way ANOVA) was used to determine the statistical significance in more 

than two samples comparison. 
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CHAPTER 3  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HYPOXIA INDUCED EMT IS THE 
MAIN FACTOR FOR STEMNESS AND 
RESISTANCE 
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3.1. Introduction  

One of the major obstacles for effective treatment of GBM is its extensive cellular 

heterogeneity (Patterson et al, 2020; Jung et al., 2021). Like other cancers, 

progression of GBM has been shown to rely on CSCs which are responsible for tumour 

recurrence and resistance to therapy (Chen et al, 2012; Lathia et al., 2015; Lan et al., 

2017). Despite the advances in therapeutic strategies and supportive care, the 

prognosis for GBM patients is poor (Filley et al, 2017). Due to the resistance induced 

by GBM CSCs or the heterogenous nature driven by CSCs the therapeutic options for 

GBM patients are very low. The available therapeutic options also do not lead to 

progression free survival and almost all GBM patients have recurrence within 7-10 

months (Filley et al., 2017; Wang et al., 2021). Taking an effort to facilitate more 

effective therapeutic targets for GBM, large-scale genomic projects were carried out 

with GBM patient samples, and these studies ultimately classified GBM into at least 

four molecular subtypes namely proneural (PN), neural (NL), classical (CL) and 

mesenchymal (MES) (Verhaak et al, 2010). Amongst all gliomas the MES and PN 

subtypes were the most commonly observed in GBM. MES is shown to have an 

aggressive phenotype with high expression level of neural stem cell markers and are 

associated with worst prognosis compared to PN subtype (Behnan et al., 2019). 

Frequently in GBM the PN subtype acquire or shift to the MES pattern mainly during 

recurrence after chemotherapy or radiotherapy (Segerman et al., 2016). This shift is 

driven by epigenetic modifications mostly induced by interaction of GBM with the 

tumour microenvironment and resembles the molecular events that occur during EMT 

program (Carro et al., 2009; Jung et al., 2021; Ozawa et al., 2014; Segerman et al., 

2016). EMT is a crucial mechanism in cancer cells that leads to the tumour progression 

and elevate their potential of migration and invasion resulting in metastasis (Aiello et 
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al., 2017; Aiello et al., 2018; Casas et al., 2011; Karnoub et al., 2007; Krebs et al., 

2017; Yang et al., 2004). One of the fundamental characteristics of EMT is the 

acquisition of a pluripotent stem cell like phenotype linked to elevated expression of 

CSC markers (Guo et al., 2012; Karnoub et al., 2007; Mani et al., 2008; Polyak and 

Weinberg, 2009; Qiao et al., 2012; Shibue and Weinberg, 2017; Ye et al., 2015). 

A hypoxic environment is a crucial condition to prompt the development and 

maintenance of normal somatic stem cells ranging from hematopoietic to neural 

compartments (Eliasson and Jönsson, 2010; Jang and Sharkis, 2007; Mannello et al., 

2011; Ramírez-Bergeron and Simon, 2001; Rodrigues et al., 2010; Tang et al 2008). 

Hypoxic regions are common in malignant brain tumors such as GBM and are thought 

to play an important role in several facets of tumour pathobiology (Rong et al., 2006; 

Colwell et al., 2017). Indeed, hypoxic necrotic foci with pseudo palisading tumour cells 

are one of the features that define GBM in the current WHO classification scheme 

(Rong et al., 2006; Louis et al., 2016). One, among several, factor that induces EMT 

is hypoxia and the hypoxic tumour environment in GBM has been linked to 

mesenchymal differentiation and is associated with an increase in stem cell 

proliferation and tumour aggressiveness (Colwell et al, 2017).  

Hypoxia generates changes in the expression of genes leading to EMT through 

activation of various signalling pathways (Aiello et al., 2017; Joseph et al, 2015; 

Joseph et al., 2018; Krishnamachary et al., 2006; Monteiro et al., 2017; Nakayama, 

2013; Ruan et al., 2009; Sullivan and Graham, 2007; Yang and Wu, 2008; Vaupel, 

2004; Tam et al., 2020; Yin et al, 2013). The prevalence of hypoxic results in the 

overexpression of the transcription factor HIF1 which promotes EMT in cancer cells 

(Cheng et al., 2011; Higgins et al., 2007; Hu et al., 2003; Jospeh et al., 2015; 
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Semenza, 2003; Tang et al., 2019; Yang et al., 2008; Yang and Wu, 2008; Zhou et al., 

2016; Zhang et al., 2020). Several studies suggest that the hypoxic condition down-

regulates the expression of E-Cadherin and upregulates the expression of 

mesenchymal cell surface markers such as N-Cadherin and Vimentin (Huber et al., 

2005; Bao et al., 2012). Other studies have also shown an association between the 

gradual increase in the level of hypoxia and the invasiveness of the tumour cells in 

GBM patients with low overall survival (Fujimura et al., 2013; Huang et al., 2018; 

Monteiro et al., 2017; Sathornsumetee et al., 2008; Torres et al., 2019). The 

transcription factors SNAI1, TWIST1, and ZEB2, that are known to mediate the EMT 

under hypoxia, are reported to be active and upregulated in GBM cells compared to 

normal cells of the brain and genes such as MMPs, HGF, FGF, Wnt and -catenin are 

modulated in GBM by the transcription factors SNAI1, TWIST1, ZEB2 (Mikheeva et 

al., 2010; Yang et al., 2010). These transcription factors are assumed to support 

proliferation and invasion in GBM (Mikheeva et al., 2010; Yang et al., 2010). The zinc- 

finger transcription factor, SNAI1 plays an important role in hypoxia induced EMT; 

under hypoxic conditions, the transcription of E-cadherin is suppressed when the 

transcription factor SNAI1 binds to the E-Box site of the E-cadherin promoter region 

(Imai et al., 2003). Tumour hypoxia along with EMT has been associated with 

resistance to chemotherapy and radiotherapy, as well as tumour invasion and poor 

patient survival (Azmi et al., 2012; Carnero and Llonart, 2016; Bao et al., 2012; 

Krishnamachary et al., 2006; Moreno-Bueno et al., 2008). Therefore, an 

understanding about biological events in GBM hypoxic microenvironment including 

induction of EMT, glioblastoma stem cells and chemoresistance could ultimately help 

in attaining essential steps in developing effective therapies (Eskiizmir and Ozgur, 

2018).  
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3.2 Concept, aims and objectives 

Traditionally CSC populations from GBM cells were isolated using the spheroid 

cultures, also known as neurosphere (NS) cultures, which uses a selective serum-free 

medium, enriched with growth factors to maintain the stemness. A previous PhD 

student from our group (Dr Vinodh Kannappan, 2015) in his work with GBM, has 

indicated that, the CSC-like cells derived from suspended spheroid models of GBM 

cell lines, grown in the normal serum containing DMEM medium (SUS), also 

expressed the CSC makers like the NS spheroids. The thesis further indicated that the 

hypoxic stress in the core of the spheroid models drives stemness through possible 

activation of EMT features. Although the link between stemness and EMT was hinted 

in the previous work, the involvement of specific EMT related transcription factors and 

matrix degrading proteases induced by hypoxia were not studied in detail.  Moreover, 

a quantified determination of migration, invasion or sphere reformation characteristics 

was not performed in the previous study.  

The hypothesis of this chapter is that EMT-related transcription factors driven by 

hypoxia leads to the complete or partial phenotypical changes in the GBM cells 

resulting in completely mesenchymal or hybrid mesenchymal 

(epithelial/mesenchymal) phenotypes. These mesenchymal-like cells with elevated 

stemness are the key entities in enhanced migration and invasion potential of GBM 

cells that play a significant role in therapy resistance, local infiltration and relapse. 

Therefore, in this study SUS spheroid models and attached monolayer hypoxic models 

of GBM cell lines, were used to elucidate the activation of EMT related transcription 

factors, stemness, chemoresistance, migration and invasion characteristics in 

comparison to normoxic GBM cells. 
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3.3 Experimental design 

The detailed protocols and methods are described in Chapter 2. Any experimental 

changes in relation to the specific methods used within this study are provided here.  

3.3.1 Culture methods  

Approximately, 5x105 attached cells of the U87MG, U251MG and U373MG GBM cell 

lines were used to set up hypoxic cultures maintained for 6 days at 1% oxygen in a 

hypoxic incubator. Suspension (SUS) spheroid cultures from U87MG, U251MG and 

U373MG GBM cell lines were prepared by culturing GBM cells in poly-Hema coated 

low attachment flasks for 7 days in normal oxygen concentration. 

3.3.2 Detection of CSC markers with flow cytometry   

Flow cytometric analysis was used to measure the presence of the following CSC 

markers, ALDH and CD133 in spheroid and hypoxic cultures of GBM cell lines, 

compared to attached and normoxic cultures. The staining and detection methods are 

detailed in section 2.10. 

3.3.3 Detection of EMT markers by RT-PCR 

mRNA expression of the EMT marker proteins namely SNAI1, SNAIL2, TWIST1, 

ZEB1, MMP2, MMP7 and MMP9 were analysed from normoxia and hypoxia cultures 

of GBM cells. RT-PCR protocol is described in section 2.9. The fold change in 

expression of EMT markers were analysed by students t-test and one way ANOVA 

using GraphPad Prism software. 

3.3.4 Detection of EMT markers by Western blot analysis 
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Apoptotic markers BAX, BCL2 and the EMT markers BMP2, BMP9 and MMP2 were 

determined by Western blot from the whole protein extracts collected from normoxia 

and hypoxia cultures of GBM cell lines. Detailed methods of protein extraction, SDS 

PAGE separation of proteins and Western blotting are described in section 2.4.  

3.3.5 Migration assay   

Normoxic and hypoxic cell lines were trypsinysed, counted and diluted in serum free 

medium. 1x104 cells in 200μl were added to Boyden chambers which contain 

polycarbonate membrane at the bottom with a 8.0 m pore size. Trans-well inserts 

were then incubated overnight while serum-containing medium was placed in the wells 

below. Migratory cells that moved through the pores were stained by crystal violet, 

photographed and counted.  

3.3.6 Invasion assay  

Invasion assay is similar to migration assay. Boyden chamber inserts were coated by 

combination of Matrigel and serum free medium in 1:15 dilution. 24-well plates with 

coated inserts were incubated at 37oC overnight. Matrigel was rehydrated and 2x104 

cells were seeded on the top of the insert in serum-free media, while serum-containing 

medium was placed in the wells below. Invasive cells moved through the pores toward 

the bottom of wells and these invasive cells were stained with crystal violet and 

counted.   

3.3.7 Dosing cells with anticancer drug  

GBM cells grown under normoxic and hypoxic culture conditions were subjected to 

MTT cytotoxicity assay as detailed in section 2.3.1. The specific anti-GBM drug and 

highest doses used in this study was TMZ (100μM). The cell cultures were incubated 
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with serially diluted TMZ for 72 hours in their respective cell culture incubators. After 

treatment, MTT reagent was added, and the resulting OD values were used to 

calculate cell viability. 

3.4 Results    

3.4.1 GBM Spheres show increased CSC characteristics. 

The CSC characteristics in the three GBM cell lines were tested using the universal 

stem cell marker ALDH and neural progenitor marker CD133. The cells were cultured 

as suspended spheroids (SUS) in normoxic conditions and compared to control, 

attached cells grown in parallel under normoxic conditions. ALDH is a universal CSC 

marker and is often used in the identification of side population of cells with CSC 

characteristics (Leng et al.,2017; Toledo-Guzmán et al., 2019). Figure 3.1A shows the 

typical representative dot plots of results obtained from ALDEFLOUR ALDH assay 

using FACS analysis. From the results it is very clear that all the GBM cell lines 

U87MG, U251MG and U373MG grown as suspended spheroids had significantly 

higher ALDH expression compared to the attached control cells grown under normoxia 

conditions. Figure 3.1B shows statistically analysed results from 3 independent 

experiments done in triplicates represented as bar chart. CD133 is a precise cell 

surface marker for detection of CSCs especially neural progenitors. Figures 3.2A 

shows representative dot plots from FACS analysis of cells stained with PE-

conjugated CD133 antibody. Figure 3.2B represent the statistically analysed results 

from 3 experiments represented as bar chart, respectively. Similar to the results of 

ALDH assay, all three GBM cell lines cultured grown as suspended spheroids had an 

increased proportion of CD133+ population compared to attached normoxic cells. 
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Figure 3.1 High ALDH activity detected in SUS sphere cells. (A) ALDH activity detected in 

normoxic attached (NOR) and spheroid (SUS) cells using ALDEFLOUR assay. (B) The bar 

chart displays the mean percentage of ALDH cell population observed in ALDEFLOUR assay 

in NOR and SUS cultures of all three GBM cell lines (n=6, ***p<0.0001, **p<0.001). 
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Figure 3.2 High CD133 expression in SUS sphere cells. (A) CD133 positive population 

detected by immunostaining using PE conjugated anti-CD133, in normoxic attached (NOR) 

and spheroid (SUS) cells. (B) The bar chart represents the percentage of CD133 cell 

population in NOR and SUS sphere cells (n=6, ***p<0.0001, **p<0.001).  

U
8

7
 N

O
R

U
8

7
 S

U
S

U
2

5
1

 N
O

R

U
2

5
1

 S
U

S

U
3

7
3

 N
O

R

U
3

7
3

S
U

S

0

5

1 0

1 5

2 0

C D 1 3 3  e x re s s io n

C
D

1
3

3
 +

V
E

 P
O

P
U

L
A

T
IO

N
 (

%
)

***
**

***

B 

A 

NOR SUS

U
8

7
M

G
U

251M
G

U
3

7
3

M
G

CD133 activity 

Si
d

e
 s

ca
tt

e
r 

 

CD133 +VE population 



96 
 

 3.4.2 GSCs are resistance to TMZ 

A primary cause of chemoresistance of GBM is the stem-like subpopulation that 

expresses CSCs characteristics. To understand whether the SUS spheroid cultures 

that expressed CSC markers (Figure 3.1 and Figure 3.2), are also resistant to 

anticancer drugs, the SUS cells from all three GBM cell lines were treated with the first 

line drug TMZ in parallel with attached normoxic GBM cells (ATT) as control. Figure 

3.3 represents the cell viability of ATT and SUS GBM cells before and after treatment 

with TMZ. The results of MTT cytotoxicity assay of the ATT monolayer cultures of GBM 

cells shows that all the three GBM cells lines used in this study, responded to TMZ 

treatment in a dose dependent manner and were sensitive to TMZ treatment which is 

evident from the cell viability curve (Figure 3.3A).  The bar chart for IC50 values shown 

in figure 3.3B indicates that, 50% of the GBM cells were effectively killed at 40.5M, 

31.7 M and 43.5 M for U87MG, U251MG and U373MG respectively. On the other 

hand, the SUS cultures were treated for 72h with the highest dose of TMZ (100µM of 

TMZ) used in this study, and then reseeded and allowed to reform spheres for another 

7 days.  From the representative microscopic images of the reformed spheroids shown 

in figure 3.3C SUS panel, it can be seen that the SUS cells from all three GBM cell 

lines, reformed many spheroids, even after treatment with high dose of 100 µM TMZ. 

Figure 3.3D show the number of spheres SUS reformed after TMZ treatment. Although 

the number of spheres has significantly reduced in comparison to the untreated control 

spheroids, there are several residual healthy spheroids in the treated panel that still 

remain, indicating the presence of a resistant subpopulation that can reform the 

spheroids. These results show that the SUS suspended spheroid cultures are resistant 

to first line drug TMZ even at very high concentrations of 100 µM (used in this study), 

while the NOR cells (non-spheroids) are effectively killed by TMZ at this concentration. 
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Figure 3.3 GBM cell lines grown as ATT and SUS cultures then treated with TMZ. (A) 

Cell viability curve from MTT cytotoxicity assay. (B) Bar chart showing IC50 values of TMZ in 

three GBM cell lines (C) Morphology of SUS suspension spheroids reformed after treatment 

with 100 M TMZ (x 40 magnification). (D) Bar chart for number of spheres reformed after 

treatment with TMZ. 
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3.4.3 Hypoxic population detected in sphere and hypoxia cultured GBM cells 

As mentioned in section 1.10, O2 gradients exist in normal and tumour tissue. These 

gradients affect gene expression and are important in normal and pathological 

conditions (Welford and Giaccia, 2011). To determine whether there is a high 

proportion of hypoxic cells in SUS spheroid cultures in comparison to the NOR 

attached cultures, the cells were stained with hypoxyprobe by ICC and quantified by 

FACS analysis. Figure 3.4A shows the confocal microscopy images of cells treated 

with Hypoxyprobe and stained with anti HP-FITC antibody and propidium iodide 

counter stain. The images clearly show bright green cytoplasmic staining in SUS 

spheroid cells, indicating presence of hypoxia in a majority of the spheroid cultured 

cells, in comparison to NOR attached cells. Figure 3.4B shows the representative dot 

plots from FACS analysis of cells stained with Hypoxyprobe FITC antibody. The bar 

chart in figure 3.4C represents the percentage of hypoxic population detected in 

spheroids in comparison to attached normoxia control cells. The results show a 

statistically significant increase in the hypoxic population in SUS sphere cells. These 

results indicate that hypoxia is an important characteristic of sphere cell culture due to 

aggregation of cells. To establish the role of hypoxia in EMT, stemness and resistance, 

hypoxia was induced in GBM monolayer cultures by culturing them at 1% O2
 

concentration (HYP) in specialised tri-gas incubator. To confirm if a hypoxic population 

was induced through this culture method, Hypoxyprobe reagent was added to the cells 

and stained with anti HP-FITC antibody. Figure 3.5A shows the ICC imaging of HYP 

and NOR cells taken with an EVO2 FL microscope. The images clearly show bright 

green cytoplasmic staining in HYP cells in comparison to NOR attached cells. DAPI 

(blue) was used as nuclear counter stain.  Figures 3.5B shows representative dot plots 

from FACS analysis of hypoxyprobe stained cells and 3.5C shows the bar chart 
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representing a significant increase the percentage of hypoxic population in GBM 

hypoxic cultures in comparison to NOR cultures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Hypoxic population was detected in GBM cell lines cultured as SUS 

spheroids. (A) ICC staining using hypoxyprobe kit shows that all three GBM cell lines grown 

under SUS have increased proportion of hypoxic cells (Green+FITC) in comparison to the 

cells grown under normoxic conditions cells (ATT). PI-(Red) was used as nuclear 

counter stain. (B) Hypoxyprobe staining and FACS analysis were used to detect the hypoxic 

cells. The presence of statistically significant number of hypoxic cells in GBM cells cultured in 

SUS is displayed in the bar chart (n=6; ***p<0.0001).  
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Figure 3.5 Hypoxic population was detected in GBM cell lines cultured in hypoxia. (A) 

In situ ICC hypoxyprobe staining to detect hypoxia in cultured GBM cell lines. ICC staining 

using hypoxyprobe kit shows that all three GBM cell lines grown under Hypoxic conditions 

have increased proportion of hypoxic cells (FITC- Green) in comparison to the cells grown 

under normoxic conditions cells; DAPI was used as nuclear counterstain.10x magnification. 

(B) FACS analysis was used to quantify the cells stained with Hypoxyprobe. Representative 

dot plots showing increased proportion of cells with green fluorescence in hypoxic GBM cells 

and the bar chart (C) indicating the presence of statistically significant number of hypoxic cells 

in GBM cells cultured in HYP (n=6; ***p<0.0001).  
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3.4.4 Hypoxia-cultured GBM cells show increased CSC characteristics 

GBM cells cultured under normoxia and hypoxia conditions were tested for expression 

of CSC markers ALDH and CD133 by FACS analysis. Figure 3.6A shows the typical 

representative dot plots of results obtained from ALDEFLOUR ALDH activity assay 

using FACS analysis. From the results it is very clear that all three GBM cell lines 

U87MG, U251MG and U373MG grown under hypoxic conditions had significantly 

higher ALDH expression compared to the cells grown under normoxia conditions. 

Figure 3.6C shows statistically analysed results from 3 independent experiments done 

in triplicates represented as bar chart.  

Like the results of ALDH, FACS analysis using PE-conjugated CD133 antibody 

showed a significant increase in CD133+ population in hypoxic GBM cells in 

comparison to normoxia cultures. Figure 3.6B shows the representative dot plots and 

3.6D shows the statistically analysed results in a bar chart. Collectively the above 

results indicate that hypoxia drives the expression of CSC markers further validating 

that the expression of CSC markers observed in spheroids could be driven by the 

hypoxic core of the spheroids.  
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Figure 3.6 High ALDH activity and CD133 expression detected in hypoxic GBM cells. 

(A) Representative Dot plots from ALDEFLOUR assay showing increased ALDH activity in NOR and 

HYP cells. (B) Representative Dot plots from CD133 immunostaining using PE conjugated anti-CD133 

showing increased proportion of CD133+ve population in hypoxic GBM cells. (C&D) The bar charts 

represent the statistically significant increase in the percentage of ALDH and CD133 positive cell 

populations respectively in all three hypoxic GBM cell lines (n=6, ***p<0.0001, **p<0.001). 
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3.4.5 Detection of EMT markers in hypoxia-cultured GBM cells by RT-PCR 

EMT associated transcription factors like SNAI1, SLUG1, TWIST1 and ZEB1 are 

stated to be elevated in GBM tissue compared to normal brain and positively correlate 

with tumour grading (Elias et al., 2005; Mahabir et al., 2013; Siebzehnrubl et al., 2013; 

Yang et al., 2010). These transcription factors are believed to be upregulated under 

hypoxic conditions and act as promoters of invasion in GBM (Evans, 2004; Colwell et 

al., 2017). Hence, GBM is always marked by irregular margins and high degree of 

invasiveness leading to poor prognosis. Invasive characteristics of the cells are 

attributed to a number of proteolytic enzymes known as matrix metalloproteases 

(MMPs), that digests the ECM aiding in invasion. MMPs are directly regulated by the 

above-mentioned hypoxia induced EMT associated transcription factors. Therefore, 

the expression of these transcription factors and associated MMPs were determined 

by qRT-PCR analysis of normoxic and hypoxic cultures of GBM cell lines grown in 

parallel. Figures 3.7 A, B and C shows the graphical representation of the mRNA level 

expression of the EMT transcription factors in NOR and HYP cultures of U87MG, 

U251MG and U373MG respectively. The results show that the expression of SNAI1 

and SNAI2, the key transcription factors of hypoxia induced EMT (Casas et al., 2011; 

Ganesan et al., 2015), has increased under hypoxic conditions, whereas the 

expression of TWIST, ZEB was variable in different cell lines under hypoxia. We also 

observed that the two important MMPs namely MMP2 and MMP9 that aid the EMT 

phenotypes in ECM digestion and invasion (Zhang et al., 2017; Zhou et al., 2019) were 

highly upregulated under hypoxic conditions in all three cell lines tested. TWIST was 

higher in the case of U87 HYP but not in U251 and U373 HYP. Similarly, ZEB was 

highly expressed in U373 HYP but not in U87 or U251 HYP. The expression of MMP7 

was also higher in hypoxic conditions of U251MG and U87MG. The variable 
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expression results obtained may be a consequence of cell line dependant expression 

due to differences in mutation status of the cultured cancer cell lines. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3.7 Expression of EMT markers in GBM cell lines grown under normoxia and 

hypoxia.  Normalized relative expression of EMT marker genes at the mRNA level was 

determined using quantitative Real Time PCR in the panel of three GBM cell lines. (A) U87MG 

(B) U351MG (C) U373MG. (n=14; * p <0.05; ** p<0.01; ***p<0.0001).  
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3.4.6 Detection of EMT markers in GBM sphere cells by RT-PCR 

Transcription factor expression analysis (Figure 3.7) suggest an activation of EMT 

signature in hypoxia cultured GBM cells and hypoxyprobe analysis (Figure 3.5) show 

there is a hypoxic core in sphere cultured GBM cells. Therefore, the activation of EMT 

transcription factors like SNAI1, SLUG1, TWIST1 and ZEB1 was determined using 

qRT PCR in sphere cells to elucidate whether there is a hypoxia induced EMT 

signature in spheroids. Normoxia cultures of GBM cell lines grown in parallel were 

used as control. Figures 3.8 A, B and C shows the graphical representation of the 

mRNA level expression of the EMT transcription factors in NOR and SUS cultures of 

U87MG, U251MG and U373MG respectively. The results from our studies show that 

the expression of EMT transcription factors SNAI1, SNAI2, ZEB and TWIST increased 

significantly in SUS cultures of U87MG and U373MG.  An increase expression of 

SNAI1, TWIST and ZEB but not SNAI2 was seen in U251MG spheroid cultures, and 

this may be a cell line specific variation. In addition, all the three MMPs namely MMP2, 

MMP7 and MMP9 that aid the EMT phenotypes were highly upregulated under SUS 

cultures of U87MG and U373MG. Again, in U251 MG an increase in MMP2 and MMP7 

was observed but not MMP9.  These variable results obtained in U251MG suggest 

that this could be a cell line dependant expression variation may be due to the 

numerous differences in mutation status of cultured cancer cell lines. Alternatively, 

U87MG and U373MG tend to form tighter spheroids than U251MG and there could be 

differences in cell-to-cell signalling that happens when they aggregated together. 
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Figure 3.8 Expression of EMT markers in sphere cultured GBM cell lines.  Normalized 

relative expression of EMT marker genes was determined using quantitative Real Time PCR 

in the panel of three GBM cell lines. (A) U87MG (B) U351MG (C) U373MG grown as 

suspended spheroids (SUS). (n=14; * p <0.05; ** p<0.01; ***p<0.0001).  
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3.4.7 Hypoxia induces migration and invasion 

EMT associated transcription factor expression analysis (Figures 3.7 and 3.8) clearly 

indicated that there is an EMT signature activated in the GBM cell lines grown under 

hypoxic conditions or spheres with hypoxic core. Mesenchymal cells have 

characteristic enhanced migration and invasion ability that correlates with the 

metastatic or infiltrative nature of cancer cells that have undergone EMT (Aiello et al., 

2018; Campbell et al., 2019; Lambert and Weinberg, 2021). With this in mind, the 

migration and invasion potential of GBM cells under hypoxia was tested using Boyden 

chamber migration and Matrigel invasion assays. Cells grown under normoxia in 

parallel were used as control. Figure 3.9A shows the representative microscopic 

images of migrated cells stained with crystal violet from all 3 GBM cell lines under 

NOR and HYP.  Results shows that the HYP cultures demonstrated enhanced 

migration ability over the NOR counterparts. The number of cells that migrated through 

the 8M pores in the PET membrane to the lower side of the Boyden chamber were 

counted. The bar chart in figure 3.9B represents the mean number of migrated cells 

under each condition and indicates a statistically significant increase in migrated cells 

under hypoxia for all 3 cell lines under study.  

To demonstrate that HYP can induce invasion characteristics, Matrigel invasion assay 

was performed with Boyden chamber inserts. The invaded cells were stained with 

crystal violet and the number of invaded cells was counted and difference between 

NOR and HYP was statistically analysed. Figure 3.10A represents the microscopic 

images indicating an increased invasion ability of the tumour cells grown under 

hypoxic condition. Figure 3.10B shows the bar chart indicating the mean number of 
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invasive cells and it is evident that the invasiveness of GBM cells under hypoxic 

conditions tumour cells significantly increased.  

 

 

 

 

 

                                

 

  

 

 

 

 

 

 

Figure 3.9 Hypoxia enhances migration ability of GBM cell lines in vitro. The migration 

potential of GBM cells was detected using Boyden chamber migration assay. (A) Microscopic 

image of the membrane penetrated GBM cells stained with crystal violet (x40 magnification). 

(B) Mean number of migrated cells under NOR or HYP shows a statistically significant 

increase in the migration potential of HYP cells in comparison to NOR cells. n=9; **p<0.01. 
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Figure 3.10 Hypoxia enhances invasion potential of GBM cell lines in vitro. The invasion 

potential of GBM cells was detected using Matrigel invasion assay with Boyden chamber 

inserts (A) Microscopic image of the invaded GBM cells stained with crystal violet (x40 

magnification). (B) Mean number of invaded cells under NOR or HYP shows statistically 

significant increase in the invasion potential of HYP cells in comparison to NOR cells. n=9; * 

p <0.05 **p<0.01. 
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3.4.8 Hypoxia induces resistance to TMZ by altering the Bax: Bcl2 ratio 

To confirm if hypoxic cultures of GBM cells can acquire resistance to the first line drug 

TMZ, an MTT cytotoxicity assay was performed. The IC50 values were calculated and 

shown in figure 3.11A which indicates that GBM cells under hypoxic cells were 

significantly resistant to TMZ. Next, to confirm if this resistance was due to apoptosis 

resistance induced by hypoxia mediated modulation of BAX: BCL2 ratio (Kale et al., 

2017), the expression levels of BAX and BCL2 was determined by Western blot. 

Figure 3.11B clearly shows that the expression of proapoptotic factor BAX was lower, 

whereas the expression of antiapoptotic factor BCL2 was higher in all hypoxic cells 

compared to their normoxia counterparts indicating the alteration in ration of BAX: 

BCL2 associated with a more resistant phenotype of cells under hypoxia.  

 

 

 

 

 

 

 

Figure 3.11 Hypoxia induces resistance to TMZ by modulating the expression of Bax 

and Bcl2. (A) IC50 values of GBM cells under NOR and HYP treated with TMZ (B) Western 

blots results showing protein expression of proapoptotic factor BAX and antiapoptotic factor 

Bcl2 in all three GBM cells under grown under normoxia and hypoxia. 
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3.5 Discussion 

The standard treatment for GBM involves surgical resection to the maximal extent 

possible, followed by radiotherapy and chemotherapy using TMZ (Stupp et al., 2006). 

Survival of GBM patients after treatment remains poor, with only incremental 

improvements (Anon, 2015; Tamimi and Juweid, 2017). A gene expression profiling 

study of gliomas revealed two commonly described distinct subtypes, namely 

mesenchymal (MES) and proneural (PN) that exist within the GBM population 

(Verhaak et al., 2010). A better response to therapy and improved survival has been 

associated with a reduced MES component (Patterson et al., 2020; Tso, 2006). 

Hypoxia plays a key role in chemoresistance in many cancers including GBM where 

hypoxia is a hallmark characteristic (Azmi et al., 2012; Bao et al., 2012; 

Krishnamachary et al., 2006; Moreno-Bueno et al., 2008). Investigating the notion that 

hypoxia induced EMT could occur in glioblastoma cells and result in migration and 

stem cell characteristics is the primary aim of this chapter. To confirm that hypoxia is 

the major factor that drives stemness and resistance via upregulation of EMT 

signalling, attached monolayer cultures of GBM cells were grown parallelly under 

normoxia and hypoxia and the EMT and CSC markers were examined in the 

experiments described above. The findings presented here (Figures 3.1 to 3.8) 

confirmed that hypoxia induces EMT in GBM cell lines and provided strong evidence 

that hypoxia induced EMT, and CSC characteristics are interconnected features. The 

results obtained using SUS 3-dimensional spheroid models of GBM cells further 

confirmed that hypoxia is an important feature in these spheroids due to strong 

aggregation of cells. The stemness features observed in these SUS spheroid models 

further confirms the hypothesis that, the hypoxic stress generated in the core of the 

spheroids by aggregation of cells could be the key factor driving the expression of 
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CSC markers.  Mesenchymal population of cells are generally attributed as aggressive 

phenotypes that have multiple mechanisms activated which enable them to drive 

tumour proliferation, reinstate heterogeneity, maintain the interconversion between 

stemness and differentiated cells and gain resistance to therapeutic procedures 

eventually resulting in recurrence (Aiello et al., 2017; Fehlauer et al., 2005; Polyak and 

Weinberg, 2009; Shibue and Weinberg, 2017; Ye et al., 2015). Recurrence in GBM 

patients is inevitable despite all therapeutic modalities (Filley et al., 2017; Taylor et al., 

2019). Hypoxia can drive resistance through activation of various signalling 

mechanisms amongst which EMT activation and the resulting phenotypes have been 

attributed to resistance (Gregory et al., 2008; Thiery, 2002). Recently there has been 

mounting evidence showing that EMT characteristics also confer drug resistance to 

GBM (Chesnelong et al., 2019; Fedele et al., 2019; Oh et al., 2019; Siebzehnrubl et 

al., 2013). Generally, all cancers, including GBM, with epithelial associated gene 

expression have been shown to be sensitive to anti-cancer drugs, whereas those that 

express EMT markers and display mesenchymal characters are more resistant to 

cancer therapies (Kahlert et al., 2017; Mahabir et al., 2013; Piao et al., 2013). 

Initial radiation and chemotherapy have been believed to induce an epithelial to 

mesenchymal shift in GBM which results in a more aggressive and resistant subtype 

(Lin et al., 2018; Mahabir et al., 2013; Tian et al., 2015). 

EMT is an essential process that is required for multiple stages of tissue and organ 

differentiation (Kalluri and Weinberg, 2010). EMT involves a process in which a loss 

in cell-cell contacts and cellular polarity in favour of gaining mesenchymal 

characteristics including the ability to migrate and invade (Kalluri and Weinberg, 2010; 

Ye et al., 2015). EMT is also an indispensable process for wound healing (Kalluri and 

Weinberg, 2010). Over the past two decades there has been an increased insight into 
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the role of EMT as a prominent factor promoting tumour growth, metastasis, and 

migration in a variety of cancer types including GBM (Yang et al., 2004; Lee, 2006; 

Hugo et al., 2007; Karnoub et al., 2007; Mani et al., 2008; Zarkoob et al., 2013; Aiello 

et al., 2017; Yamini 2018; Aiello et al., 2018; Fedele et al., 2019). 

The tumour microenvironment also plays a critical role in the activation of EMT; in 

GBM an inflammatory microenvironment that results from hypoxic insult may favour 

the accumulation of circulating or residual myeloid cells causing an increase in the 

secretion of TGF-β, FGF-2 and EGF (Haley and Kim, 2014; Iwadate et al., 2016; 

Joseph et al., 2014; Karsy et al., 2016). The increase in these growth factor level 

triggers a cascade of transcriptional factor expression changes that eventually drives 

EMT (Iwadate, 2016; Joseph et al., 2015; Paul et al., 2013). EMT in GBM is associated 

with an elevated expression of proteins such MMPs, vimentin, CD44 and a noted 

decrease in epithelial markers such as E-cadherin (Luo et al., 2018; Song et al., 2017; 

Zhang et al., 2017). It also controlled by a series of transcription factors namely SNAIL 

1, SNAI2, ZEB 1, ZEB 2, and TWIST1 (Ansieau et al., 2010; Joseph et al., 2014; 

Lambert and Weinberg, 2021). The transcription factors SNAI1 and SNAI2 are 

important members of the EMT activation and play a role in reducing the expression 

of various epithelial markers and increasing the expression of mesenchymal markers 

(Lee et al., 2020; Martínez-Estrada et al., 2006; Sundararajan et al., 2019; Zhou et al., 

2016; Wu and Zhou, 2010). Data from TCGA supports that SNAI2 is important in the 

regulation of CD44 and is closely associated with migration and invasion of gliomas 

(Cheng et al., 2011; Brown et al., 2015). The findings presented here concur with the 

above conclusions that hypoxia is associated with elevated expression of SNA1 and 

SNAI2.  The transcription factor ZEB1 is a short survival indicator and is a 

transcriptional repressor which is known to propagate metastasis and invasion 
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(Wellner et al, 2009). The expression of the ZEB1 transcription factor under normoxia 

and hypoxia did not show any difference in the GBM cell lines U87MG and U251MG. 

But, in the GBM cell line U373MG ZEB1 expression was significantly increased. 

Another vital hypoxia stimulated transcription protein is the TWIST1 transcription factor 

(Yang et al., 2008).  Apart from being a master regulator of embryogenesis (Ansieau 

et al., 2010; Castanon et al., 2002), TWIST1 also constitutes in cellular processes 

such as tumour migration and invasion (Yang et al., 2008; Malek et al., 2017; Wang 

et al., 2017). The expression of TWIST1 is higher in GBM when compared to low grade 

glioma (Elias et al., 2005; Mikheeva et al., 2010). Studies in breast cancer, pancreatic 

cancer and gliomas suggest that the stronger the expression of TWIST1, the higher 

the malignant phenotype (Monteiro et al., 2017; Nordfors et al., 2015; Wang et al., 

2017; Yang et al., 2004). The results presented in this chapter suggests that hypoxia 

does not universally induce TWIST1 expression in all three cell lines tested. However, 

the expression of TWIST1 is elevated in SUS conditions in all cell lines. Similarly, the 

expression of other EMT transcription factors SNAI1, ZEB1 and SNAI2 is also variable 

between cell lines and conditions. EMT in tumours can be stimulated by various 

extracellular cytokines or intracellular signalling factors induced by 

microenvironmental cues such as hypoxia, stromal cells, or the matrix (Pires et al., 

2017; Zheng and Kang., 2013). These factors such as TGF, EGF, FGF that bind to 

receptors or ligands directly activate the EMT transcription factors that activate EMT 

features (Shibue and Weingberg, 2017; Stemmler et al., 2019). This variable 

expression of EMT transcription factors is indeed observed in cells undergoing EMT, 

because EMT is considered as a state rather than a definite entity, for a given period 

(Garg, 2017; Liao and Yang, 2020). Hence the expression of markers can vary at 

different state of the cells.  This can also be explained by the fact that EMT has been 
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extensively studied in tumours using in vitro cell line models (Zheng and Kang., 2013). 

But the studies in clinical specimens are difficult due to the heterogeneity induced by 

space, dimensions and time and lack of markers to significantly distinguish the cells 

with EMT characteristics from stromal cells (Bill and Christofori, 2015; Fischer et al., 

2015; Zheng et al., 2015).  Cancer cells undergo EMT and express mesenchymal 

features for a transient period of time and then revert back to epithelial state via MET 

(Zheng and Kang., 2013). This is advantageous and more relevant in vivo because 

once the cancer cells have penetrated the stromal cells, the changes in the 

microenvironmental cues would trigger the reversal step and activate the pathways 

needed for colonisation of the invaded tissue region (Aiello., 2017; Brabletz, 2012; 

Chao et al., 2010; Ocaña et al., 2012; Tsai et al., 2012). Moreover, it is also known 

that under the mesenchymal state the cells are more prone for stemness and 

quiescence, and hence the proliferation is often arrested (Mejlvang et al., 2007; Tsai 

et al., 2012; Zhou et al., 2017) Thus, tumour cells undergo MET to activate a 

differentiate cell state to allow growth and proliferation and eventually a successful 

metastasis (Chao et al., 2010; Ocaña et al., 2012; Tsai et al., 2012; Zheng and Kang., 

2013). The underlying mechanism of the reversal is largely unknown, but epigenetic 

regulation or modulation level of expression of the transcription factors such as SNAI1, 

TWIST, SNAI2, ZEB1 may be important in achieving MET (Stemmler et al., 2019). 

Given that GBM is a tumour that rarely metastasis to distant organs (Pietschmann et 

al., 2015), the study on how hypoxia regulates the process of EMT or MET through 

HIF or other transcription factors such as NFB will throw more light on the local 

invasion and infiltration characteristics of GBM which makes it one of the most difficult 

tumours to treat.  
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3.6 Conclusion 

Change of tumour cells from an epithelial to mesenchymal phenotype through the 

process of EMT is driven by hypoxia. Hypoxic GBM cells that shows mesenchymal 

characteristics showed increased stem cell characteristics. Similarly, stemness 

features were observed in spheroid cultures indicating the hypoxic core in the 

spheroids could be the factor that drives the EMT switch leading to stemness. This 

transition of the cell phenotype is a crucial phenomenon in the migration and invasion 

of the tumour cells, thereby disseminating GBM cells to healthy brain tissue leading to 

local metastasis or invasion of GBM. The precise understanding of the hypoxia 

induced EMT mechanism may help in achieving a more appropriate therapeutic target.  
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4.1 Introduction 

EMT contributes to the aggressiveness of tumours via the modulation of tumour cell 

adhesion, migration and invasion capacity (Hugo et al., 2007; Bhatia et al., 2020). EMT 

is mediated by various crucial transcriptional factors such as ZEB1, ZEB2, SNAIL1, 

SNAIL2 and TWIST1 (Jiang et al., 2011). EMT and hypoxia are considered as key 

processes that favours metastasis of cancer cells, and the two events are long known 

to have some molecular mechanisms in common (Cannito et al., 2008; Karsy et al., 

2016; Joseph et al., 2018; Monteiro et al., 2017; Ruan et al., 2009). Changes in oxygen 

levels in tissues can result in activation or suppression of certain homeostatic 

regulatory genes, allowing for the survival of tissues and cells despite fluctuating 

environmental conditions (Hu et al., 2003; Ziello, Jovin and Huang., 2007). Decreasing 

oxygen level can contribute to cancer cell migration to other organs where nutrients 

and space are less limiting. Therefore, tumours that contain large regions of hypoxia 

have more potential to metastasis (Djagavega and Doronkin, 2010; Rankin and 

Giaccia, 2016; Vaupel and Mayer, 2017). Increasing amount of recent evidence 

reveals that, alterations of oxygen levels in a microenvironment and subsequent 

activation of hypoxic signalling through HIFs acts as an important player in triggering 

and modulating the EMT, which is believed to be the convergence point between 

hypoxia and cancer metastasis (Xia et al, 2014). Hypoxia or overexpression of HIF1α 

induces EMT and invasion in multiple cell types (Tam et al., 2020). HIFs are involved 

in the activation of E-cadherin transcription repressors such as SNAIL, SLUG, ZEB 

and TWIST, that promote the invasiveness of the tumour cell (Chang et al., 2011). 

There are two mechanisms which HIF signalling promotes EMT.  
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Studies in several cancers point out one the activation of the HIFs (1 and 2) as a 

substantial mechanism that has been proposed to play a role in the up regulation of 

EMT transcriptional factors TWIST, SNAIL, SLUG, and ZEB2 associated with EMT 

(Joseph et al., 2015; Katoh, 2009; Sun et al., 2013; Tam et al., 2020). Consecutively, 

another mechanism proposes that several signalling pathways such as NFB, Wnt/β-

catenin, Hedgehog, TGFβ and Notch are also involved in EMT pathway related 

downstream signalling independently or when activated by the hypoxia factors HIFs 

(Vincent et al., 2011). Sullivan and Grahamal (2007), reports of another mechanism in 

which hypoxia and HIFs regulate the inflammatory cytokines associated with EMT 

pathway resulting in enhanced expression of TNFα, IL-6 and IL-1β. Amidst several 

studies that emphasises the role of HIF1 pathway in inducing EMT, the HIF2 pathway 

was also shown to be involved in EMT activation. Data from in vitro and in vivo study 

of non-small cell lung established that the expression of the EMT associated genes 

ZEB1, SNAIL, SIP1 and vimentin was induced by HIF2 and this up-regulation 

contributed to enhancing the tumour growth in a mouse xenograft model (Kim et al., 

2009). Ultimately, hypoxia and the HIF pathway appear to interconnect with several 

other proteins that communicated between the ECM and cells directly or indirectly and 

aid in the motility and invasion of the cell. Thus, targeting the HIF1 or HIF2 pathways 

or using inhibitors of key molecules involved EMT signalling could be an effective 

strategy in treating cancers (Tafani et al., 2013). In addition to the regulation of EMT 

by HIFs, HIF1α, activated NFB plays a crucial role in promoting the mesenchymal 

differentiation (šošić et al., 2003; Cheng et al., 2011; Yamini, 2018).  Generally, in EMT 

response, NFB is believed to be located at the intersection of downstream mediators 

and upstream inducers. In context to this notion, various fundamental factors of the 

cell and the microenvironmental factor contribute to the activation of NFB which 
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endorses the differentiation to mesenchymal cells (Maier et al., 2010; Pires et al., 

2017). NFB operates to promote a cascade of proteins and transcriptional factors 

that regulate the overall phenotype transition (Baldwin., 2001; Jana et al., 2017; Pires 

et al., 2017). Alterations to cell signalling via genetic alterations (intrinsic) or 

microenvironmental cytokines (extrinsic) are known to activate NFB in GBM (Fedele 

et al., 2019; Puliyappadamba et al., 2014; Yamini, 2018). Activated NFB initiates 

EMT and this aids in de-differentiation to mesenchymal cells by further mediating and 

regulating secreted cytokines, proteins in the extra cellular matrix that promote 

invasion, angiogenesis and resistance to drugs (Markopoulos et al., 2019; Yamini, 

2018; Nakayama., 2013). As mentioned in section 1.15, the NFB signalling activation 

mediated by the HIFs has been reported in various studies to correspond with 

tumorigenesis. Activation of hypoxia response genes mediated by NFB is known to 

aid in cancer cell survival, migration, and invasion, and thereby the malignant evolution 

of the tumour (Jin et al., 2018; Nakayama and Kataoka, 2019; Scortegagna et al., 

2008; Nam et al., 2011; Yeramian et al., 2011).  

4.2 Concept, aims and objectives  

The key findings of Chapter 3 suggested that hypoxia induced EMT is the major factor 

behind GBM chemoresistance, increased migration, invasion and stemness.  The 

literature evidence above in 4.1, mentioned both NFB and HIFs as crucial factors in 

deciding the fate of cancer cells in hypoxic milieu. Studies have shown that there is an 

intimate association between NFB and HIFs in regulation of diseases especially, in 

some inflammatory conditions, where the mechanisms leading to HIF induction seems 

to be oxygen independent, whereas in other inflammatory situations the transcriptional 

activity of NFB is restricted by HIF1 (Nakayama and Kataoka, 2019; Jiang et al., 



121 
 

2015; D’Ignazio, et al., 2016; Bandarra et al., 2014). This crosstalk between NFB and 

HIF is bidirectional, however the precise nature of the hierarchical status of HIFs and 

NFB is still poorly understood (D’Ignazio et al., 2016). The previous study in our group 

by Dr.Kannappan (2015) showed that ectopic overexpression of NFB-p65, HIF1 

and HIF2 in GBM cells resulted in increased CSC and EMT characteristics. However, 

the role of these transcription factors in driving the different EMT related genes was 

not studied in detail. Also, the migration and invasion features of these transfected 

cells previous were not quantitatively measured. But the previous results indicated that 

NFB-p65 can regulate the expression of both HIF1 and HIF2, but not vice versa, 

suggesting the central role played by NFB-p65. Therefore, the hypothesis of this 

study is that NFB acts as the central molecule in regulating EMT related genes, either 

independently or through HIF signalling, making NFB as a therapeutic target to 

overcome stemness, resistance, migration and invasion characteristics in GBM. 

With above facts as the background, this current study aims to identify the role of 

NFB-p65, HIF1 and HIF2 in driving the expression of EMT related genes and also 

to quantitatively determine the migration and invasion characteristics. As one of the 

key objectives in this study, we aim to develop a NFB-p65 knockout GBM cell line 

model using the CRISPR/Cas9 technology, to determine whether NFB plays the 

master transcription factor role at a higher hierarchical level than HIFs.  

4.3 Experimental design 

Detailed information on materials and methodologies used for the whole study has 

been described in Chapter 2. The following are specific experimental designs and 

methods used for this chapter of the study. 
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4.3.1 Detection of p65 and HIF proteins by Western blot analysis  

The GBM NOR and HYP cells were used for detection of p65, HIF1 and HIF2. Total 

cellular and nuclear specific protein extracts were used for p65 Western blotting. The 

HIF1, HIF2 (1:500) and p65 (1:1000) primary antibodies were diluted in blocking 

buffer. The protein signals were detected using the EZ-ECL chemiluminescence kit.  

4.3.2 HIFs and p65 protein expressions by PCR 

The GBM NOR and HYP cells were used for RT-PCR experiment to identify 

expression level of NFB-p65, HIF1 and HIF2. RNA was extracted using RNA 

purification kit following the manufacturer’s instructions and reverse transcribed into 

cDNA. A QuantStudio 6 Flex Real-Time PCR system was used for qPCR experiments. 

Gene expression levels were normalised to control genes (GAPDH and HPRT1) and 

calculated according to the ΔΔCT method. GraphPad Prism software was used for 

analysing the p-values using one way ANOVA.  

4.3.3 Luciferase reporter gene assay 

GBM NOR and HYP cells (1x104/well) were cultured in 96-well plates overnight NOR 

and 6 days HYP. The NFB (pNFBTal-Luc, BD Biosciences) and HRE (Promega, 

Southampton, UK) luciferase reporter vectors and pGL3-Basic (Promega) were co-

transfected with pSV40-Renilla (Promega) DNA using lipofectamine 2000 

(Thermofisher scientific, Invitrogen, UK). Two days after transfection, the luciferase 

activity was determined using Dual Luciferase Assay reagents (Promega) according 

to the manufacturer’s instructions. The relative luciferase activity was calculated by 

Excel software.  
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4.3.4 Migration and invasion assay in transfected cells 

The migration and invasion assays were performed using cell culture inserts (Fisher 

Sci) coated with or without Matrigel. U373MG transfected cells (5 × 104) were 

resuspended in 200μl of serum-free DMEM and placed in the upper chamber of the 

insert. The lower chamber was filled with medium containing serum. After 48 hours 

incubation at 37°C, migrated cells were fixed by methanol and stained with crystal 

violet. Cells were imaged and counted under a microscope. 

4.3.5 Stable Transfection of GBM Cell Lines 

0.5x106 cells/well were cultured in 6 well-plates with 2mL medium and incubated 

overnight. 10µl of lipofectamine 2000 (Life technologies-Invitrogen Ltd) was added to 

a tube containing 250µL of OPTI-MEM and incubated for 5mins at RT. To another tube 

containing 250µL of OPTI-MEM, 10μg of plasmid DNA was added. After incubation 

both the solutions were mixed together and incubated for another 20 minutes at RT. 

The mix was added to cells in corresponding wells and incubated at 37oC for 24 hours 

and then sub-cultured in cell culture dishes with fresh DMEM medium containing 

200ng/mL puromycin as selection agent. The cells were allowed to grow for 10-15 

days for selection of positive clones. They were routinely checked and fed with fresh 

selection medium every two days. When the positive cells form colonies of more than 

50 cells, the colonies were picked up by trypsinizing using colony cloning cylinders 

and the single colony was transferred to 24 well plates. Once the cells establish 

themselves in 24-well plates they were transferred to 25cm2 flasks containing a 

selective medium to enlarge the population and screened by western blot for 

expression of target gene product. In total about 25 to 30 clones were picked for the 
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transfection and the two clones confirmed with desired expression levels were chosen 

for further experiments. Following the above protocol, the U373MG cell line was 

transfected with CRISPR/Cas9 sgRNA at a concentration of 3µg/ml with 3 different 

targets for the knockout of NFB gene. The target sequences are (1) gRNA1: 57 

GCTCAATGATCTCCACATAG (2) gRNA2: 98 GCTTCCGCTACAAGTGCGAG (3) 

gRNA3: 266 AGCTTGTAGGAAAGGACTGC.   

4.4 Results 

4.4.1 Hypoxic GBM cells shows higher expression of p65, HIF1 and HIF2  

Whole protein extraction was used to detect the expression of total NFB-p65 (both 

nuclear and the cytoplasmic level) The Western blot results presented in figure 4.1A 

show that there is an increased expression of the NFB-p65 protein under hypoxic 

condition when compared to the expression under normoxia. The expression of HIF1α 

and HIF2α in the nuclear extracts of GBM cells under normoxia and hypoxia conditions 

was detected by Western blot. Figure 4.1B indicate a clear increase in the nuclear 

translocation of HIFs in HYP cells compared to NOR cells. These results confirmed 

that incubating GBM cells in hypoxia incubator with 1% oxygen and 5% CO2 induces 

a hypoxic response. The qRT- PCR analysis for the mRNA level expression of NFB, 

HIF1 and HIF2 as shown in figure 4.2 generated similar results as the Western blot 

analysis. The expression of NFB genes is significantly increased under hypoxic 

condition (Figure 4.2A) and a similar pattern of increased HIF2  expression is 

observed when cells are cultured under hypoxic conditions; HIF2 expression 

increased by ten-fold in U87MG and U373MG under hypoxia (Figure 4.2C). In contrast 
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to the results of NFB and HIF2, the expression of HIF1 under hypoxia is relatively 

low, except for the minor increase in the cell line U373MG (Figure 4.2B).  

 

  

 

 

 

 

 

 

Figure 4.1 Expression of NFB and HIFs in hypoxia cultured GBM cells. Western blot 

analysis using total protein extracts of three GBM cell lines show increased expression of 

NFB-p65 under hypoxic conditions. Nuclear protein extracts from the three GBM cell lines 

showing increased expression of HIF1 and HIF2 under hypoxic conditions. Tubulin and 

nucleolin was used as the loading control for total protein and nuclear protein respectively. 

Therefore, it appears that NFB and HIF2 may play a more significant role in tumour 

drug resistance and relapse of GBM than HIF1. But this finding is contradicting to the 

HIF1α protein expression results that showed increased nuclear translocation of 

HIF1α and hence required further validation with other experiments to establish if the 

mRNA level of HIF1α expression is crucial to achieve an elevated protein level or is 
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there any feedback loop mechanism that had suppressed the expression of HIF1α 

gene due to very high protein levels in cells under hypoxia. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Normoxic and hypoxic show increased mRNA expression of hypoxia- 

induced proteins and p65. (A) NFB-p65 expression in NOR and HYP cultures in GBM cell 

lines (B) HIF1 expression in NOR and HYP cultures in GBM cell lines (C) HIF2 expression 

in NOR and HYP condition in GBM cell lines, analysed using RT-PCR 2-ΔΔCt. (n=6; * p <0.05; 

** p<0.01).  
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4.4.2 NFB-p65 transfected cells drives the expression of HIFs.  

The U373MG cell lines transfected with pcDNA3.1/ NFB-p65 vector and empty 

pcDNA3.1 vector (MOCK) was developed by Dr. Vinodh Kannappan during his PhD 

(Kannappan, 2015) in our group. In this study, two positive clones C1 and C4 

expressing NFB-p65 and one MOCK transfected control cell line were used and their 

NFB-p65 expression levels were re-confirmed by RT-PCR before using them for 

further studies.   

Firstly, the NFB-p65 expression in these selected clones was determined by RT-PCR 

and the results are presented in figure 4.3A, which shows that the mRNA level 

expression of NFB-p65 is significantly higher in C1 and C4 in comparison to the 

MOCK transfected cells. This confirms that the clones selected by Dr. Kannappan by 

stable transfection has high expression of NFB-p65. The Western blot for the protein 

level expression of p65 was performed by Dr. Kannappan in his work and hence I did 

not repeat the Western blot. The NFB transcriptional activities of the positive clones 

were confirmed using the luciferase reporter gene assay. The MOCK, C1 and C4 cells 

were transfected with reporter plasmids containing NFB-p65 binding site with firefly 

luciferase tag and the results of the luciferase measurements are shown in figure 4.3B. 

The results indicate that the high NFB-p65 expression in both selected positive 

clones C1 and C4 leads to increased nuclear translocation of p65 transcription factor 

and eventually transcriptional activity of the reporter gene. This also indicates that the 

other endogenous NFB target genes with p65 binding site in their promoter are also 

activated.   
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As described in section 4.4.1 results, it is known that hypoxic stress drives the 

expression of hypoxia specific master transcription factors such as HIF1 and HIF2. 

As mentioned in the introduction section of this chapter, the HIF signalling pathways 

are known to be the regulators of EMT signalling. To assess the role played by NFB-

p65 in regulating the expression of HIFs or modulating the HIF signalling, the mRNA 

expression of HIF1 and HIF2 was assessed in NFB-p65 overexpressed clones 

under normoxic conditions. Figure 4.3A also shows that there is a significant increase 

in the mRNA expression of the of both HIF1 and HIF2 in the p65 transfected clones 

compared to the MOCK, suggesting that the transcription factor p65 proportionally 

drives expression of HIF1 and HIF2. The gene expression is more predominant in 

the clone C4 than in clone C1.  

With confirmation of elevated HIF expression in NFB-p65 overexpressed clones, the 

transcriptional activity of HIFs driven by the high NFB in the positive clones were 

verified using the luciferase reporter gene assay using the plasmid that contains a 

promoter that is specific to the binding of HRE transcription factor. If NF-kB p65 drives 

the expression of HIF1 or HIF2 under normoxic conditions, this will further increase 

the protein levels of HIF-alpha subunits (usually degraded under normoxia) which 

binds to the beta subunit to form the HRE transcription factor. The HRE transcription 

factor eventually translocate to the nucleus and binds to the HRE specific promoter of 

the reporter luciferase plasmid and indicates the activation of HIF signalling.   Figure 

4.3C clearly shows that there is an increased HRE transcriptional activity observed in 

the C1 and C4 when compared to the MOCK suggesting that the increased NFB-p65 

expression is capable of driving the expression of HIF1α and HIF2α even under 
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normoxic conditions. This HIFs activated by NFB-p65 further induces the expression 

of HIF target genes (those containing promoters with HRE binding sequence). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 mRNA expression and transcriptional activity of U373MG NFB-p65 

transfected cells. (A) Fold change in p65, HIF1 and HIF2 mRNA expression in U373MG 

NFB-p65 transfected cells. (B) NFB luciferase reporter gene assay showing high p65 

related transcriptional activity in NFB-p65 transfected cells. (C) HRE luciferase reporter gene 

assay showing high HIF transcriptional activity in NFB-p65 transfected cells. (n=9; * p <0.05; 

** p<0.01).  
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4.4.3 HIF1α transfected cells does not drive NFB-p65 but drives the expression 

of HIF2α.  

The U373MG cell lines transfected with pCMV6/ HIF1α vector and empty pcDNA3.1 

vector (MOCK) was developed by Dr. Vinodh Kannappan during his PhD in our group 

(Kannappan, 2015). In this study, two positive clones C10 and C17, expressing HIF1α 

and one MOCK transfected control cell line were used and the expression of HIF1α 

was confirmed again using RT-PCR before using them for further studies.   

Figure 4.4A shows that the mRNA level expression of HIF1α is significantly higher in 

C10 and C17 in comparison to the MOCK transfected cells. This confirms that the 

clones selected by Dr. Kannappan by stable transfection has high expression of 

HIF1α. The Western blot for the protein level expression of HIF1α was performed by 

Dr. Kannappan in his work and hence I did not repeat the Western blot.   

The HIF1α transcriptional activity of the positive clones were confirmed using the 

luciferase reporter gene assay. Reporter plasmids containing HRE binding site tagged 

with firefly luciferase was used and the results are shown in figure 4.4B. The results 

clearly show that the high HIF1α expression leads to increased HRE transcriptional 

activation evident from the elevated luciferase activity in both selected positive clones 

C10 and C17 in comparison to MOCK. This further confirms that the HIF1 subunits 

(usually degraded under normoxia) have bound to the beta subunit to form the HRE 

transcription factor and translocated to the nucleus to bind to the HRE specific 

promoter of the luciferase gene, suggesting that the HIF1  target downstream genes 

are also activated.  
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Next, to assess whether overexpression of HIF1 can drive the expression of HIF2 

or p65, RT- PCR analysis of mRNA expression of HIF2 and p65 was performed. The 

HIF2 bar chart section of the figure 4.4A shows a significant increase in the mRNA 

expression of the of HIF2 in the HIF1 overexpressed clones, suggesting that HIF1 

overexpression proportionally drives the HIF2 gene expression. However, the p65 

bar chart section of the same figure indicates that the mRNA expression of NFB-p65 

in C10 and C17 is relatively low in comparison to the MOCK, demonstrating that HIF1 

does not drive the expression of NFB-p65 in the model we have used (Figure 4.4A).  

This was further confirmed by transient transfection of the HIF1 overexpressed 

clones C10 and C17 and the MOCK cells with NFB-p65 specific luciferase reporter 

gene plasmid and the luciferase expression were analysed by reporter gene assay. 

The results from figure 4.4C showed a lower or relatively similar transcriptional activity 

of NFB in HIF1 overexpressed clones C10 and C17 in comparison to MOCK. 

Collectively the above results using the U373MG HIF1 transfected cell line models 

suggest that HIF1 can activate HIF2 but cannot drive the expression of NFB-p65. 
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Figure 4.4 mRNA expression and transcriptional activity of U373MG HIF1 transfected 

cells. (A) Fold change in HIF1, HIF2 and p65 mRNA expression in U373MG HIF1 

transfected cells. (B) HRE luciferase reporter gene assay showing high HIF transcriptional 

activity in HIF1α transfected cells. (C) NFB luciferase reporter gene assay showing 

decreased p65 related transcriptional activity in HIF1α transfected cells. (n=9; * p <0.05; ** 

p<0.01). 
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4.4.4 HIF2α transfected cells does not drive NFB-p65 or HIF1α.  

The U373MG cell lines transfected with pCMV6/ HIF2α vector and empty pcDNA3.1 

vector (MOCK) was developed by Dr. Vinodh Kannappan during his PhD in our group 

(Kannappan, 2015). In this study, two positive clones C14 and C26, expressing HIF2α 

and one MOCK transfected control cell line were used and the expression of HIF2α 

was confirmed again using RT-PCR before using them for further studies.  Figure 4.5A 

shows that the mRNA level expression of HIF2α is significantly higher in C14 and C26 

in comparison to the MOCK transfected cells, confirming the overexpression. The 

HIF2α transcriptional activity of the overexpression clones were confirmed using the 

luciferase reporter gene assay similar to that of HIF1α clones by measuring activity of 

HRE. The HIF2α overexpression leads to increased HIF2 protein levels which 

combines with the beta subunits to form HRE transcription factor. Reporter plasmids 

containing HRE binding site tagged with firefly luciferase was used and the results are 

shown in figure 4.5B. HRE transcriptional activation was increased in both selected 

positive clones C14 and C26 in comparison to MOCK confirming increased nuclear 

translocation of HRE and subsequent transcriptional activity by HIF2α, suggesting that 

the target downstream genes are also activated. The bar chart in figure 4.5C also 

shows there was no significant increase observed in the mRNA expression of both 

NFB-p65 and HIF1 in the HIF2α transfected clones, suggesting that HIF2α does not 

drive the expression of HIF1 or NFB-p65 in the model we have used.  This suggest 

that the increase in HRE luciferase activity observed earlier could be activated 

independently by HIF2α. The inability of HIF2α to drive NFB-p65 expression and 

subsequent transcriptional activity was confirmed by the luciferase reporter gene 

assay that showed lower transcriptional activity of NFB in HIF2α clones C14 and C26 
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in comparison to MOCK (Figure 4.5C). Collectively U373MG HIF2α transfected cell 

line models suggest that HIF2α cannot activate HIF1α or NFB-p65. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 mRNA expression and transcriptional activity of U373MG HIF2 transfected 

cells. (A) Fold change in HIF2, HIF1 and p65 mRNA expression in U373MG HIF2 

transfected cells. (B) HRE luciferase reporter gene assay showing high HIF transcriptional 

activity in HIF2α transfected cells. (C) NFB luciferase reporter gene assay showing 

decreased p65 related transcriptional activity in HIF2α transfected cells. (n=9; * p <0.05; ** 

p<0.01). 
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4.4.5 EMT related genes expression in U373MG NFB-p65, HIF1α and HIF2α 

transfected cells 

In section 3.4.7, the relationship between hypoxia and the potential of tumour cells to 

migrate was investigated. To further confirm the role played by p65, HIF1 and HIF2 

in activation of EMT related downstream genes, screened the mRNA expression of 

EMT related transcription factors and migration and invasion related genes was 

screened in the stable transfected models of U373MG p65, HIF1 and HIF2 

overexpression clones. The results of mRNA expression of the target genes driven by 

overexpression of p65, HIF1α and HIF2α are shown in the figures 4.6 A, B and C 

respectively. The results from figure 4.6A shows that the genes SNAI1, TWIST1, ZEB1 

and MMP9 were significantly induced in p65 clones C1 and C4 when compared to the 

control MOCK. However, there is an evident decrease in the expression of the genes 

SNAIL2, MMP2 and MMP7. In the case of HIF1 C10 and C17 and HIF2α C14 and 

C26, the expression of the some of the EMT related genes are inverse to the p65 

clones. Specifically, the expression of SNAI1 in higher in p65 clones but lower in HIF1α 

clones and HIF2α indicating that p65 transcription factor may directly regulate the 

expression of SNAI1. On the other hand, SNAI2 is lower in p65 clones but highly 

expressed in HIF1α clones and HIF2α clones. We have previously shown in figure 4.3 

that NFB-p65 can drive both HIF1α and HIF2α. However, neither HIF1α nor HIF2α 

can drive the expression of NFB-p65. Therefore, the results of SNAI2 shows that 

both HIF1α and HIF2α could be the key transcription factor for this gene. But since the 

results of figure 4.4 and 4.5 showed that HIF1α can activate HIF2α, but not the other 

way around, we can consider that HIF1α could activate SNAI2 expression either 

directly by itself or via activation of HIF2α. The expression of TWIST and ZEB 

transcription factors clearly increased in all the transfected clones. From results shown 



136 
 

in figure 4.3 previously, it is clear that NFB-p65 can drive both HIF1α and HIF2α. 

Therefore, it could be possible that TWIST and ZEB are directly controlled by NFB-

p65 or by executing the expression through activation of HIF1α or HIF2α or both 

simultaneously. MMP2, MMP7 and MMP9 are genes involved in determining the 

migration and invasion potential of cells. The results in figure 4.6 suggest that MMP2 

and MMP7 are not controlled by NFB-p65, however MMP9 is highly expressed in 

these clones. HIF1α generally does not seem to control MMP2, MMP7 and MMP9. 

Although HIF1α C10 showed a significant increase for MMP2, this increase was not 

observed in C17, this may be possibly due to artefact or some experimental errors. 

On the other hand, HIF2α clones seems to control all the three MMP genes indicating 

the important role played by HIF2α in enhancing the migration and invasion potential 

of the cells. However, if we consider the findings from figure 4.3 it has been clearly 

shown that NFB-p65 can drive both HIF1α and HIF2α. If this is the case NFB-p65 

clones should have increased in the expression of all the 3 MMPs.  However, this is 

not the case with our observed results, in addition to the fact that all three MMPs are 

also low in HIF1α clones. Hence, it can be speculated that the MMP genes are 

independently regulated by HIF2α.  Also, it has to be considered that all these 

transfected clones are grown under normal oxygen concentrations and are not 

subjected to hypoxic stress. It can be speculated that under hypoxic stress there could 

be some other transcription factors that play important roles in regulating HIF2α and 

these aspects can be studied in the future. It is also evident from literature that the 

modulation of MMPs can be achieved through any of the above mentioned EMT 

transcription factors such as SNAI1, SLUG, TWIST or ZEB (Casas et al., 2011; Cheng 

et al., 2011; Elias et al., 2005; Ganesan et al.,2015; Krebs et al., 2017; Siebzehnrubl 

et al., 2013; Yang et al., 2010). 
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Figure 4.6 EMT markers expression in U373MG NFB-p65, HIF1α and HIF2α transfected 

cells. (A) EMT markers expression in U373MG NFB-p65 transfected cells. (B) EMT markers 

expression in U373MG HIF1 transfected cells. (C) EMT markers expression in U373MG 

HIF2 transfected cells. (n=9; * p <0.05; ** p<0.01) See text for further details. 
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4.4.6 NFB-p65 transfected cells show increased migration and invasion.   

From the findings of section 3.4.7, it has been shown that hypoxic GBM cells have 

increased potential to migrate and invade. The findings of this chapter (Figure 4.3 and 

Figure 4.6) explored the possible role played by NFB-p65 in modulating EMT related 

transcription factors and MMPs either directly or through HIFs. Further to these 

findings the functional migration and invasion potential in the NFB-p65 over 

expressed clones C1 and C4 was tested in this study using the Boyden chamber 

migration and Matrigel invasion assays. Figure 4.7A shows a representative 

microscopic image of the migrated and invaded cells after staining with crystal violet. 

The results show that invasiveness and the migratory potential of the p65 expressing 

clones C1 and C4 has significantly increased by when compared to the MOCK. Among 

the clones, the migration and invasion potential were seen to be predominant in clone 

C4 in which the expression of NFB-p65 is also relatively higher compared to C1, 

showing that the invasion and migration potential may be directly proportional to the 

level of NFB-p65 expression. Figure 4.7B and C shows the bar chart that represents 

the number of counted cells which have migrated or invaded in the Boyden chamber 

assays. Table 4.1 shows the numerical value of the cells counted. The numbers 

indicate that there is a statically significant increase in the migration and invasion of 

p65 clones C1 and C4 in comparison to MOCK.  

Thus, it could be stated that NFB-p65 may plays a crucial role in the mesenchymal 

phenotype of tumour cells, thereby initiating local invasion of GBM tissue in clinical 

situation.  
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Figure 4.7 Migration and invasion assay in U373MG NFB-p65 transfected cells. (A) 

Representative light microscopy pictures from Boyden chamber migration and matrigel 

invasion assay after 24 hours with EVOS microscope. (B&C) Bar chart indicates statistically 

significant increase in migration and invasion potential of U373MG NFB-p65 transfected cells 

in comparison to mock transfected cells. (n=9; * p <0.05; ** p<0.01). 
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4.4.7 HIF1 transfected cells show increased migration and invasion.   

The results in figure 4.4 and figure 4.6 explored the possible role played by HIF1α in 

modulating EMT related transcription factors and MMPs either directly or through 

NFB-p65 or HIF2α. Further to these findings the functional migration and invasion 

potential in the HIF1α over expressing clones C10 and C17 was tested in this study 

using the Boyden chamber migration and Matrigel invasion assays. Figure 4.8A shows 

a representative microscopic image represents of the migrated and invaded cells after 

staining with crystal violet. The results show that invasiveness and the migratory 

potential of the clones C10 and C17 has significantly increased by many folds when 

compared to the MOCK.  

From the results in figure 4.6 it is clear that HIF1α did not play much of direct role in 

regulating the MMPs which are genes that contribute to the migration and invasion 

potential of cells. However, the results in figure 4.8 indicate HIF1α clones are also 

capable of increased migration and invasion. Conversely, results of Figure 4.5 

indicates that HIF1α can directly regulate HIF2α which in turn has shown a more 

marked influence on the expression of MMPs.  Therefore, it can be speculated that 

HIF1α expression can increase migration or invasion potential by modulating the 

expression of MMPs indirectly through HIF2α. Although the changes in mRNA 

expression of MMPs is not very clear to prove the statement, it can be seen that there 

clearly a significant increase in the number of migrating or invading cells in C10 and 

C17 from this part of the assay which are shown in figure 4.8B and C and table 4.1.  

Thus, it could be stated that HIF1α also may play a central role in regulating GBM 

metastatic potential. 
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Figure 4.8 Migration and invasion assay in U373MG HIF1 transfected cells. (A) 

Representative light microscopy pictures from Boyden chamber migration and matrigel 

invasion assay after 24 hours with EVOS microscope. (B) Bar chart indicates statistically 

significant increase in migration and invasion potential of U373MG HIF1 transfected cells in 

comparison to mock transfected cells. (n=9; * p <0.05; ** p<0.01). 

 

M
O

C
K

 

C
1

0

C
1

7

0

2 0 0

4 0 0

6 0 0

8 0 0

H IF 1   m ig ra t io n

C
e

ll
 n

u
m

b
e

r
s





B

HIF1 Migration  




M

O
C

K
 

C
1

0

C
1

7

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

H IF 1   in v a s io n

C
e

ll
 n

u
m

b
e

r
s

C

HIF1 Invasion  



142 
 

4.4.8 HIF2 transfected cells migration and invasion   

The results shown in figure 4.6 explored the possible role played by HIF2α in 

modulating EMT related transcription factors and MMPs resulting in a mesenchymal 

phenotype. Further to these findings the functional migration and invasion potential in 

the HIF2α over expressed clones C14 and C26 was tested in this study using the 

Boyden chamber migration and Matrigel invasion assays. Figure 4.9A shows a 

representative microscopic image represents of the migrated and invaded cells after 

staining with crystal violet. The results show that invasiveness and the migratory 

potential of the clones C14 and C26 has significantly increased by many folds in 

comparison to MOCK transfected cells.  

From the results in figure 4.6 it is clear that HIF2α regulates almost all the EMT related 

genes that was studied in this chapter indicating a direct role in regulating the MMPs 

which are genes that control migration and invasion potential of cells. The results in 

figure 4.8 confirm HIF2α clones are capable of increased migration and invasion. 

Among the clones, the migration and invasion potential were seen to be significantly 

higher in clone C26 in which the expression of HIF2α is also higher compared to C14, 

showing that the invasion and migration potential can be directly proportional to the 

level of HIF2α expression. Figure 4.9B and C shows the bar chart that represents the 

number of counted cells which have migrated or invaded in the Boyden chamber 

assays. Table 4.1 shows the numerical value of the cells counted. The numbers 

indicate that there is a statically significant increase in the migration and invasion of 

HIF2α clones C14 and C26 in comparison to MOCK. Thus, it could be stated that 

HIF2α plays a central role in regulating GBM cells metastatic potential. 
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Figure 4.9 Migration and invasion assay in U373MG HIF2 transfected cells. (A) 

Representative light microscopy pictures from Boyden chamber migration and matrigel 

invasion assay after 24 hours with EVOS microscope. (B) Bar chart indicates statistically 

significant increase in migration and invasion potential of U373MG HIF2 transfected cells in 

comparison to mock transfected cells. (n=9; * p <0.05; ** p<0.01). 
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4.4.9 CRISPR/Cas9 NFB knockout cell lines 

All the above findings of this chapter indicated a higher hierarchical regulatory role 

played by NFB-p65. Therefore, an NFB-p65 knock out model was developed using 

CRISP/Cas-9 technology. The NFB-p65 CRISPR/Cas9 lentiviral vector (abm good, 

Canada) was transfected in U373MG cells and clonal selection using puromycin was 

performed. 

4.4.9.1 Determination of Puromycin Concentration 

Before the stable transfection of the cells, the concentration of puromycin which is the 

selection drug for the transfected cells had to be determined. The U373MG cell line 

was grown in a range of concentration between 100ng/mL to 1g/mL to estimate the 

minimum concentration that kills all the cells. The range was further narrowed down 

to 100ng/ml, 150ng/ml and 200ng/mL concentration (Figure 4.10). A final 

concentration of 200ng/mL was picked as the appropriate concentration and was used 

in the selection and maintenance of the clones. 

Table 4.1 Mean number of migrated and invaded cells in NFB-p65, HIF1α and HIF2α transfected U373MG cells 
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Figure 4.10 Determination of concentration of puromycin to grow and maintain the 

clones. U373MG cell lines grown with appropriate puromycin concentration for 6 days. The 

minimum concentration that kills all the cells was used as the dose for selection of clones from 

stable transfected cells, in this case 200ng/ml.   

4.4.9.2 Selection of the Clones 

The cell line U373MG was transfected with NFB-p65 sgRNA CRISPR/Cas9 

lentivector or empty vector with scrambled non-target plasmid (Scr). From the 

selection of puromycin concentration, the clones were selected and enlarged in media 

containing 200ng/mL puromycin. The knockout of NFB gene in selected clones was 

confirmed by Western blotting and RT-PCR. The scrambled clones were used as 

control in the screening of knock out clones. The figure 4.11A show the Western blot 

analysis protein level expression of NFB-p65 and figure 4.11B shows the RT-PCR 

analysis of the selected positive clones C7 and C17. Scrambled was used as control.  

Figure 4.11 shows the RT-PCR results of the further screened clones. From the figure 

it is seen that the clones C7 and C17 had the least expression level of NFB and the 

clones were selected for further experiments.  

100ng/ml

Puromycin concentration 

200ng/ml 300ng/ml

Puromycin selection 

100ng/ml 150ng/ml 200ng/ml 
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Figure 4.11 Expression NFB-p65 protein and mRNA in NFB-p65 CRISPR/Cas9 knock 

out U373MG GBM cell line. (A) Western blot analysis confirms the lack of NFB protein 

expression in selected clones C7 and C17 in comparison to that of scrambled transfected 

cells. Tubulin was used as loading control. (B) RT-PCR analysis also confirms the complete 

knockout of NFB in selected clones C7 and C17 in comparison to that of scrambled 

transfected cells. HPRT1 was used as loading control.  

4.4.10 NFB-p65 knockout decreases CSC Characteristics  

NFB is important factor in the formation of for stem cell-like cells (Rinkenbaugh, 

2016). Dr. Kannappan in our group who generated the NFB-p65 overexpressed 

clones C1 and C4 used in this study has previously shown in his work that 

overexpression of NFB-p65 leads to increased expression of CSC characteristics 

such as ALDH, CD133, CD44, SOX2, OCT4 and Nanog. Since NFB-p65 seems to 

play a significant role in driving stemness, inducing EMT characteristics, and 

modulating HIFs, in this study it was hypothesised that, knockout of the NFB 

transcription factor should reverse these characteristics acquired by GBM cells with 

high NFB expression. To investigate this hypothesis, the NFB knock out clones C7 

and C17 were tested for the expression of CSC markers. ALDH is used as a universal 
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marker to identify cells with CSC properties. The ALDH expression of clones C7 and 

C17 were quantified using the ALDEFLOUR assay and FACS analysis. The scrambled 

cells were also grown and stained in parallel and were used as control. The results 

obtained in figure 4.12A showed a significant decrease in the ALDH expression in the 

NFB-p65 knock out clones C7 and C17 compared to the scrambled control. Similarly, 

the expression of CD133 a neural specific progenitor cell surface marker was also 

decreased significantly in NFB-p65 knockout clones C7 and C17 in comparison to 

scrambled control (Figure 4.12B). CD133 was detected by FACS using PE-conjugated 

CD133 antibody. Bar charts shown in figure 4.12C and D represents the statistically 

significant reduction in expression levels of ALDH and CD133 respectively. The above 

findings confirmed the important role played by NFB-p65 in regulating the CSC 

markers ALDH and CD133 in GBM.  
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Figure 4.12 NFB-p65 knockout decreases CSC Characteristics in GBM. ALDH 

expression and expression of CD133 were measured using FACS analysis by ALDEFLUOR 

assay (A) and CD133 immunostaining (B), respectively. (C&D). The bar chart displays the 

percentage of ALDH and CD133 cell populations (n=6; **p<0.01; *p<0.05). 
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4.4.11 NFB-p65 knockout decreases expression of embryonic CSC markers 

The expression of embryonic CSC markers namely SOX2, OCT4 and NANOG were 

determined using qRT-PCR analysis and SOX2, OCT4 expression was also 

determined by Western blot analysis. The results in figure 4.13A clearly show that 

there is a significant reduction in the expression of all three embryonic CSC markers 

at mRNA level in the NFB-p65 knock out clone C17, and a significant reduction in 

SOX2 and NANOG for C7. The expression of OCT4 in C7 was reduced but it was not 

statistically significant. The expression of CSC markers at protein levels was further 

confirmed by the Western blot results for SOX2 and OCT4 that shows clear decrease 

for C17 and a reduction or no change in the protein expression in C7 in comparison 

to scrambled control cells.  

  

 

 

 

Figure 4.13 Expression of Embryonic CSC markers in NFB-p65 CRISPR/Cas9 knock 

out U373MG cell lines. (A) RT-PCR analysis confirms the decreased expression of 

embryonic cancer stem cell markers such as NANOG, OCT4 and NANOG in selected clones 

C7 and C17 in comparison to that of scrambled construct (SCR) transfected cells.  HPRT1 

was used as loading control (n=6; * p <0.05; ** p<0.01) (B) Protein expression detected by 

Western blot analysis show decreased expression of CSC markers OCT4 and SOX2 in C7 

and C17. Tubulin was used as a loading control. 
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4.4.12 NFB-p65 knockout decreases expression of EMT markers  

The previous results, shown in figure 4.2 to 4.8, suggested that NFB-p65 plays a 

central regulatory role in controlling the expression of EMT related transcription 

factors. If this is the fact, the knockout clones should have a reduced expression of 

these EMT related factors in comparison to scrambled control. As shown in figure 

4.14A, the NFB-p65 knock out clones C7 and C17 have significantly reduced level 

of expression of the EMT transcription factors SLUG1, TWIST1 and ZEB1 when 

compared to the scrambled. However, no significant change was seen in the 

expression of SNAI1 in clone C7. The results presented in figure 4.14A also show 

that there is a marked reduction in the expression of MMP7 and MMP9. However, the 

expression of MMP2 was not affected by the knockout of NFB-p65. This is 

consistent with the finding that, NFB-p65 over expressed resulted in, reduced MMP2 

expression (Figure 4.6A).  

A typical EMT signature observed in cancer cells or hypoxia induced EMT cells is the 

loss of E-Cadherin and an increase in N-cadherin and Vimentin which helps the cells 

to undergo cytoskeletal re-modification to a more mesenchymal and metastatic 

phenotype (Aiello et al., 2018; Bao et al., 2012). Therefore, E-Cadherin, N-Cadherin 

and Vimentin expression was analysed in the NFB-p65 knock out clones by qRT-

PCR. Results shown in figure 4.14B indicates that the whole EMT signature has been 

reversed in the NFB-p65 knock out clones C7 and C17 where the expression of E-

Cadherin was restored, and expression of N-Cadherin and Vimentin was inhibited. 

This further reinforces the finding presented here regarding the central role played by 

NFB-p65 in hypoxia induced EMT in GBM malignancy.  
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Figure 4.14 Expression of EMT transcription factors in NFB-p65 knock out clones 

U373MG cell lines. (A) RT-PCR analysis of EMT markers shows statistically significant 

decrease in the EMT transcription factors like SNAI1, SNAI2, TWIST1 and ZEB1 and migration 

and invasion related genes like MMP7, MMP9 (B) RT-PCR analysis shows a complete reversal 

of EMT signature genes E-cadherin, N-Cadherin and Vimentin in NFB-p65 knockout clones. 

(n=6; * p <0.05; ** p<0.01). 
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4.4.13 Migration and Invasion 

Earlier findings (Figure 4.7) showed that NFB is highly associated with migration 

and invasion potential of GBM cells evident from NFB-p65 overexpressed clones 

C1 and C4. In addition, the results of from figure 4.14B indicated a complete reversal 

in the EMT signature genes, specifically the restoration of E-Cadherin, and 

suppression of N-Cadherin and Vimentin in the NFB-p65 knock out clones C7 and 

C17. If this is true, the NFB-p65 knock out clones C7 and C17 should have lost their 

migration and invasion potential in comparison to scrambled control or they should at 

least have similar potential as the control cells. Migration and invasion assays were 

performed using the Boyden chamber and the results are shown in figure 4.15. From 

figure 4.15A it is evident that there is a significant decrease in the migration ability of 

the NFB-p65 knock out clones C7 and C17 when compared with scrambled control. 

The bar chart in 4.15B represents the total count of the stained cells in each well and 

shows a statistically significant decrease in the number of migrated cells in C7 and 

C17 in comparison to scrambled control. The NFB knockout clones also showed a 

significant decrease in expression of MMP7 and MMP9, the genes that play a role in 

digestion of the extracellular matrix and enable the cells to move towards the chemo 

attractants found in the serum. Therefore, it is possible that the NFB-p65 knock out 

clones C7 and C17 should have less invasive potential. The results of the Matrigel 

invasion assay shown in figure 4.15A confirm the reduced invasive potential of NFB-

p65 knock out clones C7 and C17 when compared with scrambled. The bar chart 

4.15C which shows the total count of the invaded cells also further confirmed the 

reduction in invasion potential of C7 and C17. Although, this was not observed to be 

statistically significant, but there is a clear trend observed in these results. 
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Figure 4.15 Migration and invasion assay in U373MG NFB-p65 knock out clones. (A) 

Representative light microscopy pictures from Boyden chamber Migration and Matrigel 

invasion assay after 24 hours with EVOS microscope. (B&C) Bar chart indicates decreased 

migration and invasion of NFB-p65 knock out clones C7 and C17 compared to scrambled. 

(n=3; * p <0.05; ** p<0.01). 
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4.4.14 Knockout of NFB sensitises GBM cells to TMZ. 

Among several factors involved in chemoresistance against anticancer 

therapeutics, NFB plays a significant role driving the antiapoptotic genes (Arlt 

et al., 2001; Yu et al., 2018). The cytotoxic effect of TMZ in the NFB knockout 

clones C7 and C17 was examined by the MTT cytotoxicity assay. The results as 

shown in figure 4.16 suggests that the NFB-p65 knock out clones C7 and C17 

responded to TMZ and the viability was inhibited at low doses, indicating they 

are more sensitive to TMZ at low doses when compared to the scrambled control 

cells. However, it can be observed that from the viability curves of C7 and C17 

merged with SCR curve at high concentration indicating that there is no 

significant difference in sensitivity of theses knock out clones in comparison to 

SCR. This is also evident from the bar chart of the IC50 values obtained from 

three different experiments which indicates that the IC50 dose TMZ required for 

the C7 and C17 knock out clones and SCR are not significantly different from 

each other. It is interesting to note that the IC50 for C17 had a bigger SD value, 

indicating that the sensitivity could be more, however this will require more 

experiments to confirm. 

It will be also interesting to study the sensitivity of SCR in comparison to C7 and 

C17 to TMZ under hypoxic conditions, because it is very likely that the SCR which 

has a fully functional NFB-p65 gene, could be more resistant to TMZ under 

hypoxia. Whereas the C7 and C17 may be more sensitive to TMZ under hypoxia. 

However, due to the lack of time, experiments using the knockout clones under 

hypoxic conditions were not performed. This would also apply to all the other 

experiments using the knockout clones mentioned above.  
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Figure 4.16 In vitro cytotoxicity of TMZ in NFB-p65 knock out clones of U373MG cell 

lines. (A). Cell viability curves obtained after the cells were exposed to different 

concentrations of TMZ (0.78M to 100M) for 144 hours and subjected to MTT cytotoxicity 

assay. B) The bar charts showing that the IC50 of TMZ in the knockout clones (C7 and C17) 

are not significantly different from the SCR control cells (n=3; ns= not significant). 

4.5 Discussion 

The results presented here shows that both HIF1α, HIF2α, and the NFB activities 

increases the migration potential in GBM cells. The initial stage of metastasis marked 

by the cell’s phenotypical changes and increase in migratory potential is described as 

EMT (Geiger and Peeper, 2009; De-Craene and Berx, 2013; Brabletz, 2012). This 

chapter has shown NFB-p65 to be a key transcriptional regulator which regulates the 

other major EMT related transcriptional factors that promote EMT and promote local 

invasion or metastasis. The results obtained were demonstrated under the two primary 

methods: 1) over expression of NFB and hypoxia inducible factors and 2) knockout 
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of NFB by CRISPR Cas Technology. The U373MG cells transfected with the NFB 

p65 showed a significant increase in their migration and invasion potential. The 

expression of the EMT TFs SNAI1, TWIST1, ZEB1, and the metalloproteinase MMP9 

in the transfected clones C1 and C4 increased. Correspondingly, in the NFB-p65 

knock out clones C7 and C17 SNAI2, TWIST1, ZEB1, MMP7 and MMP9 were 

significantly reduced. However, with results from HIF2 transfected clones it was 

observed that HIF2 can regulate most of the EMT related transcription factors and 

downstream MMPs. It was also observed that HIF1α can regulate the key EMT 

transcription factors SNAI2, TWIST and ZEB. A previous study has shown that the 

loss of HIF1α downregulated the expression of p65 and in case of higher level of HIF1α 

upregulated p65 expression (Jiang et al., 2015; Scortegagna et al., 2008; Walmsley 

et al., 2005). Interestingly, the results from this work showed that NFB was not 

regulated by either HIF1α or HIF2α. Conversely, NFB-p65 transfected clones highly 

upregulated HIF1α and HIF2α expression. The findings of the luciferase reporter gene 

assay evidently showed that there is no increase in the transcriptional activity of NFB 

in cells that has higher expression of HIFs in HIF transfected clones. Thus, it can be 

concluded that among the three transcriptional factors, NFB is the key player in 

regulating hypoxia induced EMT and metastasis in GBM. 

The transcriptional factors SNAIL, ZEB1 and TWIST1 are typically known to regulate 

EMT (Malek et al., 2017; Yamini, 2018; Zhou et al., 2016). The crucial role played by 

the transcriptional factors in EMT has been demonstrated in human tumours (Geiger 

and Peeper, 2009; Stemmler et al., 2019). The activation of NFB is known to 

positively regulate SNAIL expression thereby promoting EMT, regulate MMPs and 

several cytokines (Lee et al., 2020). The epithelial genes are repressed by SNAIL 
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protein by binding to the promoter region E-box sequence (Lamouille et al., 2014). In 

human cells, the transcriptional activity of NFB-p65 is induced by its binding to the 

proximal promoter of SNAIL (Lee et al., 2020). SNAIL could further endorse the 

invasiveness and migratory potential in the cancer cells when they respond to TNFα, 

an inflammatory cytokine (Wu et al., 2010). TWIST1, another crucial transcriptional 

factor involved in mesenchymal transition that is induced by NFB, is a helix loop helix 

factor. This factor is involved in the downregulation of the epithelial gene by binding to 

the E- boxes, proportionally inducing mesenchymal factor (Peinado et al., 2007; Wang 

et al., 2019).  Notably, p65 induced TWIST1 expression has been shown to mediate 

inflammation induced mesenchymal differentiation, which results in metastasis in 

breast carcinoma (Li et al., 2013). In addition, NFB contributes to the stimulation of 

the transcription factors of the ZEB1 and ZEB2. In GBM stem-like cells, NFB was 

showed to bind to the promoter of ZEB1 thereby induce its expression and promote 

migration (Edwards, et al., 2011). Likewise, in pancreatic cancer cells, the expression 

of ZEB1 is showed to increase by the activity of NFB (Maier et al., 2010). Besides 

NFB, there are several other proteins known to be associated with mesenchymal 

differentiation, these proteins include STAT3, C/EBPβ and TAZ (Bhat et al., 2011; 

Carro., 2010). In an interesting study of patient-derived GBM stem-like cells, the 

expression of STAT3, CEBPβ and TAZ was inhibited by IBα-SR. This suggests that 

NFB could be the chief regulator of mesenchymal differentiation (Bhat et al., 2013). 

The association between NFB and STAT3 in cancer and GBM has been previously 

reviewed (Fan et al., 2013; Gray et al., 2014). These transcriptional factors in 

association with each other promote angiogenesis and inflammatory cell infiltration 

and other process that are primary in in promotion of cytokines and mesenchymal 

differentiation (Yamini, 2018; Yang et al., 2007). STAT3 in association with p65 in 
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GBM was shown to promote the CSC characteristics and involved in the upregulation 

of Notch pathway (Garner et al., 2013).  

Another major characteristic that defines EMT is the upregulation of N-Cadherin and 

vimentin and down regulation of E-Cadherin bringing about cytoskeletal changes in a 

mesenchymal phenotype. Regulation of these markers impart in the cell the spindle 

shape that facilitate in the invasion of the neighbouring tissue (Geiger and Peeper, 

2009; De Craene and Berx, 2013). One of the key findings of this chapter is that the 

epithelial marker E-Cadherin level increased in the p65 knockout clones and the N-

Cadherin and vimentin levels was significantly reduced as shown in Figure 4.14. This 

shows that the inhibition of NFB results in the reduced mesenchymal attributes and 

a regain of more epithelial characteristics. The same has been demonstrated in breast 

cancers previously (Huber et al., 2004; Park et al., 2006). Though NFB-p65 knockout 

clones C7 and C17 did not show significant changes in the SNAI1 expression, the 

inhibition of NFB has evidently reduced the invasiveness and migration in the tumour 

cells.  

Procurement of pluripotent phenotype which is associated with stem-like cell is a 

primary characteristic of EMT (Mani et al., 2008). Regarding this context, GBM that 

undergo mesenchymal differentiation upregulate stem cell associated factors and 

increase the expression of stem cell genes (Zarkoob et al., 2013). Notably the 

proliferation and maintenance of CSCs is associated with the transcriptional factor 

NFB (Bradford et al., 2014). NFB can be activated at various stages by several other 

signalling pathways leading to EMT pathway under normoxic and hypoxic conditions 

and hence could be a potential target in eradicating GBM CSCs. NFB signalling 

network has gained interest as a promising treatment target for many cancers in 
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several preclinical studies (Arlt et al., 2001; Cao et a., 2013; Eluard et al., 2020; 

Labbozzetta et al., 2020). The results presented here suggest that inhibition of NFB 

leading to suppression of various CSC related genes such as SOX2, OCT4, NANOG 

and CSC markers such as ALDH and CD133 could be a potential therapeutic 

approach in GBM treatment. 

4.6 Conclusion 

In summary, as in other types of cancers, NFB has emerged as an important 

regulator of the mesenchymal phenotype in GBM. The findings from this chapter 

using a stable transfected GBM cell line with ectopic over expression of NFB, HIF1α 

and HIF2α and NFB-p65 knock out models support the statement that NFB is the 

key master transcription regulator under hypoxic conditions that regulates the HIFs 

and other EMT and stemness related downstream genes. Hence NFB can be a 

potential target to improve the outcome of GBM treatment.  
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5.1 Introduction  

The activation of the canonical NFB pathway is well-established in the development, 

survival and proliferation of CSCs in many types of tumours (Rinkenbaugh and 

Baldwin, 2016). Previous studies, and findings presented in Chapter 3, have 

demonstrated that high-stress microenvironment such as hypoxic core, stimulated the 

expression of CSC traits via the hypoxia associated EMT processes resulting in the 

generation of heterogeneous and multi-drug resistant tumours (Salem et al., 2017; 

Wang et al., 2017). Results presented in Chapter 4 (section 4.4.5) suggest that the 

hypoxia response genes HIF1 and HIF2  play an important role in the transition of 

tumour cells from an epithelial to a more of mesenchymal phenotype. The key findings 

from section 4.4.2 indicate that NFB could be the master regulator controlling both 

HIF1 and HIF2 and therefore is an essential factor in driving hypoxia induced EMT 

leading to multiple survival mechanisms in CSCs. The elevated anti-apoptotic 

pathways in addition to expression of metastasis related genes, possibly driven by 

NFB could be the key factors behind chemoresistance and recurrence. Hence, 

targeting the NFB pathway provides a promising route to decrease the CSC 

population and suppress the invasive and infiltrative nature of GBM. Several studies 

in the past two decades have shown evidence that NFB inhibition results in the 

reversal of chemoresistance in various cancers (Yu et al., 2018; Sun et al., 2017; 

Wang et al., 1999; Patel et al., 2000; Jones et al., 2000; Arlt et al., 2001; Cusack et 

al., 2001; Flynn et al., 2003; Guo et al., 2004; Banerjee et al., 2005; Kim et al., 2006; 

Tapia et al., 2007; Sors et al., 2008; Murtaza et al., 2009; Cao et al., 2013; Siveen et 

al., 2013; Lan et al., 2015). Among the different compounds employed to block the 

activation of NFB, two main strategies are widely popular 1) IK inhibitors and 2) 

Proteasome inhibitors (Harrold et al., 2020; Soave et al., 2017; Dai et al., 2010). It is 
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well known that IK-β is a major regulator of NFB activation through the 

phosphorylation and degradation of I-I-B complexes (Giridharan and Srinivasan, 

2018; Lingappan, 2018). A novel IK-β inhibitor EC70124 induced senescence in GBM 

stem cells by blocking the activation of NFB pathway (Nogueira et al., 2010). There 

are several compounds such as, IKI-1, IMD-0354, PF-184, PS1145, BMS-345541 

specifically designed to inhibit NFB activation by targeting IK-β (Lennikov et al, 

2014). 

The other widely employed strategy is the use of proteasome inhibitors to inhibit the 

activation of NFB by interrupting the 26S proteasome degradation system. In the 

case of NFB, IΒ degradation by proteasomes in response to phosphorylation by IK 

complex leads to an enhanced NFB activation in tumour cells (Taniguchi and Karin, 

2018; Nakanishi and Toi, 2005). Proteasome inhibitors such as bortezomib and 

MG132 are attractive proteasome inhibitor compounds that not only inhibit the 

activation of NFB, but also result in the induction of apoptosis and dysregulated 

cellular pathways (Sun et al., 2018; Deshmukh et al., 2017; Orlowski et al., 2002). 

However, many other anticancer drugs, one of the main obstacles in the use of 

proteasome inhibitors and the IK inhibitors in clinics is the development of resistance. 

Bortezomib, which is a well-established proteasome inhibitor has already entered the 

decline phase in cancer treatment due to resistance by MDR and other ABC drug 

efflux mediated resistance mechanisms (Orlowski and Kuhn, 2008). Although 

inhibition of NFB seems to be an attractive option, the high amount of ALDH, MGMT 

and ABC efflux transporter activities exhibited by the CSC population renders the 

compounds ineffective (Moitra, 2015). Therefore, effectively targeting the resistant cell 

population of cancer is a major challenge that must be overcome to improve the quality 
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of life of patients. Hence there exists an urgent need for the development of new 

compounds capable of targeting and overcoming the multiple resistance mechanisms 

exhibited by the CSC population. However, drug development is an expensive and 

highly tedious process that requires significant investments and decades of research 

to reach the market. Drug repurposing provides an attractive alternative to the 

conventional drug development process. Repurposing an already available FDA 

approved drug from a library of more than 25000 compounds and derivatives could 

cut down significant investments in cost and time in developing an effective drug for 

the treatment of GBM (Chong and Sullivan, 2007).  

DS is an organic sulphur compound, which has been used clinically for decades in 

treating alcohol dependence by inhibiting ALDH irreversibly, which leads to the 

accumulation of toxic acetaldehydes in the blood (Gessner and Gessner, 1992).  DS, 

at a therapeutic dose, has an excellent toxicity profile against a wide range of cancer 

cells with no adverse side effects (Guo et al., 2010; Deng et al., 2016; MacDonagh et 

al., 2017; Mettang et al., 2018).  Our previous studies suggest that the anticancer 

activity of DS is entirely dependent on copper (Cu) supplementation (Butcher et al, 

2018). DS can react with redox-sensitive sulfhydryl groups (thiols) and binding to Cu, 

an essential cofactor for key cellular enzymes (e.g., cytochrome c oxidase and 

superoxide dismutase 1 (SOD1)) involved in oxidative stress response (Butcher et al., 

2018). DS is a redox modulator which induces ROS which in turn is enhanced by the 

addition of copper and it has been reported to inhibit the activity of NFB and promotes 

cell death by apoptosis (Allensworth et al., 2015; Tawari et al., 2015; Xu et al., 2017). 

The DS/CU complex has been shown to inhibit proliferation of cells and induce 

apoptosis through disrupting the mitochondrial membrane and down-regulating the 

anti-apoptotic proteins BCL-2 and BAX (Deng et al., 2016). Studies in the past have 
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shown that DS may downregulate the DNA binding activity of NFB and AP-1 

(Soleimani et al., 2020; Wang et al., 2003; Liu et al., 1998). A potentially significant 

mechanism of cell death induced by DS and its metabolites involves inhibition of 

proteasome activity (Rae et al., 2013). More specifically DS is known to suppress 

ubiquitin E3 ligase activity (Brahemi et al, 2010). DS also shows promising potential 

as an adjuvant chemotherapeutic agent, as it inhibits drug resistance mediated by P-

gp and hence increasing the tumour sensitivity to chemotherapeutic agents, which has 

been shown in neuroblastoma and retinoblastoma (Rae et al., 2013).  

High ALDH expressing cells have been associated with enhanced tumour formation 

and chemotherapeutic resistance since ALDH activity is thought to be involved with 

cell detoxification (Clark and Palle, 2016). ALDH is also well known to be a universal 

CSC marker (Liu et al., 2011). The molecular mechanism of DS inhibiting ALDH is 

mediated through the metabolites of DS; in the cell, the disulphide bond gets reduced 

which subsequently leads to the liberation of diethyldithiocarbamate responsible which 

is for ALDH inhibition (Owunari et al., 2014). DS was also shown to have anti-

angiogenic properties through the inhibition of type IV collagenase and thereby 

blocking angiogenesis and invasion through the cell-mediated and non- mediated 

pathways (Yang et al., 2019; Li et al., 2018; Shian, 2003). Cu has been shown to 

enhance DS’s ability to suppress several processes involved in angiogenesis by 

targeting VEGF and EGFR signalling (Li et al., 2015). DS in combination with metal 

complexes has also been shown to inhibit the invasion and migratory potential of 

tumour cells by inhibiting MMP2 and MMP9 activity (Li et al., 2017). 
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5.2 Concept, aims and objectives 

Results from Chapters 3 and 4 indicated that hypoxic conditions significantly enhance 

stemness and resistance in GBM cells via activation of NFB which acts as the key 

master transcription regulator under hypoxic conditions that regulates the HIFs and 

other EMT and stemness related downstream genes. Previous studies from our group 

and others have shown that DS/Cu is a specific inhibitor of NFB via inhibition of 

proteasome degradation. Therefore, the hypothesis in this chapter is to inhibit NFB 

using DS/Cu to inhibit the stemness, resistance, migration and invasion characteristics 

of GBM cells. The previous work by Dr Kannappan (2015) in our group using GBM 

cell lines showed that DS can significantly inhibit NFB and reverse hypoxia induced 

stemness and resistance. However, the study did not show or quantitatively assess 

the effect of DS/Cu on migration, invasion and GSC sphere reformation abilities.  

Hence, the aim of this study is to examine the potential of DS/Cu to suppress hypoxia 

induced NFB and GSC traits in addition to quantitative assessment of migration, 

invasion and sphere reformation characteristics in GBM cells.  The study aims to 

generate and strengthen the collective evidence to help the translation of DS as a 

repurposed drug for treatment of GBM. 

5.3    Experimental design 

5.3.1. MTT cytotoxicity assay 

The GBM normoxic cells were prepared for MTT cytotoxicity assay as detailed in 

section 2.3.1. DS (1000nM) and CuCl2 (10μM) were used in this study. The cell 

cultures were incubated with serially diluted drugs for 72 hours in the incubator. After 

the incubation period, MTT reagent was added to cell lines and percentage cell viability 

was calculated. 
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 5.3.2 Detection of apoptotic proteins by Western blot analysis  

The NOR, HYP, NS and SUS cells from all three GBM cell lines (U87MG, U251MG 

and U373MG) were treated for 24h with DS (1μM) and Cu (10μM). The cells were 

collected after treatment, washed with PBS and total cellular protein was extracted 

with RIPA buffer, quantified and separated by SDS PAGE. The expression levels of 

anti-apoptotic protein BCL2 and pro-apoptotic protein BAX were analysed using 

appropriate primary and secondary antibodies as described in the western blot section 

in section 2.4. In addition to the above apoptotic proteins, the expression level of NFB 

in these treated cells was also determined using appropriate NFB-p65 antibody. The 

protein signals were detected using the EZ-ECL chemiluminescence kit.   

5.3.3 Detection of CSC markers after treatment with DS/Cu by flow cytometry  

GBM hypoxic cells and NS and SUS cells were treated with 250nM DS + 10μM Cu for 

24h and 1M DS+ 10μM Cu respectively for 24h. After treatment, flow cytometric 

analysis was used to identify of the presence of the CSC markers, ALDH and CD133 

and data obtained was analysed with GraphPad prism. Attached normoxic GBM cells 

were used as negative controls for the experiment. Detailed procedure about sample 

processing for flow cytometry can be found in section 2.10.         

 5.3.4 Migration and invasion assay after treatment of GBM cells with DS/Cu 

To demonstrate that the migration and invasion ability can be inhibited with a very low 

dose treatment with DS/Cu HYP cultures from all three GBM cell lines were subjected 

to migration and invasion assay using Boyden chambers. The lower well that contains 

serum rich medium was supplemented with very low dose of DS (20nM) and Cu 
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(10μM) and the cells were allowed to penetrate the PET membrane overnight. The 

invasive cells were stained with crystal violet, counted and analysed in bar chart. For 

invasion experiment, the Boyden chamber is coated with a 1:15 dilution of matrigel 

concentration with serum free medium.      

5.3.5 Sphere reformation assay with DS/Cu treatment 

GBM NS and SUS spheroid cultures from all three GBM cell lines were obtained by 

growing them for 6 days in 25cm2 flasks coated with poly-HEMA. The spheroids 

formed were treated with following drugs: DS (1μM), Cu (10μM) and DS/Cu (same 

concentration as above) for 24h. Spheroids were then harvested, washed with PBS to 

remove drugs, trypsinised and counted. Cells (1x104) were reseeded into appropriate 

drug free medium and allowed to form spheres in poly-HEMA coated 24 wells plates 

for further 6 days. The number of spheroids reformed were counted and analysed by 

GraphPad prism software and images were captured using EVOS microscope (further 

details about the protocol can be found in section 2.8).   

5.4 Results 

5.4.1 DS/Cu inhibits NFB-p65 pathway and reverses the ratio of BAX and BCL2 

In this part of the study, it was hypothesized that hypoxia induced chemoresistance 

and CSC characteristics could be reversed through inhibition of NFB activity by 

DS/Cu treatment. This study also aimed to demonstrate that treatment with DS/Cu 

modulates the BCL2 and BAX ratio, eventually leading to cell death via the intrinsic 

pathway of apoptosis.  Both GBM CSC cultures (NS and SUS) and HYP cultures were 

used for treatment with DS/Cu complex and protein expressions were detected by 
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Western blot. NFB-p65, BAX and BCL2 antibodies have been used to examine the 

effect of DS/Cu on these proteins. Figures 5.1 shows NFB-p65 was highly expressed 

in hypoxic GBM cells in comparison to the normoxic cultures (by Western blotting). 

NFB-p65 was also found to be highly expressed in both NS and SUS spheroid 

cultures indicating that the hypoxic core in these spheroid models trigger the 

expression of NFB-p65 as a hypoxic response. These results are consistent with our 

findings from Chapter 3 where we have shown evidence that hypoxia is the key factor 

driving the stem cells characteristics and apoptosis resistance via overexpression of 

NFB-p65 under hypoxic conditions. The HYP, NS and SUS cultures were treated 

with DS/Cu overnight and as seen in figure 5.1, the expression of NFB was 

decreased in all three culture conditions indicating that DS/Cu treatment can 

effectively suppress NFB activity. The expression of anti-apoptotic factor BCL2, that 

contributes to chemoresistance in CSCs was tested in these same cells (García-

Aranda et al, 2018). The expression of BCL2 is higher in spheroid conditions (which 

is like the BCL2 induction observed under hypoxic conditions as explained in section 

3.4.8) indicating resistance to chemotherapeutic drugs by CSCs in hypoxic or spheroid 

conditions. This is also supported by suppression of the pro-apoptotic factor BAX in 

both hypoxic and spheroid cultures.  The expression of BAX: BCL2 is directly regulated 

by NFB as a key transcription factor for these genes. With effective inhibition of NFB 

by DS/Cu treatment it was determined if this inhibition can lead to the modulation of 

the results with anti-apoptotic and pro-apoptotic factors. After treatment with DS/Cu, 

BCL2 expression is significantly reduced indicating the suppression of anti-apoptotic 

machinery. Moreover, the upregulation of BAX after treatment with DS/Cu (Figure 5.1) 

indicates an inclination towards activation of apoptosis.    
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Figure 5.1 DS/Cu inhibits NFB-p65 pathway and reverses ratio of BAX and BCL2 

Western blot results for NFB-p65, BAX and BCL2 in GBM cell lines (U87MG, U251MG and 

U373MG) grown in hypoxia (HYP) or sphere conditions (NS and SUS). Treatment of HYP, NS 

and SUS with DS/Cu inhibited the expression of NFB-p65 and anti-apoptotic BCL2 and 

increased the expression of pro-apoptotic BAX indicating the activation of apoptotic signalling 

in treated GBM cells. 

 

5.4.2 DS/Cu inhibits hypoxia induced CSC population in GBM 

It was hypothesised that treating the GBM cells with the combination of DS/Cu will 

inhibit or considerably reduce the expression of CSC markers induced by hypoxic 
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conditions. To demonstrate the effect, cells under hypoxic condition were treated with 

DS/Cu and subsequently tested for presence of the CSC markers ALDH and CD133. 

As shown in figures 5.2 and 5.3, the results from the FACS analysis show that the 

treatment with DS/Cu significantly reduced the expression of ALDH and CD133 in cell 

populations under hypoxic condition. GBM cells grown under NOR and HYP without 

DS/Cu treatment were used as the control group in this experiment. ALDH is often 

used in the identification of subpopulations of cells with CSC characteristics (Leng et 

al, 2017). Figure 5.2A shows the typical representative dot plots of results obtained 

from ALDEFLOUR ALDH activity assay using FACS analysis. From the results, all the 

GBM cell lines U87MG, U251MG and U373MG grown under hypoxic conditions had 

significantly higher ALDH activity compared to the cells grown under normoxia 

conditions. Treatment of hypoxic cells with 250nM of DS and 10um Cu significantly 

suppressed the ALDH activity in all three cell lines indicating abolition of hypoxia 

induced stemness. Figure 5.2B shows results analysed from 3 independent 

experiments done in triplicates represented as bar chart. The hypoxic GBM cells 

treated with DS/Cu, had statistically significant decrease in the activity of ALDH. 

CD133 is a precise cell surface marker for detection of CSCs (Fathi et al., 2019; 

Glumac and LeBeau, 2018). The figures 5.3A and 5.3B represent the results from 

FACS analysis using PE-conjugated CD133 antibody and a statistical analysis of the 

result represented as bar chart, respectively. The results of ALDH assay, all three 

GBM cell lines cultured in the hypoxic conditions had increased proportion of CD133+ 

population compared to normoxic cells, whereas the hypoxic cells treated with 250nM 

DS and 10uM Cu had a significant reduction in the number of CD133+ cells indicating 

a significant suppression of the hypoxia induced CSC population.   
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Figure 5.2 DS/Cu inhibits hypoxia induced ALDH activity in GBM cell lines. The 

expression of ALDH activity was measured by ALDEFLOUR assay using the FACS analysis. 

(A) Representative dot plots of ALDH activity measured in normoxia, hypoxia and hypoxia 

cultures treated with DS/Cu. (B) The corresponding bar chart indicating the statistically 

significant inhibition of ALDH activity by DS/Cu. (n=9; * p <0.05; ** p<0.01). 

NOR HYP

U
8

7
M

G
U

2
5

1
M

G
U

3
7

3
M

G
A

LD
H

 a
ct

iv
it

y 

HYP DS/Cu

Si
d

e 
Sc

at
te

r 

ALDEFLOUR ALDH Activity 

A 












U
8

7
 N

O
R

U
8

7
 H

Y
P

U
8

7
 H

Y
P

- 
D

S
/C

u

U
2

5
1

 N
O

R

U
2

5
1

 H
Y

P

U
2

5
1

 H
Y

P
-D

S
/C

u

U
3

7
3

 N
O

R

U
3

7
3

 H
Y

P

U
3

7
3

 H
Y

P
-D

S
/C

u

0

5

1 0

1 5

2 0

2 5

A
L

D
H

 a
c

ti
v

it
y

B 



172 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 DS/Cu inhibits hypoxia induced CD133+ population in GBM cell lines.    

CD133+ population was measured by FACS analysis using CD133-PE conjugated antibody. 

(A) Representative dot plots of CD133+ population measured in normoxia, hypoxia and 

hypoxia cultures treated with DS/Cu. (B) The corresponding bar chart indicating the 

statistically significant inhibition of CD133 positive population by DS/Cu. (n=9; * p <0.05; ** 

p<0.01). 
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MIGRATION
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5.4.3 Low dose of DS /Cu inhibits migration in GBM cell lines  

Results from section 3.4.7 showed that hypoxic conditions increase the migration 

potential of GBM cells. To determine if that migration ability of GBM cells is inhibited 

by low dose treatment with DS/Cu, the Boyden chamber assay was performed. The 

cells were grown in parallel under NOR and HYP conditions and used as the control 

populations, and HYP cells were also treated with 20nM DS and 10uM Cu. The 

number of cells that migrated through the 8m pores in the PET membrane to the 

lower side of the Boyden chamber was counted. Figure 5.4A shows representative 

microscopic images of migrated cells stained with crystal violet under normoxic, 

hypoxic and DS/Cu treated condition. Results show that all three GBM cell lines under 

hypoxic conditions demonstrated enhanced migration ability, which was significantly 

reversed after treatment with a very low dose of DS/Cu. The bar chart in figure 5.4B 

represents the mean number of migrated cells under each condition and the numerical 

values are shown in table 5.1. The cell number reduced after the treatment of cells 

with DS/Cu under hypoxia.  

Table 5.1 Mean number of cells counted in migration  
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Figure 5.4 DS/Cu inhibits hypoxia induced migration ability of GBM cell lines in vitro. 

The migration potential of GBM cells was detected using Boyden chamber migration assay. 

(A) Microscopic pictures of the membrane penetrated GBM cells (x40 magnification). (B) 

Mean number of migrated cells before and after treatment with DS/Cu shows statistically 

significant increase in the migration potential of HYP cells in comparison to NOR cells and a 

significant inhibition of migration ability in HYP GBM cells treated with a low dose of DS/Cu 

n=9; **p<0.01. 
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INVASION

U87MG U251MG U373MG

N
o

rm
o

xi
a

-VE
250.5

(146.8)

137.8

(19.7)

318.6

(244.1)

H
yp

ox
ia -VE

417.2

(237.2)

443.3

(63.8)

455.8

(240.7)

DS/CU
311.1

(186.6)

54.6

(33.1)

182.2

(180.3)

5.4.4 Low dose of DS /Cu inhibits invasion of GBM cell lines. 

Results presented in section 3.4.7 have shown that hypoxia induced EMT and 

transformation of cells into a mesenchymal phenotype results in increased invasion 

potential of GBM cells under hypoxia. To demonstrate that the invasion characteristics 

of HYP GBM cells can be inhibited with low dose treatment of DS/Cu Matrigel invasion 

assay with Boyden chamber inserts were performed. The invaded cells were stained 

with crystal violet and the number of invaded cells were counted and difference 

between NOR, HYP and HYP treated with DS/Cu were determined. Figure 5.5A shows 

the representative microscopic images of the cells that have invaded through the 

Matrigel and penetrated the 8.0µM PET membrane.  Figure 5.5B shows the bar chart 

representing the mean number of invaded cells and the numerical values are shown 

in table 5.2. As in the case of migration assay, the invasion potential of the GBM cells 

was high under hypoxic condition when compared to NOR cells and significantly 

decreased after treatment with a very low dose of DS/Cu.  

 

Table 5.2 Mean number of cells counted in invasion assay 
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Figure 5.5 DS/Cu inhibits hypoxia induced invasion potential of GBM cell lines in vitro. 

The invasion potential of GBM cells was detected using Matrigel invasion assay with Boyden 

chamber inserts (A) Microscopic pictures of the invaded GBM cells (x40 magnification). (B) 

Mean number of invaded cells before and after treatment with DS/Cu shows statistically 

significant increase in the invasion potential of HYP cells in comparison to NOR cells and a 

significant reduction in the number of invaded HYP GBM cells after treatment with a low dose 

of DS/Cu. (n=9; * p <0.05; ** p<0.01). 
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5.4.5 DS/Cu eliminates GSCs in vitro. 

GBM cell lines were cultured for 7 days in their respective culture medium. The 

spheroids were given enough time to aggregate and form hypoxic core that expresses 

all CSC, EMT and chemo-resistant characteristics and then subjected to the sphere 

formation assay. The results of this experiment are shown in figure 5.6 which shows 

that the untreated cells can reform spheroids after dissociation and reseeding, 

whereas the cells treated with DS/Cu were not able to form any spheroids after 7 days 

incubation. The results clearly show that a trend of inhibition of sphere reformation can 

be observed regardless whether the spheroids were grown as NS cultures in growth 

factor rich serum-free culture medium (Figures 5.6A) or as SUS cultures in normal 

serum containing medium (5.6B). This confirms that the DS/Cu can effectively 

eradicate hypoxia induced CSCs regardless of CSCs enriched and influenced by 

growth factors. In section 3.4.2 it was shown that the same NS and SUS spheroids 

were able to effectively reform spheroids even after treatment with high dose of TMZ 

due to the presence of residual stem like cells with resistant characteristics. This 

indicates that DS/Cu treatment has completely suppressed the CSC population which 

were showing resistance in the case of TMZ. In addition, it was observed that many of 

the spheroid cells with DS/Cu treatment underwent apoptosis and were not able to 

aggregate together.  The results also indicate that neither Cu or DS alone was able to 

inhibit the CSC population or sphere reformation emphasizing the importance of 

DS/Cu complex in targeting CSCs. Figure 5.6C and 5.6D represents the numerical 

value of the sphere reformation assay displayed as a bar chart. Table 5.3 also shows 

the number of the spheres reformed with or without the treatment of DS/Cu; there was 

a statistically significant reduction in the number of spheres reformed when treated 

with the DS/Cu complex.  
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Figure 5.6 DS/Cu abolished sphere forming ability of GBM cells. NS and SUS cells were 

exposed to 1µM DS and 10µM Cu for overnight and reseeded in drug free medium for 7 days 

for sphere reformation. Microscopic images of NS (A) and SUS (B) were taken at x40 

magnification. Bar charts show the mean number of NS (C) and SUS (D) spheroids reformed 

after treatment. (n=12; * p <0.05; ** p<0.01). 
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-VE Cu (10M) DS (1M)
DS 1M + 
Cu 10M

TMZ 
(100M)

N
eu

ro
sp

he
re

s U87MG
104.4 
(6.4)

63.0 
(17.0)

76.3 
(15.3)

1.8
(0.8)

42.4
(9.1)

U251MG
60.5
(7.3)

54.0
(8.3)

46.1
(6.4)

1.9
(0.8)

31.6
(4.2)

U373MG
50.0

(23.0)
36.8

(16.1)
28.9
(8.2)

1.1
(0.4)

24.3
(6.6)

Su
sp

en
si

o
n

U87MG
68.3
(9.7)

52.1
(7.2)

47.3
(9.2)

2.3
(1.0)

38.5
(7.3)

U251MG
63.6
(7.5)

58.0
(4.5)

45.4
(6.1)

1.9
(0.6)

12.8
(3.7)

U373MG
41.4

(10.8)
33.6
(8.7)

28.3
(7.6)

1.4
(0.5)

16.1
(5.1)

Table 5.3 Mean number of sphere cells counted in sphere reformation assay with 

standard deviation values shown in brackets. 
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5.4.6 DS/Cu inhibits ALDH activity and CD133 in GBM spheroid cultures 

Treating the GBM hypoxic cultures eliminated the cells with CSC characteristics such 

as ALDH and CD133 positive population (Figure 5.2). it was shown that treatment with 

DS/Cu completely eradicates the sphere reformation ability of CSCs in spheroids. If 

the CSC characteristics of spheroid cells are driven by the hypoxic core rather than 

the culture medium or growth factors, treatment with DS/Cu should abolish the CSC 

population effectively. To test this hypothesis, the spheroid cultures treated with DS/Cu 

were tested for the presence of the CSC markers ALDH and CD133. From the FACS 

analysis of ALDEFLOUR ALDH activity assay dot plots shown in figures 5.7A, all the 

GBM cell lines U87MG, U251MG and U373MG grown as spheroids (NS or SUS) had 

significantly higher ALDH activity compared to the cells grown attached normoxic cells 

conditions. It is also clear from the figure 5.7A, B that treatment with 1uM of DS and 

10um Cu significantly (p<0.001) suppressed the ALDH activity in NS and SUS 

spheroids of all three cell lines indicating abolition of CSC population. Figure 5.7B 

shows statistically analysed results from 3 independent experiments done in triplicates 

represented as a bar chart. Figures 5.8A and 5.8B represent the results from FACS 

analysis using PE-conjugated CD133 antibody and a statistical analysis of the result 

represented as bar chart, respectively. Similar to the results of ALDH assay, all three 

GBM cell lines cultured as NS or SUS spheroids had increased proportion of CD133+ 

population compared to normoxic cells, whereas the hypoxic cells treated with 1uM of 

DS and 10uM Cu had a substantial reduction in the number of CD133+ cells indicating 

a significant suppression of the CSC characteristics in spheroid cultures.   
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5.5 Discussion  

NFB activation is a recurrent event seen in many cancers and has been investigated 

widely over the last few decades (Khongthong et al., 2019; Jana et al., 2017; Nagel et 

al, 2014). NFB is found to contribute greatly to tumour cells’ resistance to chemo-

radiation therapy (Greten et al., 2004; Baldwin et al., 2001).  For many years, the 

correlation existing between NFB activity and GBM malignancy has been clear (Liu 

et al 2012). As shown from the results presented in chapter 4, hypoxia induced NFB 

pathway plays a key role in the CSC characteristic in the tumour cell via EMT. This 

suggests that the NFB could be a relevant target for drug development. The 

transcription factor NFB is also known to deregulate the apoptotic mechanism, which 

is propositional to the survival of the GBM cells (Nogueira et al., 2011). Orlowski and 

Kuhn, 2008 states that there are already numerous NFB specific inhibitors available, 

however at the clinical trial stages, most of them do not seem to show any positive 

outcomes. Several mechanisms such as MDR, Multidrug resistance protein (MRP), P-

gp contribute to the resistance to the drug action. In recent years, repurposed drugs 

have shown effective outcomes in treating various cancers: For instance, recently 

metformin used in cancer therapy has been very successful in various clinical trials of 

prostate, breast, endometrial and pancreatic cancers, which have advanced to phase 

3 and phase 4 (Bhaw-Luximon and Jhurry, 2016; Mark et al., 2019; Petchsila et al., 

2020).  Recently, metformin has also been trialled for GBM in combination with neo-

adjuvant TMZ and radiotherapy (NCT02780024), and in a phase 1 trial as a treatment 

in combination with radiation for recurrent brain tumours (NCT01430351) (Abbruzzese 

et al, 2017). DS has demonstrated to have cytotoxic effect on many types of cancer 

cells (McMahon et al., 2020; Ekinci et al., 2019). Moreover, the drug has no adverse 
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effect on normal cells, an important consideration when developing new cancer 

therapies (Cvek et al., 2008). In the case of GBM, DS also has the important property 

of being able to readily cross the blood-brain barrier (Karamanakos et al., 2017).  

There is increasing evidence that suggests DS may be an effective anticancer 

medication; the drug has various mechanisms such as the induction of apoptosis, 

suppression tumour growth, reduction of angiogenesis, reverses drug resistance 

(McMahon et al., 2020; Butcher et al., 2018; Ekinci, 2019; Cvek, 2011; Wang et al., 

2003). Research published by our group previously states that the cytotoxic effects of 

DS on human GBM cells was augmented when used in combination with Cu (Liu et 

al, 2013). The cytotoxic effect of the combination of DS and Cu is accredited to the 

Inhibition of NFB pathway, ALDH and the reactive ROS induction (Liu et al, 2013). 

The results presented here have further confirmed the previous findings regarding the 

cytotoxicity and mechanism of the DS/Cu combination. The sphere formation assay 

(Figure 6.9) indicates that DS alone or Cu alone had little consequence on the tumour 

mass. However, the combination of DS/Cu has a pronounced effect in inhibiting the 

reformation of the tumour sphere masses. The trace element Cu has a significant role 

in the generation of ROS that causes apoptosis of the cell (Devi, 2018). The 

transmembrane protein Ctr1 tightly regulates the transportation of Cu in the cells 

(Gupta and Lutsenko, 2009). DS being a strong metal ion chelator readily combines 

with Cu and forms the DS/Cu complex. The chelator DS combines with Cu internally 

or externally of the tumour cells and amplifies the transportation of the Cu ions (Tawari 

et al., 2015). The complex DS/Cu being a strong inducer of ROS generation in CSCs 

induces apoptosis in these tumour cells (Butcher et al, 2018). 
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Evidently, the results from the experiments described here show that NFB protein 

expression is significantly reduced with DS/Cu treatment. Consequently, the anti-

apoptotic factor BCL2, a direct target of NFB, is also suppressed significantly. This 

in turn, enhances the expression of BAX, a pro-apoptotic protein. In a 2012 paper, 

Skrott and Cvek stated that the elevation of ROS generated by DS/Cu complex could 

induce the generation of BAX protein. This effect leads to the apoptosis process by 

the combining of anion channel in the mitochondria membrane. As mentioned 

previously, cancer cells have a highly active Cu transporter protein that uptakes higher 

level of Cu for increased metabolic needs. In addition, DS aids Cu in transportation 

into the cells, thereby elevates the copper level in the cells (Yip et al., 2011). The 

accumulation of ROS beyond the cellular redox threshold limit due to the formation of 

DS/Cu complex both extracellularly and intracellularly, damages the membranes and 

proteins and triggers apoptotic activation in the mitochondria. In the case of normal 

cells, the transport of copper and its intracellular levels are tightly regulated by the 

Ctr1, and hence the increase in intracellular ROS beyond the threshold is not sufficient 

to cause damage beyond rescue, implicating a selective cell death in cancer cells and 

spare normal cells. A similar selective mechanism of action of cell death would apply 

to CSCs and normal stem cells (Hacker et al., 1982). Therefore, it is possible that the 

DS/Cu complex targets and eradicates the CSC cell populations without a significant 

effect on normal stem cell population. A detailed study about DS and its formulation 

followed by clinical trials is required for this to be demonstrated.  

The poor prognosis of GBM, demands faster understanding and development of 

effective drugs. Thus, investigating already approved drugs such as DS will aid in the 

quicker discovery of drugs that have promising outcomes.    
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 5.6 Conclusion 

To conclude, it can be positively stated that DS/Cu complex is a promising drug for the 

effective treatment of GBM and perhaps for other types of cancers via the same 

mechanism. It precisely targets and eradicates the CSC population in GBM. The 

inhibition of NFB pathway and the promotion of ROS generation produced by the 

DS/Cu complex is determined to be the possible mechanism. The use of an FDA 

approved drug like DS whose effects and side effect data are already available could 

be the best approach for the quickest development of GBM therapeutics.   

 

 



190 
 

CHAPTER 6 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
GENERAL DISCUSSION  
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GBM is an aggressive primary malignancy with very poor prognosis (Funari et al., 

2007). This is mainly due to the de novo and acquired chemoresistance of GBM cells 

to chemotherapeutic agents (Qazi et al., 2017). The details of the chemoresistant 

mechanisms in GBM cells are still largely unknown. Elucidation of the mechanisms of 

chemoresistance in GBM cells should facilitate new anti-GBM drug development and 

improve its prognosis. 

Over the past decade, the model of CSCs has gained significant importance in cancer 

research (Ayob and Ramasary., 2018; Franco et al., 2016). Like other cancers, it was 

postulated that GSCs are a small fraction of the tumour mass that have the potential 

to initiate tumour progression and diversely differentiate into various types of cells 

within the tumour (Singh et al., 2004; Lathia et al., 2015; Abou-Antoun et al., 2017). To 

date, studies have shown that GSCs exist and play an important role in therapeutic 

resistance and recurrence (Liebelt et al., 2016; Franco et al., 2016; Prager et al., 2020). 

It is now known that not all GBMs follow the conventional hierarchical model of GSCs 

which states the GSCs reside at the apex of the hierarchy and recreate the intra-

tumoural heterogeneity by generating differentiated progeny (Schonberg et al., 2014).  

It is now becoming increasingly evident that GSCs may not be a distinct cellular entity, 

but rather a cellular state that has adapted to microenvironmental cues (Dirkse et al., 

2019). Indeed, this is evident from the fact that GSCs are often located in specific 

tumour niches which are highly hypoxic (Boyd et al., 2021). It is widely accepted that 

the hypoxic tumour microenvironment is essential for selection of the GSCs and 

maintenance of the GSC cell population (Bao et al., 2006; Bhat et al., 2013; Boyd et 

al., 2021; Dirkse et al., 2019; Karsy et al., 2016; Kong et al., 2012). Therefore, the 

stem-cell related phenotypic heterogeneity in GBM is a microenvironment-determined 

reversible plastic state transitions that most cancer cells can adopt to as instructed by 
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the microenvironment. Hence, an essential question is whether differentiated glioma 

cells can dedifferentiate into GSCs and the vice versa? In line with other types of 

cancer, recent studies with patient derived GSCs offer experimental evidence for 

confirming the bidirectionality in plasticity between GSC and differentiated glioma cells 

(Berezovsky et al., 2014; Karsy et al., 2016; Lee et al., 2016). 

In vitro, GBM cells can grow either as an adherent monolayer at normoxic cultures 

representing differentiated cells or at suspended neurosphere cultures using specific 

serum-free media supplemented with essential growth factors that resembles GSCs 

(Schonberg et al., 2014). This study suggests that these two states with differing 

proliferative, invasive, migration and chemosensitivity phenotypes are mutually 

reversible. In order to determine if serum-free and growth factor-rich medium is 

essential for GSCs initiation and maintenance, in Chapter 3, the differentiated GBM 

cell lines were cultured as suspended spheroids in normal serum-rich medium. The 

spheroid cultures expressed CSC markers and were extremely resistant to anti-GBM 

drugs. These results indicate that the differentiated GBM cells can undergo transition 

to dedifferentiated GSC state. It also suggested that the very costly cancer stem cell 

culture medium is dispensable for induction and maintenance of stemness in GBM cell 

lines. it was hypothesized that the oxygen gradient within GBM may play a vital role in 

maintenance of this reversible transition state. The spheroid model also favours a more 

GSC-like phenotype due to the natural hypoxic core that develops in them after a few 

days of aggregation in suspended culture. The results presented in Chapter 3, using 

hypoxyprobe, confirmed that hypoxic cells were present in neurospheres. Therefore, 

hypoxia might be the determinant for the dedifferentiation of GBM cells and 

maintenance of their stem cell traits. This indication was further confirmed by the 

results obtained from the hypoxia-cultured monolayer GBM cells: All stem cell markers 



193 
 

assessed were detected in the hypoxia-cultured monolayer GBM cells which 

manifested significant resistance to TMZ and enhanced In vitro migration and invasion 

rate. All these results suggest that hypoxia, rather than the culture medium, plays an 

essential and central role in regulation of GSC stemness, drug resistance and 

metastasis.  

The importance of hypoxia in maintenance and proliferation of normal stem cells within 

their niches is well established (Karsy et al., 2016) and GBM is one of the most hypoxic 

cancer types (Calabrese et al., 2007); In GBM, rapid cell proliferation and poor 

vascularization frequently results in areas that lack adequate oxygen supply 

(Monterino et al., 2017). The blood vessels in the neoplastic tissues of GBM are 

generally non-functional and this contributes to tumour hypoxia (Calabrese et al., 

2007). In vivo, O2 tension in glioblastoma ranges from 0.1% to 10% (Evans, 2004). O2 

supply reduction in the tumour microenvironment leads to poor delivery of therapy to 

tumour cells, which will decrease the efficacy of the therapy. The exposure to very low 

levels of oxygen overtime results in necrotic zones amidst the packed hypoxic cells, 

these pseudo palisading cells have been shown to express several hypoxia-regulated 

genes linking to several processes such as angiogenesis, invasiveness and ECM 

degradation (Brat et al., 2004). In physiological conditions, GBM consists of a compact 

network of inflammatory, neoplastic, and vascular cells in a complex ECM. In GBM, 

this hypoxic niche is associated with the increase in proliferation of stem cells and 

tumour invasion which is further linked with a definitive mesenchymal differentiation (Li 

et al., 2009). The phenotypic classification of GBM distinguishes a mesenchymal 

subtype which is most aggressive with poorer prognosis when compared to the 

proneural subtype (Philips et al., 2006). Very often, GBM patients with proneural 

subtype will shift to mesenchymal subtype after radiation and chemotherapy (Dirkse et 
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al., 2019), this molecular mechanism of this transition is very similar to the molecular 

events observed during EMT in carcinoma cells. The link between acquiring stem-cell 

characteristics and EMT activation has been reported in studies and has suggested 

EMT as an important CSC regulator (Bhat et al., 2011; Bhat et al., 2013; Brown et al., 

2015; Carro et al., 2009; Cheng et al., 2011; Zhou et al., 2019). 

The data from experiments of overexpression of SNAI1, SNAI2, or TWIST in 

genetically engineered human mammary epithelial cells show that these cells possess 

a stem-like phenotype, increased potential to form spheres and expressed stem cell 

markers. Whereas inhibition of these genes led to the loss of mammary gland 

reconstitution ability and activity of tumour-initiation (Battula et al., 2010; Guo et al., 

2012; Mani et al., 2008; Morel et al., 2008; Vesuna et al., 2009). Similarly, in mouse 

and human breast, pancreatic, and colorectal cancer models another transcription 

factor; ZEB1, was identified to promote stem-cell properties by suppressing the 

stemness-inhibiting miRNAs such as miR-200s, miR-183, and miR-203 which in turn 

regulate the expression of other stem-cell-associated factors such as BMI1, SOX2, 

and KLF4 (Shimono et al., 2009; Wellner et al., 2009). The claudin-low and metaplastic 

breast cancer subtypes with stem-like characteristics are known to be associated with 

high expression of EMT signature (Taube et al., 2010). This link between EMT and 

CSCs was also experimentally confirmed in in vivo models of pancreatic tumour cells 

and metastatic breast cancer cells which have been observed to have undergone EMT, 

express CSC-associated markers and exhibit stem cell characteristics (Lawson et al., 

2015; Rhim et al., 2012). 

The findings presented in Chapter 3 are consistent with, the above-mentioned, reports 

from other types of cancer. EMT markers were detected in sphere-cultured and 
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hypoxia-cultured GBM cell lines, specifically the spheroid cultures of all three GBM cell 

lines expressed high level of SNAI1, SNAI2, ZEB and TWIST confirming the EMT 

activation in these spheroids. These findings suggested that under the spheroid culture 

conditions, the GBM cell lines underwent EMT in the hypoxic core region which may 

also play a key role in GSC stemness and characteristics displayed by the sphere 

cultures. Interestingly, in hypoxia-cultured cells the expression of transcription factors 

SNAI1 and SNAI2 was increased but the expression of TWIST and ZEB was variable 

in cell lines.  This may be because of the cell line specific factors. This may also be 

due to time dependant expression of these genes where an initial hypoxic stress 

induces these genes but a later feedback mechanism, or late stage EMT regulatory 

factors, could suppress the expression.   For example, in many late-stage cancer cells 

that have undergone EMT there is a need for reversal of EMT (an activation of the MET 

programme) that drives the cells to express more epithelial characteristics in order to 

gain successful metastasis (Banyard and Bielenberg, 2015; Chao et al., 2010; Ocaña 

et al., 2012; Tsai et al., 2012; Tsai and Yang., 2013; Zheng and Kang., 2013). Evidence 

for this transformation can be observed in breast cancer metastasis in liver, lung or 

brain: In a study by Tsai et al (2012) in squamous cell carcinoma it was found that, 

although induction of the EMT-inducing transcription factor TWIST1 promoted 

migration resulting in tumour cells to become circulating cells, inhibition of TWIST1 was 

required for a reversal of the process to gain metastatic ability. It is also evident that 

there is a hybrid or meta-stable state can exist in the cells undergoing hypoxia induced 

or tumour microenvironment induced stress where the cells will retain both epithelial 

as well as mesenchymal signature by expressing a mixture of multiple genes (Jolly et 

al., 2017; Pastushenko et al., 2018). 
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The role of EMT in promoting resistance to chemotherapy appears to be a potential 

target for supressing chemoresistance. Previously, the relation between EMT and 

resistance to a therapeutic drug has been assessed by evaluating the sensitivity of 

cancer cells with EMT-associated transcription factor expression, to the drug 

(Arumugam et al., 2009; Kurrey et al., 2009; Vega et al., 2004). Two independent 

studies on breast and pancreatic cancers respectively, involving genetically 

engineered mouse models showed that tumours could become resistant to 

chemotherapeutic drugs by means of the EMT program (Fischer et al., 2015; Zheng et 

al., 2015). These studies suggest that EMT is linked with chemoresistance and could 

be a possible target for cancer therapy.  

The findings presented in chapter 3 also confirmed that both monolayer hypoxic GBM 

cells and spheroid models with hypoxic core can develop resistance to anticancer 

drugs. Spheroid models are standard resistant models used in several cancer and drug 

development related studies to recapitulate cancer recurrence in patients. This is 

mainly studied through sphere reformation assays after treatments. In the study 

presented here, the spheroids were exposed to the anticancer drug TMZ for 72 hours 

and then disaggregated. The ability of spheres to reform indicated the resistance 

driven by a subpopulation of cells in the spheroid. This resistance may be due to the 

EMT phenotypes induced by the hypoxic core of spheres. The monolayer GBM 

cultures which are sensitive to TMZ treatment were also significantly resistant under 

hypoxic conditions. Mesenchymal cells are known to activate various drug efflux 

pumps in a very similar fashion to that of CSCs: It has been shown that cells 

undergoing EMT have increased expression of ABC transporters, whose gene 

promoters contain binding sites for EMT-associated TFs such as Twist, Snail and 

FOXC2 and tumour cells expressing these transporters had 10-fold increase in 
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resistance to doxorubicin treatment (Saxena et al.,2011).  Another important 

mechanism by which EMT phonotypes gains drug resistance is by inducing cellular 

resistance to drug-induced apoptosis. Keitel et al., (2014) showed that the levels of 

anti-apoptotic factor BCL-XL was strongly enhanced by EMT in breast cancer 

epithelium derived EMT phenotype whereas the pro-apoptotic Bim and puma are 

shown to be reduced (Keitele et al., 2014). Similarly, in a large data set of tumours and 

several cell lines of lung cancer it was observed that the EMT transcription factor ZEB 

can suppress the expression of the critical pro-apoptotic factor BIM by directly binding 

to its promoter thereby preventing cell death (Song et al 2017). Similarly, results 

presented here also indicated a modulation of BAX and BCL2 ratio in all three hypoxic 

GBM cell lines that may contribute to resistance to TMZ via anti-apoptotic programming 

with elevated expression of BCL2 and suppression of BAX. Similar phenomena are 

shown in chapter 5:  expression of BCL2 and BAX ratio was inclined towards a more 

anti-apoptotic nature in both NS cultures grown in growth factor rich stem cell medium 

as well as SUS cultures grown as spheroids in normal serum containing medium. This 

indicates the mechanism of apoptosis resistance in HYP, NS or SUS is related to a 

unique convergence point which could be the hypoxia induced EMT and the activation 

of anti-apoptotic machinery.  

EMT is a driving mechanism of tumour evolution in which carcinoma cells attain 

enhanced invasive capacity by the loss of cell polarity and intracellular adhesion, 

resulting in a mesenchymal phenotype with increased motility, promoting metastasis. 

Different clonogenic and differentiation potentials and different degrees of plasticity 

were established in EMT subpopulations isolated from skin and mammary primary 

tumours (Pastushenko et al., 2018). This is an excellent model that elaborates on the 

relation between EMT and increased metastasis. Though the complete mechanisms 
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associating EMT and stemness is unclear, the association proposes that eradicating 

these potent metastatic cells would provide a promising target for cancer therapy to 

improve patient outcome. Data from recent research with EMT mechanisms have 

established the presence of these partial or incomplete EMT states seen during tumour 

progression in vivo (Yu et al., 2013; Pastushenko et al., 2018). Several studies have 

illustrated the significance and role of EMT in metastasis by downregulating or 

overexpressing the chief transcription factors of EMT: For instance, tumorigenic and 

metastatic potential in human breast cancer cells was enhanced by overexpressing 

SNAI2 along with SOX9 (Guo et al., 2012) and Spaderna et al., (2008) demonstrated 

that in mouse xenograft models, the transcription factor ZEB1 enhanced colorectal and 

breast cancer metastasis to liver and lung by suppressing the expression of cell polarity 

factors. The metastasis of highly metastatic mammary carcinoma cells to lung could 

be inhibited by the repression of expression of TWIST in those cells (Yang et al., 2004). 

Moreover, studies in mice have shown that migratory breast tumour cells undergoing 

EMT to spread and then reverse to an epithelial state (MET) upon metastatic extension 

(Beerling et al., 2016). The need for a MET step for metastatic colonization has been 

reported in clinical observations: while EMT is involved in invasion, dissemination, and 

extravasation, most metastases exhibit epithelial characteristics, this has led to the 

suggestion of the transient EMT model which has been validated in numerous 

experimental models (Beerling et al., 2016; Chaffer et al., 2006; Korpal et al., 2011; 

Ocana et al., 2012; Tsai et al., 2012; Ruscetti et al., 2015). These evidence however 

are mostly from cell lines cultured under condition on overexpression of EMT-TFs and 

xenograft models, and therefore do not precisely replicate the natural in vivo EMT 

process where cancer cells are much more capable of adopting a wide range of 

transitional EMT states.  
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Hypoxic stress not only regulates tumour immunogenicity, chemoresistance, and 

plasticity, it also promotes the invasion of healthy brain tissue, thereby constituting a 

major concern for GBM patients (Karsy et al., 2016). In this work it was shown that 

growing GBM cells under hypoxia can increase their migration and invasion potential. 

The cells that are grown under hypoxia expressed high levels of MMPs. Experimental 

works have shown that MMPs are regulated by TWIST, SNAIL and ZEB. However, 

these secreted factors are largely regulated under hypoxia by master transcription 

factors such as HIFs and NFB (this will be discussed later this chapter). Results 

presented in Chapter 3 show that all three GBM cell lines grown as spheroids also 

express high levels of MMPs such as MMP2, MMP7 and MMP9. This further indicates 

that hypoxia induced EMT is activated in the hypoxic core of the spheroids which also 

connects EMT firmly with stemness characteristics. Putting together all the findings 

about EMT and stemness and the link with hypoxia, it can be firmly concluded that the 

hypoxia induced stemness is derived from the EMT activation in GBM cell lines. 

However, these are only cell line models and not physiological conditions. Hence, the 

greater challenge that remains to the hypothesis that describes the association 

between EMT and stemness is the conflicted evidence that diverge between EMT and 

stemness. There is alternate evidence which indicate that high EMT activity leads to 

full cellular differentiation and eliminate plasticity and stemness, suggesting that the 

maintenance of CSC characteristics require the suppression of EMT features (Celia`-

Terrassa et al., 2012; Ocan˜ a et al., 2012; Schmidt et al., 2015). To explain these 

seemingly contradictory discoveries, a singular model has been proposed which states 

that the cells that are in the intermediate stage, not extreme epithelial or mesenchymal 

states, are more capable of attaining stem-like characteristics. Regarding this 

proportion, the high plasticity, and the greater potential to become stem cells are 
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demonstrated more in cells of intermediate EMT states which possess both epithelial 

and mesenchymal traits (Jolly et al., 2015). Several studies on prostate and breast 

cancer models of sphere-formation and tumorigenicity provided evidence to support 

this model (Mani et al., 2008; Ocan˜ a et al., 2012; Ruscetti et al., 2015). Research on 

ovarian cancer also supports this hypothesis; Ovarian cancer cells with hybrid 

phenotypes are multipotent and result in the expression of markers of other lineages 

and these cells raise different subsets of hybrid and differentiated epithelial cells 

leading to tumour heterogeneity and progression (Strauss et al., 2011).  

Although a great deal of research effort has concentrated on EMT, there is a lack 

understanding of the complete mechanism and pathological contribution of the EMT 

program in malignancy.  In various tissues both normal and cancerous, a diverse 

number of signals and molecules are known to activate EMT (Lu and Kang, 2019). The 

implementation of EMT is controlled via an intricate network of transcriptional 

regulators bound with post-transcriptional and post-translational modifications 

(Cursons et al., 2017; Stemmler et al., 2019; Tsai and Yang, 2013). Regardless of the 

enormous knowledge and understanding gained in recent years of research in EMT, it 

is likely that there are many more unrevealed significant components that are yet to be 

identified.  

To understand the critical role played by hypoxia linking EMT with stemness, it is 

essential to understand the roles of HIFs. HIFs are known to regulate several hundred 

genes under hypoxic stress which are involved in angiogenesis, migration, invasion, 

and regulation of apoptosis, cell cycle, senescence, and proliferation (Tirpe et al., 

2019). However, the clinical significance in alterations these genes in GBM remains to 

be better explored. HIF signalling pathways in the hypoxic cellular response and 
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regulation of gene expression within the hypoxic tumour microenvironment has been 

established through several studies. Extensive studies in several cancer types 

demonstrate that the activation of the HIF1 and 2 plays a role in the upregulation of 

EMT transcriptional factors TWIST, SNAIL, SLUG, and ZEB2 (Katoh et al., 2009; Sun 

et al., 2009; Welford et al., 2011). These transcription factors mediated by HIF 

signalling bind to promoters of effector genes such as cadherins, vimentin and 

occludins which regulate the EMT phenotype (Cheng et al., 2011; Yang and Wu, 2008; 

Lamouille and Derynck, 2014; Tang et al., 2019). The expression of TWIST is known 

to be directly regulated by HIFs because the promoter region of TWIST1 has an HRE 

binding site (Gort et al., 2008). Their speculated role in regulation and maintenance of 

CSCs and EMT phenotypes have been demonstrated in studies have shown that 

HIF1 upregulates several CSC related markers such as NOTCH, OCT4, NANOG, C-

myc and CD133 (Lee et al., 2019; Myszczyszyn et al., 2015; Joseph et al., 2015; Yin 

et al., 2013). HIF2 is also highly upregulated in CSC population in GBM, breast 

cancer, neuroblastoma, and renal cell carcinoma (Pietras et al., 2009; Peurala et al., 

2011). HIF2α is known to play a role in upregulation of migration and pluripotency-

related genes such as KLF4, OCT4 and SOX2 in malignant gliomas (Bhagat et al., 

2016). Moreover, unlike HIF1 which is expressed in both stem and no-stem 

compartments, HIF2 is predominantly expressed in GSCs (Li et al., 2009). Kim et al 

(2009) have shown that HIF2 directly regulates ZEB and SNAI1 to promote EMT 

activation in non-small cell lung cancer both in vitro and in vivo. 

The findings presented in chapter 4 showed that GBM cells transfected with HIF1 and 

HIF2 can drive various EMT related transcription factors. Both 

HIF1 and HIF2 upregulate SNAI2, TWIST and ZEB but not SNAI1. Similarly, for the 
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expression of MMPs it was shown in this study that HIF2 can regulate all three key 

MMPs that were tested in this study. It was also shown that HIF1  directs regulation 

of HIF2 but not vice versa indicating the master regulating effect of HIF1 on 

activating the effector genes of EMT through HIF2  

The cellular response to hypoxia not only relies on HIFs but also other transcription 

factors, we have observed that another important transcription factor NFB-p65 is 

highly upregulated in hypoxia-cultured GBM cells: Drs. Kannappan, Liu and Zhipeng 

Wang from our group have previously established the important role of NFB-p65 in 

sphere cultured GBM, breast cancer and liver cancer respectively. An extensive 

bidirectional crosstalk between NFB and HIF has been previously described in 

highlighting the important roles played by these two master regulators and the effect 

they have on downstream effector pathways. Koong et al (1994) were the first to report 

that hypoxia can activate NFB signalling in a PHD or IKK independent manner and 

other studies have demonstrated that HIF1α is regulated by NFB in a hypoxia 

dependent manner (Bonello et al., 2007; Rius et al., 2008; van Uden et al., 2008; Nam 

et al., 2011). When NFB is not present, no effective transcription, stabilisation or 

activity of HIF1α is seen, despite prolonged exposure to hypoxia (Kenneth et al., 2009; 

van-Uden et al., 2008). 

In this work, two clones of U373MG GBM cells ectopically overexpressed with NFB-

p65 (C1 and C4) and U373MG cell line knocked out of NFB-p65 with CRISPR-Cas9 

(C7 and C17) were used to elucidate the key mechanistic role of NFB-p65 in hypoxia 

mediated EMT and acquisition of stemness in GBM. The study has provided insights 

to the possible role of NFB-p65 in directly regulating the expression of EMT TFs and 
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MMPs or indirectly though HIFs. Results from chapter 4 clearly indicated that NFB-

p65 upregulated the expression of HIF1α and HIF2α in both overexpressed clones. It 

also demonstrated that the EMT-associated TF SNAI1 was regulated solely by NFB-

p65 but not by the HIFs. The findings collectively indicated that NFB-p65 could be the 

master TF that controls EMT and stemness related process under hypoxia. The fact 

that MMP9 is the only MMP upregulated by high NFB-p65 suggests that NFB may 

activate the invasion and migration of cells through HIF2α which can upregulate all the 

three MMPs. Similarly, for SNAI2 expression NFB-p65 may rely on HIF1α to execute 

the downstream factors. In addition to the above mentioned classical EMT-associated 

TFs, in GBM it has been shown that additional TFs such as STAT3, C/EBPβ and TAZ 

are associated with the mesenchymal phenotype (Bhat et al., 2011; Carro et al., 2010). 

Interestingly, a study has shown that the expression of STAT3, C/EBPβ and TAZ in 

patient-derived GSCs was inhibited by IBα-SR, indicating that these master 

mesenchymal transcription factors are regulated by NFB in GBM (Bhat et al., 2013). 

This finding indicates that NFB may act upstream of STAT3, C/EBPβ, and TAZ in 

mesenchymal transformation of GBM which promotes radiation resistance (Bhat et al., 

2013). 

It is well known that HIF proteins are mainly regulated at the post-translational level 

(Keith et al., 2011) and in addition, HIF1α expression can be regulated at the mRNA 

level through modulation HIF1 promoter activity by NFB (Van Uden et al., 2008) and 

loss of IKKβ was reported to lead to a defect in the induction of HIF1α target genes 

(Ruis et al., 2008). However, it has also been shown that, HIF1α can promote p65 

activity to induce secretion of inflammatory cytokines and chemokines that are 

dependent on NFB (Walmsley et al., 2005; Scortegagna et al., 2008). The findings 
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presented in this thesis and summarised in figure 6.1 here adds to the growing 

evidence that the extensive crosstalk between NFB and HIF pathways is central to 

promoting EMT and stemness, leading to aggressive MES phenotype of GBM under 

hypoxia (Yang et al., 2012; Cheng et al., 2011; Van de Sluis et al., 2010). 

As mentioned previously, EMT associated with cell stemness, metastasis, and therapy 

resistance makes it a good target for various therapeutic opportunities. The stemness 

properties, chemoresistance, and immune suppression caused by EMT could be a 

promising target to improve the efficacy of therapy and prevent the recurrence. In order 

to be localised at the metastatic organs to form the secondary metastatic cancers, the 

EMT cells also need to pass a reverse transition, MET (Banyard and Biedenberg, 

2015). Targeting components such as epigenetic regulators of EMT or MET could 

prevent interconversion between the epithelial and mesenchymal states of cancer cells 

and block cancer metastasis. On the other hand, recent studies in breast cancer and 

pancreatic cancer suggest that rather than inhibiting EMT or MET, a therapeutic agent 

designed to push tumour cells to an extreme EMT stage may lead to apoptosis of these 

cells (David et al., 2016; Ishay-Ronen et al., 2019). Since NFB is a key factor in 

regulating the EMT process, specific NFB inhibitors such as BAY11-7082 may be 

used to study its role. In a study by Wang et al. (2018) BAY11-7082 was used to study 

hypoxia-induced EMT in non-small cell lung cancer cell lines. In that study, they 

observed that inhibition of NFB resulted loss of EMT function indicated by 

downregulation of EMT-related markers SNAIL, N-cadherin, and vimentin and 

upregulation of E-cadherin (Wang et al.,2018). The results presented in Chapter 4 with 

the NFB-p65 knockout clones not only further confirms the interlink between hypoxia, 

EMT and stemness but also indicate that the crosstalk between NFB-p65 and HIFs 
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together seems to be the potential target for intervention of this mechanism. NFB-p65 

knock out clones were sensitive to TMZ and showed decreased EMT characteristics 

such as migration and invasion, most notably restoring the expression of E-Cadherin 

and suppression of N-cadherin and Vimentin. Several studies have shown evidence 

that NFB inhibition results in the reversal of chemoresistance in various cancers (Yu 

et al., 2018; Sun et al., 2017; Lan et al., 2015; Siveen et al., 2013; Cao et al., 2013; 

Sors et al., 2008; Cusack et al., 2001; Flynn et al., 2003; Guo et al., 2004; Banerjee et 

al., 2005; Kim et al., 2006). 

The ubiquitin-proteasome pathway has a central role in regulating the levels and 

activities of proteins in the cells via controlled degradation (Nandi et al., 2006). This is 

an essential process in regulation of cell cycle, transcriptional expression of genes, 

response to oxidative stress, cell survival and proliferation, ageing and apoptosis 

(Adams, 2003). Bortezomib, a proteasome inhibitor, was approved for the treatment of 

multiple myeloma by the FDA in 2003. However, due to acquired resistance and 

limitations in clinics, many second-generation proteasome inhibitors such as 

carfilzomib, ixazomib, oprozomib, delanzomib and marizomib were developed 

(Narayanan et al., 2020). Proteasome inhibition targets EMT, CSCs and stemness by 

several specific mechanisms including inhibition of NFB and its antiapoptotic 

machinery, inhibiting drug efflux mechanisms of CSCs and potentiating the anti-

cancer efficacy of other chemotherapeutic drugs by reversing or inhibiting drug 

resistance related proteins. 

Drug repositioning is an attractive short cut strategy for drug discovery that reduces 

the time and cost of drug development, compared with the traditional drug discovery 

approach (Nosengo, 2016). Recently high throughput screening assays have enabled 
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scientists to quickly identify old/currently used drugs which can be candidates of 

potential proteasome inhibitors (Inglese et al., 2007). The drug used in this study is DS 

which is an established inhibitor of NFB pathway via the inhibition of ubiquitin 

proteasome system (Skrott et al., 2017; Viola-Rhenals et al., 2018; Triscott et al., 

2012). Previously published findings from our research group and others have strongly 

evidenced the anticancer activity of DS in combination with Cu in different cancers, we 

have also shown the various possible mechanisms of DS induced cytotoxicity such as 

inhibition of ALDH, proteasome, NFB, MDR p-gp and ROS-MAPK mediated intrinsic 

pathway of apoptosis (Li et al., 2020; Yang et al., 2019; Skrott et al., 2018; Wang et 

al., 2017; Zembko et al., 2015; Liu et al., 2014; Triscott et al., 2012; Yip et al., 2011). 

DS is metabolized in the body to Diethyldithiocarbamate (DDC) which complexes with 

metal ions such as Cu or Zn which is demonstrated to be a major component of the 

anticancer activity of DS. DS or DDC when combined with Cu can instantly chelate the 

metal ion to form Copper-DDC complex CuDDC which has a phenotypic similarity to 

proteasome inhibitors (Lovborg et al., 2006). This finding led to the suggestion that one 

of the major anticancer mechanisms of CuDDC was proteasome inhibition, which leads 

to accumulation of poly-ubiquintinated proteins in the cytoplasm of the cells leading to 

apoptosis (Chen et al., 2006). However, recent findings have suggested that DS/Cu or 

CuDDC targets p97-NPL4 of ubiquitin proteasome pathway; the binding of CuDDC to 

the thiolate site in NPL4 adapter proteins results in the aggregation of NPL4 which 

further causes the deactivation of p97 segregase leading to accumulation of misfolded 

proteins in the endoplasmic reticulum leading to apoptosis (Skrott et al.,2017). It has 

also been shown previously, in many cancers, that DS/Cu effectively targets the CSC 

population via the inhibition of drug resistance mechanisms of CSCs (Butcher et al., 

2018; Wang et al., 2017; Tawari et al., 2015; Triscott et al., 2012). DS is also known to 
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be a specific inhibitor of pan ALDH isoenzymes and the corresponding ALDH activity 

which is a well-known universal marker of the CSCs (Yang et al., 2020; Sun et al., 

2020; Guo et al., 2019; Liu et al., 2013; Koppaka et al., 2012). 

 

 

 

 

 

 

  

 

Figure 6.1 Schematic summary of this study: Central role of NFB in hypoxia induced EMT 

and stemness makes it an attractive target to block EMT activation. Targeting NFB activation 

by DS/Cu mediated proteasome inhibition can reverse stemness, resistance, migration, and 

invasion of GBM cell lines. 

In this study, the ability of DS/Cu to effectively suppress hypoxia induced mesenchymal 

phenotypes expressing GSC characteristics via inhibition of NFB pathway was 

shown. The findings presented in Chapter 5 has shown that treatment with DS/Cu 

effectively inhibited NFB and reversed the BAX and BCL2 ratio from more anti-

apoptotic nature to a more pro-apoptotic state and effectively inhibited the CSC 

SNAIL,TWIST,SLUG,ZEB 
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markers ALDH and CD133. DS/Cu was shown to effectively eradicate the GSC 

population that was highly resistant to TMZ in the sphere reformation assays. It was 

also shown that treatment with very low nanomolar concentration (20nM) of DS was 

sufficient to inhibit the migration and invasion potential of hypoxia cultured GBM cells 

(Figure 6.1).  

DS has previously been shown to enhance the cytotoxic effect of several 

chemotherapy agents In vitro, such as cisplatin, gemcitabine, temozolomide, 

paclitaxel, docetaxel, cyclophosphamide, 5-fluorouracil, doxorubicin, sunitinib, and 

BCNU (Mandell et al., 2019; Yang et al., 2019; Lun et al., 2016; Ketola et al., 2012; 

Budman et al., 2002; Wang et al., 2003). Hence, in many clinical trials of different 

cancers DS has been tested as a co-adjuvant to achieve non-toxic effective doses that 

enhances the anticancer effect. A Phase II, multicenter, randomized, double-blinded 

study to assess the safety and efficacy of DS in combination with cisplatin and 

vinorelbine with a dose of 40mg DS 3 times per day showed improved survival, but 

eventually there were only two long term survivors (Nechushtan et al., 2015). Another 

phase I study, conducted to evaluate the safety and efficacy of DS with Cu alone or in 

combination with TMZ in GBM patients, showed a strong rationale for use of DS in 

recurrent patients resistant to TMZ, it was reported that patients had reversible 

neurological toxicities during this trial (Huang et al., 2016). Another open-label, dose 

escalation trial of DS was done in two cohorts of men with recurrent prostate cancer. 

DS was administered daily, and a minority of patients had transient global peripheral 

blood mononuclear cell demethylation changes, which is classed as epigenetic side 

effects induced by drugs under study. Given the toxicities, global peripheral blood 

mononuclear cell demethylation changes and no clinical benefits, the further clinical 

use of DS was not warranted in this population (Schweizer et al., 2013).  In another 
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randomized trial in cisplatin treated cancer, DS was used as co-adjuvant with groups 

receiving cisplatin alone or DS in combination with cisplatin. The outcomes concluded 

that addition of DS to cisplatin therapy increased the gastrointestinal toxicity and did 

not repeat the previously published reports of DS protecting patients from 

nephrotoxicity (Borch et al., 1979; Verma et al., 1990). To date more than 17 trials with 

DS has failed or terminated due to various outcomes.  

The major reason for failure of these clinical trials is the use of currently available oral 

version of DS which is used for alcoholism treatment in clinics. Due to the poor stability 

of DS in the circulation and its rapid degradation in the liver, the oral dosage form is 

ineffective in cancer treatment. Therefore, a more efficient drug delivery system is 

needed for the translation of DS into cancer therapeutics. Formulation or encapsulation 

of DS can protect or minimize the degradation in the physiological conditions, improve 

their circulation half-life and can significantly reduce its exposure in normal tissues 

avoiding toxicity issues. Encapsulated formulations of DS can also lead to the effective 

accumulation of intact DS molecule in tumour tissues and hence an effective complex 

with Cu can be formed.  

Following the findings of this study and previous studies in our group by Dr. 

Kannappan, in 2015, an in vivo experiment was conducted by our collaborators in 

China, using a PLGA encapsulated injectable version of DS and oral copper gluconate. 

The outcomes of this study showed that intravenous administration of PLGA-DS 

induced a very strong in vivo anti-GBM efficacy in both intracranial and s.c mouse 

models (in vivo data yet to be published in a peer reviewed journal along with in vitro 

data). This experiment by Chinese collaborators has also shown that DS-PLGA/Cu 

inhibited NFB and ALDH expression in GBM tissues in vivo and no systemic toxicity 
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to vital organs was observed. Although novel encapsulation materials might provide 

added benefits, using excipients that are approved by the FDA could minimize 

regulatory obstacles and lead to quicker approval or translation into the clinics. Our 

group has a patented technology to develop encapsulated DS using FDA-approved 

PLGA material which is widely used for encapsulation of many clinically used drugs 

and biodegradable materials.  

CONCLUSIONS:  

To conclude, this study has shown that hypoxic condition is the key factor that drives 

stemness in GBM cell line models via the activation of EMT signalling. Hypoxia induces 

the expression of EMT transcription factors such as Snail, Slug, Twist and Zeb which 

in turn drive the mesenchymal population with enhanced migration and invasion 

characteristics, along with stemness and resistance features.  Hypoxia activates the 

NFB pathway and NFB-p65 acts a pivotal transcription factor which regulates the 

expression of other EMT related transcription factors. NFB-p65 also regulates the 

expression of HIF1 and HIF2 which in turn modulate the expression of EMT and 

GSC characteristics. The study highlighted that NFB could be the key molecular 

target to reverse hypoxia induced EMT, stemness and resistance.  

The findings of this study also demonstrated the potential of repurposing the clinically 

used anti-alcoholism drug DS in combination with Cu to specifically target the NFB 

signalling in order to inhibit the hypoxia induced mesenchymal and stem-like 

phenotypes of GBM cell lines, eventually reversing the chemoresistance and invasive 

characteristics of GBM cells in vitro. DS/Cu has a great potential to be an effective anti-

glioblastoma agent and the development of an appropriate formulation is crucial for the 
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translation of DS to cancer clinic, especially to deliver the drug at therapeutic 

concentrations across the BBB. The strategy of nanoencapsulation of DS will provide 

optimal anticancer efficacy and reduce systemic toxicity translating DS into cancer 

clinics providing a potentially new treatment option for thousands of patients diagnosed 

with GBM every year.  
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