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Abstract 

 

Glioblastoma (GBM) has been identified as an extremely difficult tumour to treat owing 
to issues of heterogeneity, as well as the aggressive nature of the tumours’ growth. 
Despite current treatments using a combination of methods, treatment resistance 
contributes to their eventual failing. Therefore, alternative treatment methods are being 
explored. One such approach includes exploiting epigenetic targeting of key histone 
modifications. This investigation focusses on the Chromobox domain 2 (CBX2) 
protein, which has been shown to be overexpressed in several tumour types, including 
GBM. CBX2 is involved in histone modification, with it being hypothesised that the 
downstream effects of CBX2’s involvement include silencing of tumour suppressor 
genes. 
 
This study used both 2D and 3D models to evaluate the role of CBX2 within two GBM 
cell lines, U-87 MG and SNB-19. RNA interference, through siRNA knockdown, was 
used to silence CBX2 gene expression in a transient manner. Transfection of plasmids 
containing full length and chromodomain-depleted CBX2 were also used to cause 
overexpression of the molecule. The effects of changes to the CBX2 messenger RNA 
(mRNA) were evaluated using western blotting and RT-qPCR, so as to analyse the 
change in CBX2 expression at the protein and mRNA level, respectively. An additional 
first look at the differences of CBX2 expression within a static vs. continuous perfusion 
microfluidic device also took place, providing a starting point for future investigation of 
GBM and CBX2, and potentially any other gene of interest, within a more 
physiologically relevant model. 
 
Key observations included a reduction in cell number within the U-87 MG cell line 
following the transfection of siCBX2. At the mRNA level, CBX2 expression within SNB-
19 was also seen to be significantly reduced, compared to the siScr control, following 
transfection of siCBX2. CBX2 overexpression altered the expression of CBX2 
detected at the protein level, with western blots showing a molecule at 72kDa for the 
full length CBX2 plasmid and approximately 66kDa for the chromodomain-depleted 
CBX2 transcript, compared with the 52kDa molecule that was consistently detected in 
both GBM and breast cancer cell lines. Microfluidic experiments proved successful in 
maintaining spheroids on-chip for at least 96 hours, with no significant change in CBX2 
expression observed between static and dynamic models. 
 
In the future, it is proposed that the microfluidic devices can be used with patient-
biopsies so that a personalised response to therapy, standard or alternative, can be 
assessed in a way that helps plan treatment. Furthermore, the 3D models could be 
developed to incorporate more components and be used to better understand GBM 
biology and develop additional treatment strategies.  
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Chapter 1: Introduction 

 

1.1. Glioblastoma 

Within the clinical world, brain malignancies are considered to be a major problem, as 

some tumour types are particularly difficult to treat. These malignancies exhibit 

extreme aggressiveness, generally showing rapid proliferation, with further problems 

of heterogeneity and the acquisition of treatment resistance. Due to the relatively high 

morbidity, there is an urgent need for further research into brain tumour biology to 

improve treatment methodologies. 

 

1.1.1.  Background 

A glioblastoma (GBM) is a brain tumour seen almost exclusively within the brain or 

spinal cord. Previously referred to as ‘Glioblastoma Multiforme’, GBM is highly variable 

in nature, with multiple different glial brain cells being observed, however the 

classification was shortened to ‘Glioblastoma’ in the 4th edition of the World Health 

Organisation (WHO) Classification of Tumors of the Central Nervous System (CNS) 

(Louis et al., 2007). It has recently been reclassified by the WHO in the 5th edition of 

the Classification of Tumors of the CNS; GBM is now classed as a grade IV tumour 

possessing wildtype isocitrate dehydrogenase (IDH) enzyme and is considered one of 

the most highly aggressive forms of cancer (Louis et al., 2021). It is thought that GBM 

develops from astrocytes, neural stem cells, and oligodendrocyte precursor cells 

following multiple genetic mutations (Shao & Liu, 2018; Yao et al., 2018); however, the 

exact cellular origins are still disputed. GBM grows extremely quickly, making it 

imperative that treatment begins as quickly as possible following diagnosis. Studies 

investigating the growth rate of GBM reported a median percentage specific growth 

rate of 1.4% per day, with a doubling time for the tumour mass of 49.6 days (Stensjøen 

et al., 2015). In comparison, Triple Negative Breast Cancer (TNBC), also considered 

an aggressive form of cancer, has been shown to have a specific growth rate of only 

1.0% per day, with a tumour volume doubling time of 103 ± 43 days (Ryu et al., 2014; 

Lee et al., 2016). 
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1.1.2. Epidemiology 

GBM is one of the most common brain cancers seen, with up to 60% of such 

malignancies being identified as this type of tumour (Rock et al., 2012; Vitovcova et 

al., 2020). The prevalence rate of GBM in the United States of America varies between 

3.19 - 3.23 cases per 100,000 people/ year (Ostrom et al., 2013; Lukas et al., 2019; 

Ostrom et al., 2020). The number of cases of GBM is relatively low when compared to 

other solid malignancies such as breast cancer, which has an incident rate between 

93.2 – 130.8 cases per 100,000 people/ year (incidence rates of this tumour type vary 

greatly due to ethnicity) (DeSantis et al., 2019). However, GBM is particularly difficult 

to treat, owing to issues associated with the blood brain barrier (BBB), as well as 

tumour heterogeneity and therapy resistance which develop during treatment. As a 

result, patient survival is markedly lower when compared with other tumour types; 

furthermore, patient life expectancy following diagnosis has not significantly improved 

over the past 20-30 years (Tamimi & Juweid, 2017). 

 

Patient survival following diagnosis is between 12 - 15 months (Stupp et al., 2009; 

Koshy et al., 2012; Witthayanuwat et al., 2018), despite extensive treatment methods 

which generally include a combination of surgery followed by radiotherapy and/ or 

chemotherapy. Molecular profiling techniques are employed to determine the IDH 

status of the GBM brain tumour, the results of which provide information on the most 

likely outcome of the patient. Prior to the recent reclassification, it was thought that the 

majority of primary GBM tumours (approximately 90%) exhibited IDH wildtype status 

(Ohgaki & Kleihues, 2013; Kim et al., 2021); and are the most aggressive form of 

malignancies. In comparison, patient survival for those with metastatic TNBC falls at 

an average of 18 months, with a 5-year survival rate of only 10.81% of patients for 

those with this type of malignancy (Vagia et al., 2020; Hsu et al., 2022). However, the 

overall 5-year survival rates for TNBC patients, metastatic and non-metastatic cases, 

was seen to be much higher, at 81.28% (Hsu et al., 2022). 

 

The majority of GBM cases are seen within older people, with the median age of 

diagnosis being 64 years old (Ostrom et al., 2013). Additionally, more cases were seen 

in males than in females (in the USA), with incidence rates of 4.03 and 2.54 per 
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100,000 people, respectively (Ostrom et al., 2020). A previous study demonstrated the 

incidence rates of GBM within England, with more cases also observed with male 

patients, with an average incidence rate of 5.87 for men and 3.54 for women, over a 

5-year period (Brodbelt et al., 2015). Another consequence of the recent re-

classification of tumours of the CNS is that there is now a separate classification for 

pediatric-type gliomas of varying grades, even if they have the IDH wildtype, due to 

the significant clinical differences between adult and pediatric-type gliomas (Louis et 

al., 2021).  This study will focus on adult malignancies. 

 

1.1.3. Tumour Biology 

The biology of GBM is strongly influenced by the tumour microenvironment (TME), 

which provides an environment that generally aids tumour progression and 

development. The classification of GBM as an aggressive tumour is based upon 

multiple factors, including a high rate of cell division, and tumour invasiveness into the 

surrounding brain tissue, a key feature of many forms of glioma (Cuddapah et al., 

2014). An additional key hallmark of cancer demonstrated within GBM, is resistance 

to apoptosis, through the repair of DNA damage incurred during treatment (Krakstad 

& Chekenya, 2010). 

 

As the tumour grows rapidly, some areas within the tumour are likely to become 

restricted regarding the blood flow available, and as a result such areas do not have 

access to the normal oxygen levels and / or nutrient supply (Haar et al., 2012). Areas 

with low oxygen levels are known as hypoxic, which can trigger the development of 

cell necrosis, and this is associated with a poorer prognosis for the patient (Lin et al., 

2020; Yee et al., 2020). Hypoxic conditions are typically regarded to be around a 2% 

oxygen level (Kusanto et al., 2021), compared to about 20% in atmospheric air. 

Hypoxia can aid in the progression of the tumour through the angiogenic pathway, a 

key feature of tumorigenesis. Neo-angiogenesis, the production of new blood vessels, 

facilitates tumour progression by improving oxygen and nutrient delivery, allowing the 

tumour mass to increase further. Angiogenesis is a complex process, with one of the 

major contributors being Hypoxia-Inducible factor 1 (HIF-1α), which is produced in 

cells in response to a hypoxic environment, which causes ‘chaotic’ angiogenesis 
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(Zimna & Kurpisz, 2015). The accumulation of HIF-1α triggers the production of pro-

angiogenic factors, such as Vascular Endothelial Growth Factor (VEGF); this alters 

the balance of the angiogenic switch, allowing uncontrolled angiogenesis to occur 

(Jain, 2003; De Francesco et al., 2013; Zimna & Kurpisz, 2015). Alternatively, HIF-1α 

may also be produced independently from hypoxic areas by endothelial cells; 

accumulation of HIF-1α occurs following phosphorylation of profilin-1 at Tyr129, 

resulting in failed degradation of HIF-1α (Fan et al., 2014). 

 

However, tumour vasculature produced as a result of neo-angiogenesis is highly 

irregular, resulting in vessels that leak, reducing the effectiveness of drug delivery 

(Zanotelli & Reinhart-King, 2018). Recent research has been undertaken to identify 

possible anti-angiogenic therapies, targeting the development of new blood vessels 

as the tumour progresses in order to restrict further growth (Stacker & Achen, 2013; 

Wang et al., 2017a; Schulte et al., 2021). Such therapies include those looking to 

target pro-angiogenic factors associated with hypoxia-driven angiogenesis, e.g., the 

VEGF pathway. One highly explored example is bevacizumab, which has been 

employed in some treatment regimens to target VEGF, in an attempt to reduce tumour 

growth; bevacizumab binds to VEGF, inhibiting its function (Estrada et al., 2019). 

However, although approved by the FDA in the USA, bevacizumab is not approved by 

the National Institute for Clinical Excellence (NICE) for use in the UK; studies show 

that bevacizumab does not significantly improve overall survival for patients, with 

additional side-effects reported (Diaz et al., 2017). 

 

Hypoxia within the tumour has been linked to a poorer prognosis for those with the 

IDH wildtype of GBM, through mechanisms such as the suppression of immune cells, 

through interference with inhibitory receptors expressed by immune cells (Xiong et al., 

2021). For example, the receptors, PDCD1 and TIGIT have been identified as being 

inhibited, repressing the immune cell capabilities of tumour associated macrophages 

(Xiong et al., 2021). As well as promoting treatment resistance, hypoxia further 

promotes aggressive tumour growth through enhanced tumour invasion within the 

brain due to the chaotic nature of the vasculature (Monteiro et al., 2017; Roy et al., 

2020). 
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In addition to IDH wildtype, GBM commonly possesses other mutations, including, 

Epidermal growth factor receptor (EGFR) amplification, Telomerase reverse 

transcriptase (TERT) promotor mutation, and gross alterations to chromosome 7 (gain 

of material) and chromosome 10 (loss of material) (Brat et al., 2018; Stichel et al., 

2018; Louis et al., 2021). A study by Stichel et al. (2018) demonstrated that in most 

cases, a combination of at least two of these key mutations were seen in IDH wildtype 

GBM; the presence of all three genetic alterations was only seen in GBM and was a 

poor prognostic factor. 

 

1.1.4. Tumour Treatment 

1.1.4.1. Treatment Methods Currently Employed 

Despite continued research, there has been little in the way of progress in improving 

patient survival significantly over the last 2 decades. The current ‘best practice’, 

introduced following the Stupp protocol outlined in their 2005 publication, uses a 

combination of surgery, chemotherapy, and radiation for maximum effectiveness, with 

Temozolomide (TMZ) being the most effective chemotherapeutic agent seen (Stupp 

et al., 2005). 

 

As a result of TMZ inclusion, patients were shown to survive 14.6 months on average, 

an increase of 2.5 months, compared to just radiotherapy treatment, as observed 

through clinical trials (Stupp et al., 2005). Further progress has been made in recent 

years by the Stupp group, in which the addition of Tumour-Treating Fields to TMZ-

based treatment was able to further increase patient survival to 20.9 months, 

compared to 16 months for those subjected to a solely TMZ-based treatment (Stupp 

et al., 2017). Tumour-treating fields consist of applying low electric fields to areas of 

malignancy, which adversely affects the cell division of glioblastoma cells. However, 

minimal progress has been made overall towards the development of more effective 

treatment strategies. 
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Additional analysis into the advantages of TMZ inclusion has also been conducted by 

many, including the Witthayanuwat et al. (2018) group, who confirmed that patient 

survival increases when TMZ is used in addition to surgery and radiotherapy. 

Research has also been conducted using novel therapies in addition to TMZ inclusion, 

in an attempt to improve the current ‘best practice’. One such route has seen the 

development of OKlahoma Nitrone 007 (OKN-007), an anti-inflammatory molecule 

seen to aid in reducing cell proliferation (Towner et al., 2013). Use of OKN-007 has 

been shown to increase the effectiveness of TMZ and improve patient survival 

(Towner et al., 2019). Such studies are looking to not only reduce tumour growth, but 

to reduce instances of TMZ resistance that develop during treatment. A selection of 

recent experimental studies are briefly summarised in Table 1.1. The issues of TMZ 

(and chemo-resistance) are discussed further in Section 1.1.7. 

 

Table 1.1. Selection of experimental studies for improved treatment of GBM. 

Experimental study Purpose of the study Patients Findings/ outcomes of 
the study 

Wang et al. 
(2017b) 

Analysed the effects of using 
cisplatin alongside TMZ to enhance 
the effects of TMZ by inhibiting the 
DNA repair enzyme, O6-
methylguanine-DNA-
methyltransferase (MGMT). It was 
observed that TMZ effectiveness is 
increased in cases of reduced 
MGMT function. 

27 patients. 
Average age, 
56 years. 

Results of study are 
promising; however, 
there is a need for 
larger, randomised 
studies. 

Kim et al. (2018) To investigate the use of 
procarbazine and lomustine 
(CCNU) as a possible 
chemotherapeutic method for 
treating recurrent GBM. With the 
aim of treating the patient without 
including vincristine (PCV) as part 
of the treatment course, so as to 
reduce the side effects 
experienced by patients on PCV. 

8 patients. 
Median age, 
56.5 years. 

Demonstrated that 
the use of 
procarbazine and 
CCNU used in 
combination was not 
suitable for the 
treatment of GBM, 
due to adverse effects. 

Lesueur et al. 
(2019) 

Ongoing clinical trial. Using the 
Stupp model as the basis for 
treatment, the study focuses on 
testing the addition of a radio-
sensitising agent (Olaparib) to the 
current treatment method, in an 

Plan for the 
enrolment of 
79 patients. 

N/A 
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attempt to reduce instances of 
radio-resistance. 

Hanna et al. (2020) To determine the effects and 
viability of the use of Olaparib on 
the patient. 

48 patients. 
Median age, 
51 years. 

Olaparib was shown to 
successfully penetrate 
the tumour core. 
However, side effects 
of TMZ were 
exacerbated when 
used alongside 
Olaparib (intermittent 
dosing of Olaparib was 
required to reduce 
these effects). 
 
Models used to 
illustrate the effects of 
Olaparib required 
improvement. 

Compter et al. 
(2021) 

Analyse the benefits of 
chloroquine when used in 
combination with radiation and 
TMZ. With the aim of using 
chloroquine to target autophagy 
within the tumour and therefore 
reduce hypoxia within the 
malignancy. 
 
A benefit of the study includes the 
reduction of treatment resistance 
which may arise as a result of 
hypoxia. 

13 patients. 
Median age, 
58 years. 

Although issues with 
toxicity were observed 
following the use of 
high doses of 
chloroquine, the use 
of other autophagy 
targeting drugs, which 
look to inhibit and 
reduce instances of 
tumour hypoxia, 
should be explored. 

 

 

1.1.4.2. Surgical Issues 

The invasiveness of GBM contributes to the difficulty experienced during surgical 

removal of the tumour, as its diffuse nature prevents complete removal, due to tumour 

cells invading surrounding areas of the brain (Wilson et al., 2014; DeCordova et al., 

2020). The initial, primary tumour often spreads into the surrounding tissue, 

establishing a secondary tumour within the brain, seeding future GBM recurrence 

(Velásquez et al., 2019). Additionally, tumour location can restrict and prevent 

removal; GBM cells can often be found situated in key areas of the brain, such as 

those which control motor function, making it difficult to excise the malignancy (Davis, 

2016). In these instances, maximal safe resection takes place, in which the greatest 

amount of tumour which can be removed is resected during microsurgery; it has been 
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noted that the greater the proportion of tumour resected, the longer the patient is 

expected to survive following treatment, with overall survival increasing from 14.5 to 

18.4 months with incomplete and complete surgery, respectively (Haj et al., 2017). 

 

Several avenues of research have been conducted seeking to increase the 

percentage of tumour resected during surgery, including the introduction of MRI 

guided surgery (Senft et al., 2010). Maximal surgical resection, as well as a 

combination of radiotherapy and chemotherapy are employed for patients who can 

withstand these intense treatments. With the median age of diagnosis being 64 years 

of age, there are additional concerns regarding treatment for elderly patients with GBM 

(Ostrom et al., 2013). Due to the stresses of the aggressive treatment required, the 

potential benefits must outweigh the strain placed upon the patient for treatment to 

commence. For example, surgery will take place to remove the maximum amount of 

tumour, but additional therapies, such as chemotherapy and radiotherapy may not be 

employed; a study by Iwamoto et al. (2008) demonstrated that elderly patients were 

less likely to receive such treatments, and this was associated with poorer survival. 

Within the UK, a guide on the most appropriate treatment course for each patient is 

outlined by NICE (2018). 

 

However, the patient, following a discussion with their clinical care team, may choose 

to opt out of any ‘curative’ treatment, and in this case, would receive palliative care. 

Research conducted into the benefits of continuing to offer treatment to elderly 

patients demonstrated a positive impact on patient survival (Gállego Pérez-Larraya & 

Delattre, 2012). For example, a study by Ewelt et al. (2011) demonstrated that the use 

of complete surgical removal on elderly patients, as opposed to taking a biopsy only, 

improved patient survival from 2.2 months to 13.9 months. 

 

1.1.4.3. Reasons for Treatment Failure 

Although it has been determined that a combination of therapies provides the greatest 

benefit in terms of patient survival, issues with adjuvant radiotherapy and 

chemotherapy treatments have been observed. Specifically, instances of treatment 
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resistance have been frequently seen, as discussed later in Sections 1.1.6 and 1.1.7. 

Whilst most parts of the GBM tumour are sensitive to radiation and chemotherapy 

drugs, some parts of the tumour mass can develop treatment resistance (Qazi et al., 

2017). These resistant, unaffected cells are then able to continue growing at their 

normal rate, advancing the progression of the tumour through recurrence. Such issues 

are attributed to the high levels of cellular heterogeneity seen within GBM, resulting in 

varying levels of treatment sensitivity within the tumour (Massey et al., 2020). 

Research has been undertaken in which a more patient specific approach was tested 

to try and account for GBM heterogeneity, through the use of drug sensitivity and 

treatment resistance testing on cell cultures produced from GBM patient samples. A 

study by Skaga et al. (2019), utilised biopsies taken from GBM patients to establish 

cell cultures, from which patterns of treatment resistance were identified, indicating the 

most effective drugs for each patient from which the biopsy was derived. The Skaga 

group have since furthered their investigation of TMZ treatment sensitivity using 

patient biopsies to establish Glioblastoma stem cells for high throughput testing of 

TMZ, confirming the clinical relevance of their model (Skaga et al., 2022). Crucially, 

this model was able to predict patient survival based on TMZ sensitivity, as well as 

showing the heterogenous nature of GBM with TMZ sensitivity. The more recent study 

by Skaga increased the patient cohort from 10 in the previous study, to 51 patients, 

enabling an improved investigation of GBM. 

 

Despite extensive efforts using the Stupp method, even with complete/ maximal 

surgical removal (Figure 1.1), tumour recurrence is invariably observed, a problem 

compounded by therapy resistance (Rapp et al., 2017; Goenka et al., 2021). 
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1.1.4.4. Future Treatments 

Despite some minor improvements in treatments, alternative methods are being 

sought to improve patient survival and quality of life further, for those afflicted with this 

debilitating cancer. One route of research looks to explore epigenetic alteration as a 

therapeutic method. However, research is currently in the early stages, with the clinical 

benefits of epigenetic regulation of the tumour yet to be explored. Epigenetics and 

GBM will be discussed in depth in Section 1.2. 

 

1.1.5. Heterogeneity 

As stated above, much of the difficulty in treating GBM has been attributed to the high 

level of heterogeneity within the tumour; both inter- and intra-heterogeneity has been 

observed. Intra-tumoral heterogeneity is where the tumour has sub-populations of 

cells with different genetic mutations (Becker et al., 2021); with instances of spatial 

intra-tumoral heterogeneity commonly being observed (Lukas et al., 2019). 

Consequently, each of the sub-groups react differently to various treatments. Although 

some mutations promote a greater sensitivity to treatments, others lead to higher 

Figure 1.1. Magnetic Resonance Imaging (MRI) of a patient’s brain pre- and post-operation (24 
hours post-operation), in which maximal resection of GBM has occurred (Shukla et al., 2017). 
Tumour position highlighted in red on the MRI scan, pre- and post- surgery. 
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levels of resistance. For example, the EGFR mutation has been linked to enhanced 

treatment resistance; with varying levels of EGFR expression being present across 

distinct tumour subpopulations, leading to differing levels of treatment sensitivity within 

the tumour mass (Eskilsson et al., 2018). Previous work by Eskilsson highlighted the 

impact of the presence of EGFR mutations, with an increase in angiogenesis being a 

key contributor to tumour progression as a result (Eskilsson et al., 2016). Another 

crucial observation by Eskilsson et al. (2016) was the emergence of different EGFR 

mutations further along in the tumour development, demonstrating the ever-changing 

target for treatment. 

 

The extent of cellular heterogeneity within GBM was explored by Patel et al. (2014) 

who utilised single-cell RNA sequencing to analyse GBM in the context of tumour 

heterogeneity, by isolating and sequencing full length transcriptomes obtained from 

cells from resected GBM tumour tissue. The group identified variability in the  

intertranscriptional relationships between the cells analysed,  demonstrating variability 

across the cells, with multiple subtypes of cells present within each sample. A more 

recent study by Xiong et al. (2020) also utilised single-cell RNA sequencing data, 

obtained from the Gene Expression Omnibus (GEO) database, determining that the 

greatest heterogeneity observed in GBM patients is caused by inter-heterogeneity. 

This study focused on analysing the different cell subtypes present, as well as key 

features such as cell communication to determine levels of heterogeneity across 4019 

cells which had been obtained from primary GBM patients exhibiting IDH (Xiong et al., 

2020). 

 

1.1.6. Radioresistance through Cancer Stem Cells 

It has been observed than Cancer Stem Cells (CSC) play a role in regenerating the 

tumour following unsuccessful treatment attempts. These stem cells are able to 

regenerate damaged cells, promoting a fresh ‘wave’ of new tumour cells able to 

proliferate and grow. Bao et al. (2006) demonstrated that CSC show targeted 

activation of key features of the cell cycle, specifically the DNA damage response 

checkpoint. Through control of this response, in which damaged cells are arrested at 

the DNA damage response checkpoint, DNA repair of cells is encouraged; if this 
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process becomes dysfunctional, CSC allow uncontrolled proliferation, producing cells 

with ‘damaged’ DNA. Additionally, Bao et al. (2006) showed that CSC can repair 

tumour cell DNA that has been damaged during radiotherapy treatment, renewing the 

cells affected by ionising radiation treatment and conferring radio-resistance. A recent 

study by Liu et al. (2020) confirmed the radioresistant properties of CSC in GBM, also 

showing that such stem cells are capable of conferring greater radioresistance in 

response to treatment through DNA damage repair; the control of the response was 

linked to greater CD44 expression by the malignant cells. 

 

CD133 has been identified as being a key biomarker of CSC in gliomas, with its 

presence being linked to increased levels of tumorigenesis and promotion of cellular 

regrowth of tumour cells following radiotherapy and chemotherapy (Bao et al., 2006; 

Li, 2013; Barzegar Behrooz et al., 2019). Furthermore, it has been observed that CSC 

which possess the CD133 marker have a greater ability to prevent tumour cells from 

undergoing apoptosis (Angelastro & Lamé, 2010); a second hallmark of cancer. 

Preliminary investigations have taken place, targeting CD133 positive CSC in order to 

reduce the radio- and chemo-resistant tendencies of this cell population, with one 

study identifying the benefits of using CAR-T immunotherapy for this purpose (Vora et 

al., 2020). 

 

1.1.7. Chemotherapy Drug Resistance 

Treatment resistance has been observed in response to chemotherapy, aiding in 

continued tumour survival and proliferation (Wu et al., 2021). As with radioresistance, 

some forms of chemotherapy resistance have been attributed to areas of hypoxia 

(Haar et al., 2012; Doktorova et al., 2015; Zheng et al., 2021). Such resistance has 

been associated with the morphology of hypoxic regions, in which inadequate blood 

flow prevents the chemotherapy agent from gaining access to malignant cells in these 

parts of the tumour mass. Instances of abnormal vasculature have also been linked to 

chemoresistance through mediation of endothelial cell plasticity which drives the 

production of irregular blood vessels (Huang et al., 2016). In addition to issues of drug 

delivery, other studies have identified key markers, which when controlled/ inhibited 

by hypoxic regions, can result in increased levels of chemoresistance. For example, 
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in GBM, the microRNA miR-137, thought to act as a tumour suppressor, has been 

seen to be inhibited as a result of hypoxia and consequently results in reduced 

sensitivity to chemotherapy, specifically in response to TMZ (Li et al., 2020). 

Additionally, it has been noted that hypoxia within the tumour can trigger the 

development and production of CSC within the tumour (Ahir et al., 2020), leading to 

the problems highlighted in Section 1.1.6, in particular instances of radioresistance. 

 

Consequently, hypoxia poses a major challenge when treating GBM as it not only 

promotes chemoresistance, but also encourages re-growth of the tumour following 

treatment. Examples of chemoresistance which have been observed include that of 

GBM resistance to the anti-angiogenic treatment, bevacizumab. The use of 

bevacizumab to treat GBM is limited, with studies outlining no significant improvement 

in overall patient survival when used in conjunction with the standard method of 

treatment (Chinot et al., 2014; Gilbert et al., 2014). A further look at the possible 

reasons for the chemoresistance observed following bevacizumab use, demonstrated 

possible links with hypoxia. One such study outlined the interplay between hypoxia 

inducible protein 2 (HIG2) and HIF-1α, demonstrating that when HIG2 expression is 

elevated, as induced by bevacizumab treatment, expression of HIF-1α is also 

increased, in turn leading to increased levels of VEGF and consequential pro-

angiogenesis (Mao et al., 2016). The cause of resistance to bevacizumab was also 

explored by Carvalho et al. (2021) who analysed the effects of bevacizumab on 40 

patients. This study identified c-Met and VEGFR2 as having a negative impact on 

tumour progression following bevacizumab treatment, with overexpression of these 

factors linked to reduced time before tumour progression takes place. As such, the 

impact of tumour heterogeneity is further highlighted. 

 

Alternative routes of research have been conducted, in which the abnormal 

vasculature within tumours was targeted in an attempt to reduce the effects of an 

insufficient blood supply on chemoresistance during cancer treatment (Shen et al., 

2019). Thalidomide was seen to increase the ‘normal’ vasculature in murine models 

of breast and colorectal cancer, allowing improved delivery of the chemotherapeutic 

agent, improving effectiveness, and aiding in the suppression of tumour growth; 
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achieved through control of pro- and anti- angiogenic factors (Shen et al., 2019). A 

recent meta-analysis demonstrated that GBM patients treated with Thalidomide 

showed no major treatment benefits, compared to those treated with bevacizumab 

(Wang et al., 2016). As such, hypoxia remains a problem during GBM treatment. 

 

Most notably are issues of chemoresistance in relation to TMZ use. Despite being the 

current preferred chemotherapy drug, several instances of chemoresistance have 

been identified, reducing the effectiveness of this treatment (Shi et al., 2017). As such, 

the mechanisms by which this resistance occurs are being analysed in order to find 

possible therapeutic targets and diagnostic markers to reduce instances of 

chemoresistance when TMZ is employed. Such as, the use of the agent OKN-007 in 

conjunction with TMZ, as mentioned in Section 1.1.4.1, which was seen to provide 

increased sensitivity to otherwise TMZ-resistant tumours (Towner et al., 2019). 

Alternative routes of research have looked to identify markers which increase 

instances of chemoresistance when overexpressed, such as long-coding RNA SBF2 

antisense RNA 1 and the circular RNA, ASAP1; such markers could be used as 

prognostic markers and targets for therapy during treatment (Zhang et al., 2019; Wei 

et al., 2021). 

 

1.1.8. Tumour Models 

1.1.8.1. 2D Cell Culture Models 

To investigate GBM, as with any malignancy, appropriate tumour models are needed. 

Cell culture methods are chosen for their ability to provide a mechanism for which cell 

biology can be observed, studying the interaction between cells with and without 

treatment. Through these mechanisms, testing of new therapeutic methods on tumour 

cells can be performed and observed. In this investigation, established cell lines were 

utilised. Using human GBM cell lines, 2D and 3D culture methods can be performed 

through the continued maintenance of cells. The use of 2D cell culture has become 

prevalent in the initial stages of cancer research, with cells being used in the 

identification of new and innovative treatment methods, as well as the testing of new 

drugs (Edmondson et al., 2014; Du et al., 2018). 

 



15 
 

2D cell culture models provide an easily reproducible system for modelling a basic 

representation of the tumour, through the use of long-established cell lines. The use 

of cell lines is a relatively inexpensive modelling method, requiring minimal 

maintenance to sustain consistent cell growth, allowing for experiments to be repeated 

with little variability between cell samples (Kapałczyńska et al., 2018; Brüningk et al., 

2020). Cell lines can be purchased and maintained for several years by periodically 

freezing down cells at a low passage number for storage in liquid nitrogen. 

Additionally, minimal equipment is required for 2D model maintenance, whereas 3D 

models or indeed microfluidic devices require many more components, such as 

specialist flasks or syringe pumps for example. 2D cell cultures use cell lines 

established from patient-derived tumours and can be maintained and grown for 

several weeks as a monolayer of cells in a sterile flask on treated tissue culture flasks 

or plates, usually being incubated at 37˚C in an environment of air with 5% CO2, with 

little cell-cell interaction (Li & Cui, 2014; Liu & Chen, 2018; Brüningk et al., 2020). Due 

to their relatively low purchase and maintenance costs, cell lines provide a good 

starting point for initial tests on new therapeutic methods. Following 2D analysis, 

further tests usually now progress to 3D cell culture methods, which better model the 

patient’s tumour in vivo. 

 

However, all models have their limitations, the most prominent of any 2D model is its 

inability to mimic the TME correctly, due to the omission of key features, such as the 

Extracellular Matrix (ECM), characteristics of which profoundly affect the response of 

cells to stimuli, including that of therapeutic procedures (Bahcecioglu et al., 2020). 

Within a patient’s tumour, multiple and varying cell types are seen, creating a unique 

TME in which the cells interact with one another as well as the ECM. It is within the 

tumour mass that these interactions alter factors such as cell proliferation, gene 

expression, tumour progression, and sensitivity to treatment. Specifically, the ECM is 

responsible for the control of migration and invasion of glioma cells during tumour 

progression, with proteins such as proteoglycans primarily responsible for regulating 

the movement of cells across the ECM (So et al., 2021). The TME of GBM consists of 

a vast array of components, including astrocytes, neurons, CSC, hypoxic regions, as 

well as the BBB, which together control features such as tumour growth, angiogenesis, 

evasion of the immune system, as well as tumour invasion (Bar, 2011; Tomaszewski 
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et al., 2019). With the lack of ECM as well as the fact that the majority of 2D models 

comprise a single cell type, such models are unable to provide an accurate 

assessment of tumour response to treatment, and so cannot be solely relied upon. 

 

Although 2D culture models are still currently used during early stages of drug 

development it is well-established that results gained often do not translate to effective 

drug treatment, as seen during clinical trials (Edmondson et al., 2014; Wong et al., 

2019). Therefore, the move towards more widespread use of 3D cultures is taking 

place. It has been noted, in a study of colorectal cancer cell lines, that 2D and 3D 

models react differently to radiotherapy and chemotherapy, with 3D models offering 

more resistance, reflective of an in vivo response (Koch et al., 2021). Due to the high 

prevalence of resistance observed in GBM, the use of 3D models may elicit a more 

accurate response to treatment and extensive work is being undertaken to develop 

and test these systems (Brancato et al., 2020). 

 

1.1.8.2. 3D Cell Culture Models 

As outlined above, there is a transition from 2D to 3D models, due to the clinical 

benefits observed during cancer drug and treatment development (Bahcecioglu et al., 

2020; Fitzgerald et al., 2020; Jensen & Teng, 2020; Van Zundert et al., 2020). One 

factor that 3D cell models can begin to model is the spatial aspect of the TME. 3D 

models have been able to demonstrate improved cell-cell interactions, as well as cell 

interaction with the ECM, compared to a 2D system (Aihara et al., 2016; Neufeld et 

al., 2021). The inclusion of these factors is crucial when developing new therapeutic 

techniques and testing new cancer drugs as this will improve the success rate seen 

when progressing from initial 2D and 3D models to clinical trials (Edmondson et al., 

2014). Successful translation of pre-clinical to clinical drug trial success has been 

observed to be as low as 5% for anti-cancer therapeutics, indicating a need for 

improved tumour models during pre-clinical testing (Hutchinson & Kirk, 2011; 

Malakpour-Permlid & Oredsson, 2021). 
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Multiple 3D models have been developed using many different technologies and 

approaches; spheroids and organoids are some of the most common, both of which 

are capable of improving the interaction seen between cells when communicating in 

vivo (Chitturi Suryaprakash et al., 2020; Doctor et al., 2020; Huang et al., 2020). 

Spheroids are as described, a spherical mass which can be encouraged to form from 

cells in a ball-like structure, from either one cell line or a combination of cell types. 

Whereas organoids are a more complex 3D structure, formed from cells or tissue (or 

both), capable of replicating the cellular process of the tissue, for a more accurate 

model. However, organoids require more components in order to promote cell-cell 

signalling and organoid growth, for example, the use of an ECM (Rossi et al., 2018). 

 

For example, recent research has seen the development of models such as cerebral 

organoids; this model utilises glioma stem cells alongside cerebral organoids to 

encourage the development of patient-derived tumours within the organoid mass for 

use as a drug screening model (Linkous et al., 2019). 3D models can be broadly 

separated into scaffold-based and scaffold-free systems, which can be produced using 

various techniques (Doctor et al., 2020). Commonly used models for scaffold-free 

spheroids utilise Ultra Low Adhesion (ULA) plates (example seen in Figure 1.2.A), the 

hanging drop method, as well as continuous agitation techniques in which the cells 

are prevented from adhering to the surface of the plates used (Foty, 2011; Santo et 

al., 2016; Ryu et al., 2019; Franchi-Mendes et al., 2021; Luo et al., 2021; Javed et al., 

2022). 
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Alternatively, scaffold-based models may be used, including hydrogels, organoids, 

and bio-printed models (Krieger et al., 2020; Paolillo et al., 2021; Unnikrishnan et al., 

2021). A key feature of scaffold-based systems, as the name suggests, is the inclusion 

of a frame around which an ECM-like structure can form. It is hypothesised that this 

improves the mimicking of the TME, compared with structure-less methods, allowing 

features such as hypoxic regions to be generated (Unnikrishnan et al., 2021; Valdoz 

et al., 2021). For example, hydrogels can be employed to act as a scaffold when 

producing multicellular spheroids (example shown in Figure 1.2.B), providing a 3D 

external ECM framework for improved cell-cell interactions. Multicellular spheroids 

also better mimic the TME, as heterogenous areas can develop (Nath & Devi, 2016). 

 

A recent study by Bruns et al. (2022) demonstrated the use of spheroids held in 

hydrogels to analyse the effects of TMZ on GBM cell lines, by maintaining the 

spheroids in culture for 7 days. For this investigation, the aim was to study altering the 

Figure 1.2. Examples of 3D models. A) Production of spheroids using Ultra-Low Adhesion 
plates – a scaffold-free method. B) The use of a hydrogel matrix to act as a framework to 
encourage the formation of spheroids – a scaffold-based method. Figure produced using 
BioRender. 
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stiffness of the hydrogels to mimic the various structures of the brain, and thereby 

observing any effects this had on spheroid response to TMZ, by measuring cell viability 

and invasion (Bruns et al., 2022). It was observed that hydrogel stiffness did affect 

TMZ penetration into the spheroids, with TMZ affecting cell viability to a greater degree 

in the spheroid core in the softer gels, suggesting that tumour composition, such as 

the stiffness of the ECM, may impact treatment effectiveness. Alternative methods, 

such as electrospinning have been utilised to produce an ECM-like scaffold in order 

to replicate the GBM structure (Unal et al., 2020). Within this study, electrospinning 

was used to form scaffolds with nanofibers, with models demonstrating enhanced cell 

adhesion and communication. 

 

The TME is particularly difficult to replicate due to several key features, namely, the 

heterogenous nature of tumours, with multiple cell populations present within a tumour 

mass; substantial heterogeneity is also observed between the tumours of different 

GBM patients. The morphology of the tumour also poses a problem as the core 

frequently becomes necrotic due to areas of low oxygen (Bahcecioglu et al., 2020). 

Similarly, as with areas of low oxygen, there are also areas of low nutrient supply within 

the tumour (Bahcecioglu et al., 2020). Although 2D cells grow effectively in a 

monolayer formation on a flask, this is not representative of the TME, due to the 

constant access to media, which provides the nutrients required of the cells, as well 

as a limitless oxygen supply, thus allowing for undisturbed growth (Brüningk et al., 

2020; Atat et al., 2022). However, the nature of spheroids allows for the production of 

a necrotic core as the spheroid forms and grows, enabling hypoxia to be represented; 

it has been observed that tumour spheroids develop the oxygen and nutrient gradients 

seen within the TME (Hirschhaeuser et al., 2010; Brüningk et al., 2020). As such, the 

spheroid model provides a more accurate representation of how the tumour would 

react in vivo to the treatments employed, including issues of treatment resistance 

which are often seen with GBM (Nunes et al., 2019). 

 

As they develop, spheroids produce layers which give rise to the varying gradients 

observed; a hypoxic and necrotic core, followed by a layer of viable but quiescent 

(inactive) cells, and finally surrounded by an outer layer of proliferating cells which 
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remains in contact with the media (Nath & Devi, 2016). Crucially, this layer of 

proliferating cells provides an opportunity to observe the effects of treatment on 

spheroid growth. This 3D structure better mimics the TME which can be seen in vivo, 

with areas of necrosis, as a result of metabolic waste build-up and poor vasculature, 

with proliferation seen throughout the tumour (Kim, 2005; Nath & Devi, 2016). The 

inclusion of hypoxic regions within the spheroids provides the opportunity to study the 

chemoresistance observed during treatment which occurs due to the presence of 

hypoxic regions (Doktorova et al., 2015; Ma et al., 2021b). The hypoxic regions 

present within spheroids are illustrated in Figure 1.3, which shows the necrotic centre 

of spheroids, surrounded by the layer of live, proliferating cells, as indicated by live-

dead staining. The introduction of cellular heterogeneity is more representative of the 

in vivo environment, particularly the intra-tumoral variations observed in relation to 

sensitivity to treatment methods which often affects treatment success. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

1.1.8.3. Xenograft Model 

Alternative tumour models include xenografts, in which either tumour cells or patient-

derived tumour tissue are implanted into immunocompromised specimens and 

allowed to grow (Richmond & Su, 2008). Following tumour growth, analysis can be 

performed; the tumour’s reaction to treatment can be observed as it would react in 

Figure 1.3. Example image of a spheroid. A) Live-dead stain of a spheroid. Following 
incubation with fluorescein diacetate (FDA), which stains live cells green, and propidium 
iodide (PI), which stains dead cells red (Sennett, 2019). B) Diagrammatic representation of a 
spheroid. The different layers of the spheroid are highlighted. Figure 1.3.B. produced using 
BioRender. 
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vivo within the patient, enabling the effectiveness of various drugs, including drug 

delivery, to be observed. This is primarily due to the model including mouse 

vasculature surrounding the tumour, which greatly effects the effectiveness/ delivery 

of drugs administered, thus providing a more accurate representation of the TME.  

 

Often, mice are chosen in this instance due to some physiological similarities seen 

between mice and humans. There are a number of autologous mouse models. Such 

as Genetically Engineered Mice (GEM), a well-established model which utilises a 

mouse tumour, rather than an implanted GBM tumour. Despite several limitations of 

GEM, including reproducibility and therefore variability between mice, such models do 

have a fully intact immune system (Fomchenko & Holland, 2006; Sahu et al., 2022); 

the tumours are encouraged to grow within GEM, which are then targeted by the 

mouse’s own immune system, alongside any additional treatment methods being 

tested. For xenografts, it is crucial that immunocompromised mice are selected for 

use, as this will allow for the xenograft model to develop without the murine immune 

system rejecting the foreign tumour cells (Morton & Houghton, 2007; Okada et al., 

2019). However, the immunocompromised nature of this mouse model may negatively 

impact the results, due to the removal of an effective immune response; thus, the TME 

response is not truly reflective of tumour presence/ growth. 

 

Whilst often seen as subcutaneous xenograft mouse models, an intracranial xenograft 

mouse model has been used in a similar study to demonstrate the effects of altering 

CBX2 expression on tumour growth (Wang et al., 2021). This group utilised a mouse 

model to house U87 cells which had undergone CBX2 knockdown, observing a 

reduction in tumour growth. Other examples of the use of xenograft models in GBM 

include that of a study by Zhang et al. (2021) which focussed on the analysis of 

pericytes and their possible effects on chemoresistance in GBM patient-derived 

xenografts following TMZ administration, through the DNA damage repair mechanism.  

 

A key factor in the use of animal models is the need for ethical approval to be sought 

prior to research taking place, however this can also be said for the use of primary 
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human cells. Despite this, subcutaneous xenograft mouse models are considered an 

excellent tool in drug development. 

 

1.1.8.4. Development of Microfluidic Devices 

In recent years, research has been directed towards the development of microfluidic 

devices able to hold resected tumour tissue ex vivo, in an in vivo like environment 

(Cheah et al., 2010; Bower et al., 2017; Riley et al., 2019; Olubajo et al., 2020). Some 

examples of devices are shown in Figure 1.4. As such, tumour tissue can be analysed 

whilst being subjected to various treatments, including chemotherapy and 

radiotherapy, the aim usually being to find the most effective drug, drug combinations, 

or radiation dose (Hattersley et al., 2012; Carr et al., 2014; Cheah et al., 2017; 

Kennedy et al., 2019). The ability to test resected tumour tissue provides an important 

step towards a personalised and time-sensitive model capable of identifying the best 

treatment course for each patient. In addition to this, analysis has been conducted in 

determining the ability of microfluidic devices to move towards improving the 

replication/ representation of tumour heterogeneity ex vivo, with Head and Neck 

Squamous cell carcinomas and GBM tumours being investigated in this context 

(Kennedy et al., 2019; Olubajo et al., 2020). Kennedy et al. (2019) demonstrated that 

radiotherapy treatment could be applied to resected tumour tissue, maintained on a 

microfluidic device for 68 hours, and was able to reduce cell proliferation. Whilst 

Olubajo et al. (2020) maintained resected GBM tissue on chip for 72 hours, showing 

through analysis of biomarkers and tissue morphology that cell viability was 

successfully maintained on chip. 
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A key feature of most/ all microfluidic devices containing tissue, is that of continuous 

perfusion which enables a constant flow of media to be supplied to the cells/ tissue 

held within the chamber of the chip (Hung et al., 2005; Kimura et al., 2008; Tanweer 

et al., 2013). Whilst a constant flow of fresh media is supplied, the waste materials and 

media produced are also removed to prevent a build-up. The effluent produced can 

also be used to monitor the tissue responses. By collecting the effluent periodically, 

such as every 24 hours, the viability of the cells can be analysed/ tested for using 

viability and cell death assays throughout the tissue maintenance period within the 

device. Through collection of effluent, the use of microfluidic devices has shown to be 

able to maintain cell viability and prevent cell death over periods of 4-12 days. 

Figure 1.4. Examples of microfluidic devices which used tissue biopsies. A) Microfluidic device 
designed to hold live-sliced tissue in place, with inlet and outlet tubes for media perfusion (Riley 
et al., 2019). B) Microfluidic device for the maintenance of resected tumour tissue which is held 
within the central chamber (3mm central column) (Hattersley et al., 2011). C) Example of a 
microfluidic set-up with pump system used to perfuse media over tissue held within a 
microfluidic chip (Olubajo et al., 2020). 
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Several analytical methods such as Lactate Dehydrogenase (LDH) and Annexin V 

(AV) have been used to determine cell viability and cell apoptosis, respectively (Riley 

et al., 2019; Olubajo et al., 2020). Further apoptotic markers used include Cytochrome 

C, which is released from cells undergoing apoptosis and can therefore be used to 

observe levels of cell death during maintenance as well as after treatment (Hattersley 

et al., 2012; Carr et al., 2014; Rana et al., 2022). Once the maintenance period is 

complete, the tissue itself can be analysed using trypan blue to determine cell viability 

of the tissue (Riley et al., 2019). Additional tests include cell staining using Propidium 

Iodide (PI) to quantify cell death (Bahmani et al., 2011; Bower et al., 2017). Such 

assays are useful tools for analysing the effectiveness of the microfluidic device in 

maintaining cell viability, as well as the efficacy of chemotherapy agents and 

radiotherapy on tumour tissue. 

 

Microfluidic devices can also be used to hold spheroids-on-a-chip, allowing for a 

dynamic 3D model (Petreus et al., 2021) enabling research to be conducted prior to 

working with tumour tissue. Spheroids-on-a-chip can also be utilised as a hypoxia 

model by combining the characteristics of spheroids along with enhanced replication 

of the TME through microfluidics (Refet-Mollof et al., 2021). Within this field, groups 

have looked to develop different chip designs for microfluidic devices. By reconfiguring 

the central chip chamber and overall design, the chip can be used to hold spheroids 

and/ or resected tumour tissue, or indeed act as the model for whole organs, 

maintaining samples ex vivo, in an in vivo environment. For example, lung-on-a-chip 

models have been designed to replicate the organ to replicate the in vivo response to 

treatment; as modelled by one example shown in Figure 1.5 (Zhang et al., 2018; 

Shrestha et al., 2020). The use of organ-on-a-chip models can be used as part of drug 

development during the pre-clinical research stage (Kimura et al., 2018; Ma et al., 

2021a). 
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Although microfluidic devices capable of holding patient tissue are widely considered 

to be the gold standard tumour model, there is a limit to the amount of tumour tissue 

that can be resected. Additionally, in many cases insufficient material would be 

available for the study, thus preliminary investigations would commonly use 3D models 

to provide both basic static and dynamic conditions. When sufficient tumour tissue is 

available, the tissue can be maintained within a microfluidic device as either lump 

tissue, typically around 10mg, or as tissue slices, sliced at 350μm thickness and cut 

using a biopsy punch at 5mm diameter (Riley et al., 2019; Olubajo et al., 2020). Slice 

tissue is generally preferred where possible as this provides a more reproducible and 

consistent method, as well as providing a cross-section of the tumour sample. 

 

Various brain cancer chips have been developed by several groups, using different 

types of microfluidic devices to maintain patient derived cells for testing and 

observation ex vivo. Akay et al. (2018) collected tumour tissue from GBM patients and 

dissociated the sample, after which, the cells were loaded into the microfluidic chip 

and maintained whilst being subjected to TMZ and bevacizumab. Previously, this 

group used the same microfluidic chip with GBM cell lines for the purpose of drug 

screening; crucially the chip design used was capable of allowing multiple channels of 

different drugs and drug concentrations to flow over the cell model encased within the 

Figure 1.5. Example of lung-on-a-chip model. Three channels are used to mimic the in vivo TME; 
namely, the relationship between alveoli and capillaries within the lung (Zhang et al., 2018). NP 
= Nanoparticles. 



26 
 

chip (Figure 1.6) (Fan et al., 2016). When maintained successfully, these cells could 

be analysed post-treatment to measure the response to the drugs used. An example 

of another microfluidic device developed as part of GBM treatment research, includes 

that of a microfluidic chip able to house a collagen hydrogel embedded with cells within 

its central chamber, with a focus on replicating pseudopalisade formation (a key 

histopathological feature of GBM) (Ayuso et al., 2017) so as to observe their effect on 

varying levels of nutrients and oxygen seen within tumours, and therefore the effect 

on tumour progression. 

 

 

 

 

 

 

 

 

 

Further applications of microfluidic chip use have seen the addition of tumour 

characteristics to the microfluidic devices in order to improve the TME representation, 

including that of the BBB (Xu et al., 2016; Wang et al., 2017c). Such microfluidic 

models look to represent the effects of the BBB on tumour sensitivity, as the BBB has 

shown to have a significant effect on whether various treatments can access the 

tumour (Shergalis et al., 2018). This is due to the regulatory properties of the BBB, 

controlling the exchange of substances across the barrier, between the blood and the 

brain (Wang et al., 2017c). As such, drug delivery and therefore effectiveness may be 

analysed with greater accuracy if the BBB can be incorporated into the model, as 

demonstrated by Campisi et al. (2018) who created a vascular network capable of 

Figure 1.6. Multichannel microfluidic chip for testing multiple drugs simultaneously on GBM 
cells. The GBM cells used are encouraged to form spheroids on the chip (using hydrogel). The 
hydrogel layer contains the multiple channels within the chip, through which the different drugs 
can flow over the spheroids held in place (Fan et al., 2016). 
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testing the efficacy of drug delivery in vitro. A further factor that needs to be considered 

is the effect of shear stress, the force applied to the sample held within the device. As 

such, an ‘ultimate’ microfluidic model for GBM would comprise a BBB and the ability 

to measure and alter shear stress (Chen et al., 2021); two features usually missing in 

static models. Shear stress can affect the viability of the tissue within, as well as the 

required flow rate of media perfused over the sample. 
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1.2. CBX2 

Due to the complexity of GBM and the subsequent difficulty in its treatment, alternative 

treatment options are being sought, including that of epigenetic targeting. Epigenetic 

factors have the ability to promote or suppress tumour progression. By targeting 

epigenetic modifications to stop them from promoting tumour progression, or indeed 

increase their suppressive effects, tumour development may be reduced, aiding 

traditional treatment methods. 

 

1.2.1. Epigenetics 

Epigenetics is the control of gene expression through alterations which do not change 

the fundamental DNA sequence. Gene expression alteration may occur through 

histone modification, DNA methylation, or through non-coding RNA (Audia & 

Campbell, 2016). 

 

The DNA nucleosome core is comprised of 147 base pairs (bp) of DNA, which wrap 

around an octamer of histone proteins; this octamer is made up of two of each of four 

histones, H2A, H2B, H3, and H4 (MacAlpine & Almouzni, 2013) (Figure 1.7). Histones 

provide the structure of chromatin; chromatin is comprised of a mixture of DNA and 

proteins which in turn makes up the structure of chromosomes found within cells. 

Through chemical modification of the amino acid tails that make up histone proteins, 

DNA transcription can be controlled through the switching of chromatin between the 

heterochromatin and euchromatin states (Figure 1.8). When in the heterochromatin 

form, DNA is transcriptionally inactive due to the tight coil formation of the chromatin, 

in which the transcription machinery, including RNase Polymerase II, cannot get 

access to the promoter regions of the DNA (Li et al., 2007; Morrison & Thakur, 2021). 

Conversely, when in the euchromatin form, chromatin is loosely packed so that the 

promotor is accessible, enabling the transcription of genes (active state) (Li et al., 

2007; Morrison & Thakur, 2021). As such, gene expression can be controlled by the 

active state of chromatin, with gene expression being activated when euchromatin is 

present and silenced/ inactivated when chromatin is in the heterochromatin state. 



29 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. The histone octamer core. Containing two copies of each of the following molecules: 
H2A, H2B, H3 and H4. Amino acid tails protrude from the core histones. The histone tails are 
rich in  lysine (K) and arginine (R). Figure produced using BioRender. 

Figure 1.8. Chromatin structure. A) Chromatin in the transcriptionally inactive, heterochromatin 
state – closed structure. B) Chromatin in the transcriptionally active, euchromatin state – open 
structure. Figure produced using BioRender. 
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It is through these histone complexes that histone modification can occur, as the amino 

acid tails which are joined to the inner histone core of the histone protein (Figure 1.7), 

can be altered through the addition or removal of certain chemical moieties, including 

acetyl, methyl, and phosphate groups. Post-translational modifications (PTM) are 

most frequently seen on the N-terminal of the histone tails, with the protruding amino 

acid tails consisting primarily of lysine (K) and arginine (R), with serine (S) and 

Threonine (T) also present (Sidoli & Garcia, 2017). Referred to as acetylation, 

methylation, and phosphorylation (removal of groups denoted using ‘de-‘ as a prefix 

to each of these), alteration of the amino acids of the N-terminal tails through these 

PTM can be used to control the active state of chromatin (Gan et al., 2015). 

 

Another key PTM is that of ubiquitination, during which ubiquitin is added to the 

histone, facilitated by E3 ligase, often seen in relation to the H2A histone (Barbour et 

al., 2020); ubiquitination of H2A (H2Aub) is linked to oncogenic effects, through gene 

silencing (Zhang et al., 2017). The addition of the methyl group may be seen as mono-

, di-, or tri-, in which one, two, or three groups are added, the presence of each are 

often linked to different functions (Zhang et al., 2013). However, depending on which 

amino acid is methylated, the gene affected may vary. Typically, methylation is 

associated with gene silencing. For example, silencing of the LHX6 gene is induced 

by methylation within pancreatic cancer, promoting tumour growth (Abudurexiti et al., 

2020). 

 

Key chromatin enzymes are utilised to facilitate PTM changes, which are known as 

writer, reader, and eraser proteins (Biswas & Rao, 2018). As the name suggests, the 

writer proteins are capable of adding PTM to the amino acid tails, whereas the eraser 

proteins remove them. Reader proteins are used to identify key PTM present within 

the amino acid tails, so that such modifications can be used to cause either activation 

or silencing of gene expression. It has been noted that a combination of these proteins, 

or indeed those which hold both writer and reader abilities are used to regulate and 

maintain the chromatin status, and therefore can control the active state of the 

chromatin through PTM (Zhang et al., 2015). As such, these tails may become targets 
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for modifications in order to alter the transcriptional activity of the histone, which 

controls specific genes. 

 

In cancer, the properties of histone modification are utilised in order to promote tumour 

growth and progression. During ‘normal’ practices, both heterochromatin and 

euchromatin are seen naturally within cells, promoting gene silencing and gene 

activation where required. However, in cancer, the levels of heterochromatin and 

euchromatin are altered to enable tumour progression, by switching on factors which 

drive cancer growth and switching off tumour suppressors; both chromatin states are 

used to maximise tumour development. Specifically, cell growth and survival genes 

are seen to be transcriptionally active and in their euchromatin state, whereas it is 

thought that tumour suppressor genes are in their heterochromatin state and are 

therefore transcriptionally inactive and ‘switched off’, due to gene silencing through 

epigenetic regulation (Yu et al., 2008). 

 

There is evidence of histone modifications being altered in different cancer types, with 

studies focussing on key modifications which have been linked to cancer progression. 

For example, H3K9 methylation was shown to increase treatment resistance in 

prostate cancer (Baratchian et al., 2022). Other histone modifications linked to cancer 

include an increase in levels of H3K20me3 (tri-methylation of H3 at Lysine 20), which 

is associated with bladder cancer; this may serve as a prognostic marker for patients, 

with elevated levels of H3K20me3 associated with a poorer prognosis (Schneider et 

al., 2011). 

 

Crucially however, epigenetic alteration is not a permanent change, and so a key 

factor of therapeutic methods using epigenetic modification focusses on ‘switching’ on 

or off specific genes which may have been shown to promote tumour progression. 

Studies have shown that epigenetic regulation may offer an alternative method of 

treatment for tumour types which cannot be treated effectively using current methods. 

For example, histone deacetylase inhibitors have been utilised to reverse the effects 

of the eraser, histone deacetylases, which have been linked to the inhibition of tumour 
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suppressors, promoting tumour development (Parbin et al., 2014). With the addition 

of histone deacetylase inhibitors, tumour progression is slowed as a result of increased 

apoptotic events within the tumour (Li & Seto, 2016). 

 

1.2.2. PRC1 Complex 

The Polycomb Repressive Complex 1 (PRC1) holds a key role in gene expression, 

through the transcriptional regulation of genes during development. The PRC1 

complex consists of four sub-units; Really Interesting New Gene (RING) proteins, 

Polycomb Group Factor (PCGF) proteins, Human Polyhomeotic Homolog (HPH) 

proteins, and Chromobox (CBX) proteins. There are several versions of each sub-unit. 

There are two possible RING proteins, with six orthologs of the PCGF protein, 

additionally there are three HPH proteins, along with five possible CBX proteins 

observed within the PRC1 complex (Levine et al., 2002; Tajul-Arifin et al., 2003; Gao 

et al., 2012; Geng & Gao, 2020), as illustrated by Figure 1.9. The RING proteins have 

E3 ligase activity which facilitates ubiquitination of H2AK119 (Taherbhoy et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Components of the PRC1 complex. PRC1 complex comprised of four sub-units, 
RING, HPH, PCGF, and CBX proteins; with multiple versions of each sub-unit. Figure adapted 
from Waters (2019). 



33 
 

Due to the many sub-units of the PRC1 complex, there are multiple variations which 

can occur, the different combinations of which are thought to regulate the expression 

of different genes (Connelly & Dykhuizen, 2017). Studies into the effects of various 

PRC1 components are being conducted in search of possible therapeutic targets, due 

to the epigenetic regulatory effects of the PRC1 complex. Different factors of the PRC1 

complex have been seen to be overexpressed, or in some cases, downregulated, 

promoting tumour progression through factors such as histone modification, for 

example (Nacerddine et al., 2012; Li et al., 2013; Koppens & van Lohuizen, 2016; 

Freire-Benéitez et al., 2021; Zheng et al., 2022). Some examples include CBX1 and 

CBX3, both of which have been shown to be overexpressed within hepatocellular 

carcinoma, with their function linked to increased cell proliferation (Yang et al., 2018; 

Zhang et al., 2022). 

 

One key CBX protein is CBX2. When present within the PRC1 complex, CBX2 can 

recognise and silence specific genes by utilising histone modification of euchromatin 

to heterochromatin to ‘switch’ off gene expression by causing that gene to be 

transformed into its transcriptionally inactive state (Ma et al., 2014; van Wijnen et al., 

2021). Acting in the capacity of an epigenetic reader protein, it has been determined 

that CBX2 directs the PRC1 complex to recognise the histone, H3 Lysine 27 which 

has undergone tri-methylation (H3K27me3) (Figure 1.10). 
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H3K27me3, which is deposited by a secondary epigenetic regulator, Polycomb 

Repressive Complex 2 (PRC2), also plays a role in gene expression. It is the PRC2 

complex which causes tri-methylation of H3K27, which is then recognised by the 

PRC1 complex (Raby et al., 2020). Of the PRC2 complex, it is the Enhancer of zeste 

homolog 2 (EZH2) sub-unit which completes this function (Figure 1.11). 

Figure 1.10. The process by which CBX2 switches off gene expression. 1) CBX2, part of the 
PRC1 complex, recognises H3K27me3. 2) The RING protein, part of the PRC1 complex, 
ubiquitinates H2AK119 which condenses chromatin and switches off gene expression. 
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H3K27me3 binds to the chromodomain component of CBX2 within the PRC1 complex 

(Gil & O'Loghlen, 2014; Aranda et al., 2015). Following this, the RING protein then 

directs the PRC1 complex to ubiquitinate the histone, H2A Lysine 119 (H2AK119); 

both tri-methylation of H3K27 and ubiquitination of H2AK119 are associated with the 

repression/ switching off of gene expression (Bogliotti & Ross, 2012; Zhang et al., 

2015). These events culminate in the condensing of chromatin to heterochromatin, 

making the chromatin transcriptionally inactive and ‘switching off’ gene expression, 

linking the presence of CBX2 to the silencing of specific genes. 

 

With multiple CBX proteins observed, depending on which is present within the PRC1 

complex, different regions within the chromatin which house H3K27me are targeted 

by the PRC1 complex. Together, the PRC1 and PRC2 complexes act as effective 

epigenetic regulators. 

 

1.2.3. CBX2 

The CBX2 protein has begun to be analysed in its capacity as an epigenetic regulator 

during cancer progression, specifically its possible ability to promote tumour growth 

and progression through silencing of key tumour suppressor genes. Key features of 

Figure 1.11. Components of the PRC2 complex. PRC2 complex comprises three sub-units, EZH, 
EED, and SUZ12 proteins; with two possible versions of the EZH sub-unit. 
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the protein, CBX2, suggest that it can direct and is responsible for PTM within the 

histone, causing targeted gene suppression. As such, epigenetic regulation is being 

explored for its possible applications as a therapeutic method. 

 

Expression of the PRC1 component CBX2, has been identified as being elevated in 

several tumour types, including, breast cancer, gastric cancer, as well as in gliomas, 

and more specifically in GBM (Zheng et al., 2019; Wang et al., 2021; Zeng et al., 2021; 

Li et al., 2022). As a result of the overexpression of CBX2, studies have observed 

increased cell growth and proliferation and consequently reduced patient survival 

(Zheng et al., 2019). The tumorigenic properties of CBX2 have been linked to multiple 

pathways which promote factors such as tumour proliferation, progression, and 

invasion, including that of the YAP/β-catenin pathway, which is activated in the 

presence of elevated levels of CBX2 (Zeng et al., 2021). CBX2 has also shown to 

upregulate tumour proliferation through YAP within hepatocellular carcinoma (Mao et 

al., 2019). A study by Wheeler et al. (2018) demonstrated the effect of CBX2 on high 

grade serous ovarian carcinoma through knockdown of CBX2 expression in cell lines. 

The study looked to explore the relationship between CBX2 expression and 

occurrence of anoikis within the tumour. It was determined that elevated levels of 

CBX2, as seen within this form of ovarian carcinoma, promoted the avoidance of 

anoikis within cells, reducing cell death, and consequently promoting tumour growth 

and proliferation (Wheeler et al., 2018). Crucially, this study observed that by reducing 

CBX2 expression, cell proliferation was reduced, with additional benefits of a greater 

sensitivity to chemotherapy also observed. 

 

CBX2 has also been analysed as an oncogenic driver within lung adenocarcinoma, 

with the knockdown of its expression both within in vitro and in vivo models 

demonstrating reduced tumour proliferation (Hu et al., 2022). The group also identified 

a link between CBX2 and EZH2, which both work to inhibit tumour suppressors; EZH2 

is associated with histone methylation and transcriptional repression. 

 



37 
 

With CBX2 identified as an oncogenic driver, studies have started to look at the 

application of epigenetic regulation on reducing/ increasing CBX2 expression to further 

analyse its function, as well as the possibility for the protein to act as a therapeutic 

target. For example, a study by Bilton et al. (2022) demonstrated that CBX2 gene 

silencing in breast cancer is targeted towards tumour suppressors in order to promote 

tumour growth and progression; specifically, the tumour suppressor, Retinoblastoma-

like protein 2 (RBL2). 

 

Having observed elevated levels of CBX2 in gliomas, research has been directed 

towards the role of CBX2 within gliomas using epigenetic alteration to alter gene 

expression; knockdown of CBX2 expression conducted using short hairpin RNA 

(shRNA) (Wang et al., 2021). This group determined that a reduction in CBX2 

expression, as facilitated by shRNA transfection agents, was able to reduce tumour 

proliferation and invasion. Additionally, it was seen that when expression of CBX2 was 

reduced, a knock-on effect was that of reduced activation of the Akt/PI3K pathway; 

this suggests a possible therapeutic target by which tumour proliferation can be 

reduced. The effect of gene silencing on tumour growth was observed in in vitro, 2D 

cell culture models, using the U-87 MG cell line for knockdown experiments and LN299 

cells for CBX2 overexpression analysis. The effect of gene silencing was also 

observed in mice following addition of U-87 MG cells transfected with the knockdown 

agent into the mice brains; reduction in CBX2 expression demonstrated reduced 

tumour growth within the murine model (Wang et al., 2021). Thus, there is potential 

for the use of CBX2 as a target for treatment within GBM, by ‘knocking down’ the 

expression of CBX2, causing a reduction in GBM proliferation. 
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Research Aims and Objectives 

The aim of this study is to analyse and determine the role of CBX2, an epigenetic 

regulator, within GBM, with the longer term objective of understanding any therapeutic 

potential in modulating this molecule. The work will use 2D and 3D cell models derived 

from the U-87 MG cell line, a well characterised mammalian GBM cell line. 

 

The specific objectives for this study include an in-depth analysis of how CBX2 affects 

the growth of various brain cancer cell lines. This will be achieved through: 

1) Validation of CBX2 protein (Western blot) and gene (RT-qPCR) knockdown in 

GBM cells using distinct CBX2 targeting siRNA. 

2) Validation of CBX2 overexpression in GBM cells via transfection of plasmid 

constructs which express CBX2. 

3) Investigation of changes to GBM cell behaviour (i.e., proliferation and death) 

following CBX2 knockdown and overexpression. 

4) Preliminary analysis of changes in CBX2 expression in GBM spheroids 

maintained in a microfluidic device compared to static culture. 
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Chapter 2: Materials and Methods 

 

2.1. Tissue Culture 

The human GBM derived cell lines, U-87 MG (ECACC 89081402) and SNB-19 

(ECACC 09063001), were selected for use within this study. Cell lines were obtained 

from the European Collection of Authenticated Cell Cultures (ECACC) and stored in 

liquid nitrogen until required. The GBM cell line U-251 MG was purchased from 

ECACC, however, cell line authentication using short tandem repeat (STR) profiling, 

completed by NorthGene (NorthGene™, 2022), identified the cell line as SNB-19, and 

this nomenclature is used throughout the thesis. As SNB-19 is also a glioma cell line 

it was used in addition to U-87 MG (Welch et al., 1995). Additional cell lines used were 

the breast cancer cell lines: MDA-MB-231 (human breast adenocarcinoma), MCF7 

(human breast adenocarcinoma), and T47D (human breast tumour) (ECACC, 2022). 

 

2.1.1. Cell Maintenance 

All cell handling was performed under sterile conditions within a Biological Class II 

safety cabinet (ESCO, Singapore). All instruments and equipment used within the 

hood were sterilised using 2% (w/v) Virkon and 70% (v/v) ethanol. All sterile 

plasticware was purchased from Sigma-Aldrich, UK, and Sarstedt, UK, unless stated 

otherwise. 

 

The U-87 MG and SNB-19 cell lines were cultured in Dulbecco's Modified Eagle 

Medium (DMEM); containing 4.5 g/L Glucose, stable L-Glutamine, as well as sodium 

pyruvate and sodium bicarbonate, purchased from Lonza, UK. For both cell lines, 

DMEM was supplemented with 10% (v/v) Foetal Bovine Serum (FBS) (Labtech, UK) 

and Penicillin-Streptomycin (final concentration of 0.1 U/ml and 0.1 mg/ml, 

respectively; purchased from Cytiva, UK). Additionally, sodium pyruvate (final 

concentration of 1mM, Lonza) was added to the DMEM for the SNB-19 cell line to aid 

growth. Roswell Park Memorial Institute (RPMI) 1640 Medium, purchased from Lonza, 

was used for the breast cancer cell lines, T47D, MCF7, and MDA-MB-231. The RPMI 

media contained L-Glutamine and was supplemented with FBS and Penicillin-
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Streptomycin, as above. All supplements were added to the media using 20ml Luer 

syringes (BD Plastipak™, UK, Ref: 300613) and 0.22µm PES syringe filter (Sartorius, 

Germany). Cell lines were maintained at 37˚C in a 5% CO2 atmosphere. The sub-

culture routine was performed as per the instructions given by ECACC, requiring cells 

to be at 70-80% confluency before cells could be split. Cells were maintained within 

sterile, polystyrene, T75 flasks, with a growth surface of 75cm2. Cells were removed 

from the tissue culture flasks using trypsinisation, for which, 1x Trypsin (0.025%)/ 

EDTA (0.01%) (Gibco, USA) was used. Prior to trypsinisation, media was allowed to 

warm to 37˚C in a water bath (Stuart, SWB series, UK) to encourage cell growth. 

 

When performing trypsinisation, all DMEM was removed from the flask and cells were 

gently washed in Phosphate Buffered Saline (PBS) to ensure all media was removed. 

The PBS was discarded before an appropriate volume of Trypsin/ EDTA was added. 

A rule of 1ml of Trypsin/ EDTA per 25cm2 of flask growth space was used, therefore 

3ml of Trypsin EDTA was added when using T75 flasks. The flask was then incubated 

at 37˚C in a 5% CO2 atmosphere for a minimum of 5 minutes (no more than 10 minutes 

incubation to prevent cell death). Once the cells had fully dissociated from the flask 

wall, an equal volume of DMEM was added to the flask to neutralise the enzymatic 

action of trypsin. The cell suspension was then centrifuged for 3 minutes at 400 

Relative Centrifugal Force (RCF) to form a pellet using a Centrifuge 5702 

(Eppendorf®, UK). The pellet was finally resuspended in 4ml of fresh DMEM, and 1ml 

of cell suspension was then added to each new flask along with 19ml of fresh media 

(1:19). The flask was returned to the incubator to allow cells to continue growing. 

 

Cell lines were routinely frozen down and stored in liquid nitrogen to maintain low 

passage numbers; cells below passage 20 were considered low enough to freeze, 

with cells being used up to passage 40 before a new batch of cells was obtained from 

storage. Cells were suspended in a solution of 10% (v/v) Dimethyl sulfoxide (DMSO) 

(Fisher Scientific, USA) and 90% (v/v) FBS to aid cell survival during freezing and 

thawing. 
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2.1.2. Cell Counting 

The number of cells present must be counted when setting up 2D short interfering 

RNA (siRNA) knockdown and plasmid overexpression experiments, when analysing 

the number of cells present following 2D siRNA knockdown and plasmid 

overexpression, as well as during the formation of spheroids. Cell counting was 

performed using an improved Neubauer haemocytometer (Hawksley, UK). Cells 

were obtained for counting as described in 2.1.1. Once in pellet form, the 

supernatant was removed, and the cell pellet was then re-suspended in 2.5ml of 

fresh media. By pipette, 10µl of the cell suspension was obtained and placed into a 

0.5ml Eppendorf tube. Trypan blue (10µl) (Cytiva) was then added to the Eppendorf 

tube and the sample mixed by gentle pipetting. A haemocytometer and cover slip 

were cleaned using 70% ethanol before the cover slip was secured to the 

haemocytometer; the sample was then loaded onto the haemocytometer and 

analysed under a microscope. The cells present within the 4 outer grids of the 

haemocytometer were counted (Figure 2.1). Only live, white, cells were counted; any 

blue, dead cells identified from the uptake of Trypan blue were not counted. 

Following use, the haemocytometer and cover slip were cleaned using 70% ethanol. 
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The following calculation was used to calculate the number of cells/ml of cell 

suspension: 

𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 ×  
𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑
 𝑥 104

= 𝐶𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑐𝑒𝑙𝑙𝑠/𝑚𝑙) 

 

Example of calculation, with a cell count of 299 cells: 

299 × 
2

4
 ×  104 = 1.495 × 106 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 

 

The dilution factor is 2 due to the equal quantities (10μl) of cell suspension and trypan 

blue used. 

Figure 2.1. Representation of a haemocytometer grid with cells. The squares which were 
counted are highlighted in red. Cells which were touching the lines were counted, so that only 
the cells on the North and East (top and right) sides were counted, preventing duplicates. Cells 
stained with trypan blue; dead cells stained blue, with live cells remaining unstained. Figure 
produced using BioRender. 
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The number of cells per ml of suspension was then used to determine the quantities 

of cell suspension and media needed to obtain the required number of cells for the 

formation of spheroids and 2D knockdowns. 

 

2.1.3. Formation of Spheroids 

As the 3D model of choice, spheroids were selected for use for their improved 

representation of the TME (Brüningk et al., 2020). Spheroids were produced using 

both the U-87 MG and SNB-19 cell lines, as well as all three breast cancer cell lines, 

MDA-MB-231, MCF-7, and T47D. For the formation of spheroids, 96-well ULA plates 

(Corning, UK) were employed. Cells were harvested and counted as described in 2.1.1 

and 2.1.2, and the cell suspension diluted to the required concentration. For the U-87 

MG cell line, 20,000 cells per well were required for each spheroid, whereas the SNB-

19 cell line required 35,000 cells per well. All three breast cancer cell line spheroids 

were made up with 20,000 cells per well. The media required to dilute the cell 

suspension was calculated using the following equation (example included): 

 

Result of cell count – 1.495 x 106 cells/ml 

1.495 × 106

20000 × 10
− 1

= 6.475 𝑚𝑙 (𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑚𝑒𝑑𝑖𝑎 𝑡𝑜 𝑏𝑒 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 1𝑚𝑙 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛) 

 

This calculation gives a solution of 2.0 x 105 cells/ ml (the calculation was altered as 

required for cells which required more cells/ well). To form the spheroids, 100µl of the 

cell suspension was loaded into the individual wells of a 96-well ULA plate, equivalent 

to 20,000 cells/ well (Figure 2.2). To reduce evaporation of the media, 100µl of sterile 

PBS was loaded into the outer wells of the 96-well plate. 
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The plate was then incubated at 37˚C in a 5% CO2 atmosphere for 72 hours to allow 

spheroid formation to occur (Figure 2.3). The spheroids were then used as part of 3D 

siRNA knockdown and microfluidic experiments; the spheroids will continue to grow 

for as long as is required, but will plateau in size after approximately 12 days, allowing 

changes in cell growth and protein expression to be observed. When maintaining the 

spheroids longer than 72 hours, additional media was added to replace any 

evaporated media. For example, 72 hours after the initial loading of cells, 100µl of 

fresh media was loaded into each well. Subsequently, every 2 or 3 days 100µl of media 

was removed from each well and replaced with 100µl of fresh media; so as not to 

exceed the volume of the well. 

 

Figure 2.2.  Representation of loading pattern for PBS and cell suspension into 96-well 
ULA plate (Corning), for spheroid formation. Figure produced using BioRender. 
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2.2. siRNA Knockdown 

U-87 MG and SNB-19 were transfected with siRNA to achieve CBX2 mRNA 

knockdown. Custom scrambled-siRNA (siScr) and three CBX2-targeting siRNA were 

obtained from Sigma-Merck, with siScr acting as a non-targeting negative control. 

The three CBX2-targeting siRNA used were siCBX2 #1, siCBX2 #3, and siCBX2 #4, 

which were also used as part of the Bilton et al. (2022) study (Table 2.1). 

Transfection of cells with siRNA was facilitated by the addition of Invitrogen™ 

Lipofectamine™ RNAiMAX Transfection Reagent (Thermofisher, UK). The 

transfection of siRNA knockdown agents using Lipofectamine RNAiMAX has also 

been performed by other research groups to analyse the role of genes/ proteins 

(Dominguez-Sola et al., 2007). 

 

 

 

Figure 2.3. Visual representation of spheroid formation. Cells loaded into a single well of a 96-
well ULA plate (Corning) (left), followed by the formation of the spheroid after 72 hours of 
incubation at 37˚C in a 5% CO2 (right). As an example, the U-87 MG cells formed spheroids 
between 0.6 – 0.75mm after 72 hours of incubation. Figure produced using BioRender. 
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Table 2.1. Sense and antisense strand sequences of custom siRNA. 

siRNA Sequences 

Sense strand 

Sequence (5' - 3') 

Antisense strand 

Sequence (5' - 3') 

siScr UUCUCCGAACGUGUCACGU ACGUGACACGUUCGGAGAA 

siCBX2#1 AGGAGGUGCAGAACCGGAA UUCCGGUUCUGCACCUCCU 

siCBX2#3 GCAAGGGCAAGCUGGAGUA UACUCCAGCUUGCCCUUGC 

siCBX2#4 CAAGGAAGCUCACUGCCA UGGCAGUGAGCUUCCUUG 

 

Transfection of siRNA targeting CBX2 was performed on 2D and 3D cells. Using 

CytoOne® RNase free 6-well plates (Starlab, UK), cells were loaded onto the plates 

at 150,000 cells/ well for the 2D model. Spheroids were produced for the 3D 

experiments as described in Section 2.1.3, with U-87 MG spheroids seeded in ULA 

plates at 20,000 cells/well, and SNB-19 spheroids seeded at 35,000 cells/well. 

Spheroids were grown for 72 hours before the transfection agents were loaded onto 

the cells. 

 

For the transfection, a mastermix of basal media, siRNA, and RNAiMAX was 

prepared and allowed to incubate at room temperature for a minimum of 20 minutes 

(Table 2.2.); the siRNA and RNAiMAX were kept on ice when preparing the 

mastermix. 

 

Table 2.2. Reagents used for siRNA knockdown Mastermix, with concentrations and volumes 
used. 

Reagent Volume used per sample (2D 
transfections) 

Volume used per sample (3D 
transfections) 

Basal Media 100µl 10µl 

Custom siRNA (50µM stock) 1µl 0.1µl 

RNAiMAX 2µl 0.2µl 

 

For both the 2D and 3D knockdown experiments the transfection solution was made-

up to a siRNA concentration of 25nM. For the 2D method, 100µl of the made-up siRNA 

Mastermix was loaded into the corresponding wells, with 2ml of the 75,000 cells/ml 

cell suspension added slowly to the side of the well. The 3D transfection was 

performed 72 hours after the spheroids were seeded in the ULA plates, with 10µl of 
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the 25nM siRNA solution loaded into each well; 12 spheroids were loaded with each 

custom siRNA Mastermix. A visual representation of the 2D and 3D siRNA loading 

patterns can be seen in Figure 2.4. 

 

 

Images were taken of the 2D cells 72 hours post-seeding, prior to collection. Images 

of the spheroids were taken after 48 and 96 hours (and after 168 hours in some cases), 

using a Gelcount (Oxford Optronix, UK) and processed using ImageJ (Version 1.53M). 

The 2D cells were incubated for 72 hours following transfection before the cells were 

collected and cell counts were performed as per 2.1.2. Following the cell counts, cells 

were pelleted using a GenFuge 24D minicentrifuge (Progen, UK) and the media 

removed; to ensure all media was removed, the cells were washed with the addition 

of PBS, and then centrifuged again before the PBS was also removed. The cells were 

Figure 2.4. Visual representation of the loading pattern for the siRNA knockdown experiments. 
(Top Left) Loading pattern of cell suspension for 2D siRNA, in which 4 wells were loaded with 
the required cells/ml, using a 6-well RNase free plate. (Top right) Loading pattern for siRNA 
variations in 2D siRNA experiments. (Bottom left) Loading pattern of cell suspension for 3D 
siRNA, in which 60 wells were loading with the required cells/well as required by each cell line, 
using a ULA 96-well plate (Corning). (Bottom right) Loading pattern for siRNA variations in 3D 
experiments. Figure produced using Biorender.  
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lysed using a solution of RIPA buffer and Pierce™ Protease Inhibitor Mini Tablets (Cat 

no. #A32955, Thermo Scientific™, UK); one mini tablet dissolved in 10ml of RIPA 

buffer (Table 2.3.). The cell pellets were lysed in 60µl of RIPA buffer and protease 

inhibitor solution, centrifuged using a 5804 R Centrifuge (Eppendorf, UK) for 15 

minutes at 10,000 revolutions per minute (RPM) at 4˚C, and the supernatant retained 

and frozen at -20˚C for analysis. 

 

Table 2.3. Components used for RIPA buffer. 

Ingredients for RIPA buffer solution 

▪ ddH2O (to dilute) ▪ NaCl, 150 mM 

▪ 25mM Tris-HCl, pH 7.6 ▪ Sodium dodecyl sulphate, 0.1% (w/v) 

▪ Sodium deoxycholate, 1% (w/v)  

▪ Nonidet NP-40, 1% (v/v)  

 

Spheroids were collected 96 hours (168 hours in some cases) following transfection. 

The media was removed from the spheroids before PBS was added to remove any 

remaining media; the PBS was then also removed. The U-87 MG spheroids were lysed 

with 80µl of RIPA buffer and protease inhibitor solution. The SNB-19 spheroids were 

also collected after 96 hours of incubation - due to their smaller size only 60µl of RIPA 

buffer and protease inhibitor solution was required for lysing. 

 

Repeat sets of siRNA knockdowns were performed simultaneously, as above, with the  

cells (2D model) and spheroids (3D model) being used for quantitative Reverse 

Transcription Polymerase Chain Reaction (RT-qPCR). For this, the cells were allowed 

to incubate for 72 hours, as mentioned previously, before being collected and 

centrifuged to produce a pellet for RNA extraction (cells washed with PBS and re-

spun, as above). The spheroids were incubated for 96 hours following the addition of 

the various test siRNA mastermix, after which the spheroids were collected. RNA 

extraction was performed on the pooled spheroids. The RNA extraction protocol is 

outlined in Section 2.6. 
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Additional siRNA experiments were completed using the breast cancer cell lines, 

T47D, MCF7, and MDA-MB-231, using the methods described above. MDA-MB-231 

cells were used for a 2D siRNA knockdown experiment, whereas T47D, MCF7, and 

MDA-MB-231 were used for 3D siRNA knockdown experiments; spheroids were 

produced using 20,000 cells/ well. The resulting cell pellets from the 2D and 3D siRNA 

experiments performed on the breast cancer cells were analysed using western 

blotting and RT-qPCR, as described for the U87 and SNB-19 cells. 

 

2.3. Overexpression 

Overexpression of CBX2 was performed on the U-87 MG and SNB-19 cell lines by 

transfection of a plasmid containing a full length or a truncated sequence of the 

CBX2 gene. Customised plasmids were designed for this purpose; the plasmids 

used were produced by the Kawaguchi et al. (2017) group. Three plasmids were 

designed, as outlined in Figure 2.5: a pFLAG control plasmid consisting of an empty 

vector with the FLAG tag present, a full length CBX2 plasmid wildtype (with FLAG 

tag present, predicted 72kDa), as well as a mutated CBX2 plasmid with missing 

chromodomain sequence (with FLAG tag present); plasmid stocks generated by 

Dobrowinski (2022). Transfection of the plasmids was achieved using 

Lipofectamine™ 3000 Transfection Reagent (Invitrogen, USA). Overexpression of 

CBX2 was performed on a 2D model of cell lines. Overexpression of CBX2 in breast 

cancer cells has recently been conducted by Bilton et al. (2022), in which the same 

transfection method was utilised. 
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Figure 2.5. Plasmid sequences and schematic representation. A) Plasmid sequences for the 
three plasmids used for overexpression experiments. The pFLAG region is highlighted in green 
and the chromodomain region highlighted in blue. (Top) pFLAG plasmid sequence, an empty 
vector with pFLAG tag present. (Middle) Full length CBX2 plasmid sequence with added pFLAG 
tag present; chromodomain present within the full length sequence. (Bottom) CBX2 plasmid 
sequence with missing chromodomain. Sequence map track generated by (Dobrowinski, 2022). 
B) Schematic representation of the three plasmids used; where AT represents the AT hook and 
Pc refers to the Pc box. 
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Having obtained a cell suspension according to Section 2.1.1. a cell count was 

completed, and a cell suspension of 75,000 cells/ml was prepared. For each plasmid 

used, 2ml of the cell suspension was added slowly to the side of the well of a 

CytoOne® RNase free 6-well plates (Starlab); total of 150,000 cells/ well. Once 

seeded, cells were allowed to grow for 24 hours at 37˚C at 5% CO2 before each of the 

plasmids were loaded. 

 

After 24 hours of incubation the plasmids were prepared for addition to the cells. 

During the preparation, Lipofectamine™ 3000 Transfection Reagent (Invitrogen, 

USA), P3000 enhancer reagent (Invitrogen, USA), and the plasmids were kept on ice. 

The plasmid mix was prepared according to Table 2.4; from a 100 ng/µl plasmid stock, 

the transfection solution was made-up to a final total plasmid quantity of 1µg, which 

was loaded into each well. 

 

Table 2.4. Reagents used for siRNA overexpression plasmid Mastermix, with concentrations 
and volumes used. 

Reagent Volume used per sample 

Basal Media 125µl 

Custom plasmid (100 ng/µl) 10µl 

P3000 enhancer reagent 2µl 

 

Having prepared the plasmid mix for each plasmid, Lipofectamine 3000 was diluted 

with basal media, with the volume used per sample multiplied for the number of wells/ 

repeats being run, as outlined in Table 2.5. 

 

Table 2.5. Reagents used for dilution of Lipofectamine 3000, ready for addition to plasmids. 

Reagent Volume used per sample Volume used when preparing 3 
plasmids worth of 
lipofectamine 

Basal media 125µl 375µl 

Lipofectamine 3000 4µl 12µl 

 

Once the plasmids and lipofectamine mix were prepared, 125µl of the lipofectamine 

mix was added to each plasmid mix. The contents were homogenised through 
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pipetting and allowed to incubate at room temperature for 15 minutes. After the 

incubation period, the reagents were mixed again and then loaded into the appropriate 

wells, with 250µl of each plasmid mastermix added slowly into the corresponding well; 

Table 2.6. illustrates the contents of the prepared plasmid mix per well. The cells were 

allowed to incubate at 37˚C at 5% CO2 for 72 hours after transfection, before samples 

were collected for analysis. 

 

Table 2.6. Final contents of overexpression plasmid components in each well. 

Reagent Volume used per sample 

Basal Media 250µl 

Custom plasmid (100 ng/µl) 10µl 

P3000 enhancer reagent 2µl 

Lipofectamine 3000 4µl 

 

Images were taken of the 2D cells 72 hours after the addition of the plasmids, prior to 

collection. The cells were then collected, and cell counts were performed as per 

Section 2.1.2. Following the cell counts, cells were pelleted and lysed using a solution 

RIPA buffer and Pierce™ Protease Inhibitor Mini Tablets, as outlined in Table 2.3. and 

according to the protocol outlined in Section 2.2. for 2D cells. Namely, that the cell 

pellets were lysed in 60µl of RIPA buffer and protease inhibitor solution before 

centrifugation; protein lysates stored at -20˚C. 

 

Further repeats of the overexpression experiments were performed, with the cell 

pellets undergoing RNA extraction, for RT-qPCR (RT-qPCR outlined in Section 2.6.). 

 

2.4. Western Blotting 

Having produced cell lysates as previously described in Sections 2.2. and 2.3., a 

Bicinchoninic acid (BCA) assay was performed per the manufacturer’s instructions to 

determine the total protein concentration for each lysate. The BCA assay was read 

using the Synergy™HT Bio-Tek system (BioTek, USA) and analysed using Gen5 1.08 

software. Using the results from the BCA assay, an appropriate volume of sample was 

used to allow 100µg of protein to be loaded into each well of the precast protein gel, 
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as outlined below; in a total volume of 18µl per sample (PBS was used as the diluent). 

Following this, western blotting was performed to analyse the presence of CBX2 within 

each cell line, as detailed below (Bass et al., 2017). 

 

Precision Plus Protein Dual Colour Standards (Bio-Rad, UK) were selected for use as 

the protein ladder; 7.5µl of the ladder was loaded into the first well. Positive controls 

used included cell lysates from a breast cancer cell line (MDA-MB-468), as well as a 

cell lysate made from a confluent flask of U-87 MG cells. The cell lysates were reduced 

using a 2x Laemmli sample buffer made from a 5x stock. 2x sample buffer was 

prepared by the addition of 125µl of β-mercaptoethanol (14.3M stock) and 1.5ml of 

distilled water to 875µl of 5x sample buffer (Bio-Rad). The sample buffer was then 

added to the prepared samples, with 18µl of the 2x sample buffer added to give a total 

volume of 36µl. To dissociate the protein samples, they were heated on a digital dry 

bath (Labnet, USA) for 3 minutes at 95˚C, before being placed on ice for 1 minute. 

Samples were then briefly centrifuged at 13,000 RPM for 15 seconds, using a 

GenFuge 24D minicentrifuge. The samples were then placed on ice until being loaded 

into a 10% Mini-PROTEAN® TGX™ Precast Protein Gel (Bio-Rad) and separated by 

sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE). Any 

empty wells were loaded with 36µl of PBS to prevent samples from diffusing into empty 

wells. The running buffer used was 1x Tris/Glycine/SDS, which was diluted from a 10x 

stock (Bio-Rad), prior to use, using dH20. 

 

SDS-PAGE was run for approximately 1.5 hours at 100V using a PowerPac™ Basic 

Power Supply (Bio-Rad) to ensure that the ladder and samples moved evenly down 

the gel. The SDS-PAGE tank (Bio-Rad) was held in a tub of ice to keep the gel cool 

during protein separation (Figure 2.6). 
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Following SDS-PAGE, the gel was removed from its cast and transferred to an Immun-

Blot® polyvinylidene difluoride (PVDF) membrane (Bio-Rad) for easier handling. A 

Trans-Blot® Turbo™ Transfer System (Bio-Rad) was used alongside the Trans-Blot 

Turbo 5x Transfer buffer (Bio-Rad); transfer buffer made-up as per the manufacturer’s 

instructions. Transfer of the western blot was completed in 3 minutes. After successful 

transfer, the membrane was blocked in 5% (w/v) skimmed milk powder (Marvel, UK) 

made up in 1x Tris buffered saline with added Tween20 (TBST) (0.1% Tween, Sigma) 

for an hour before overnight incubation at 4˚C in the primary antibody, CBX2 (1:1000 

dilution ratio, Cat. No. ab80044, Abcam, UK). The 10x TBST stock was produced 

according to Table 2.7; diluted to a working 1x Tris buffer using dH20. After overnight 

incubation with the primary antibody, the membrane was washed in 1x TBST to 

prepare the membrane for the secondary antibody. Subsequent incubation used the 

secondary antibody, goat anti-rabbit immunoglobulins/HRP (1:2000 dilution ratio, code 

number: P0448, Dako via Agilent, USA). Following 45 minutes of incubation with the 

secondary antibody, further washes in 1x TBST were conducted. 

 

 

 

Figure 2.6. Electrophoresis set up. Bio-Rad SDS-PAGE tank connected to a PowerPac™ Basic 
Power Supply. The samples were loaded into a 10% Mini-PROTEAN® TGX™ Precast Protein Gel. 
Electrophoresis was run at 100V, with ice added to prevent the gel from overheating. 
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Table 2.7. Components used for 10x Tris buffer. 

Ingredients for 10x Tris buffer solution 

▪ dH2O, initially 800ml, topped up 
to 1L following pH testing. 

▪ 10ml Tween20 

▪ 24.2g Tris ▪ pH = 7.6 

▪ 80g NaCl  

 

To image the membranes, Clarity™ Western ECL Substrate (Bio-Rad), an enhanced 

chemiluminescence (ECL), was used; the Peroxide Reagent was combined with the 

Luminol/ Enhancer Reagent at a 1:1 ratio. Having added the ECL reagent to the 

membrane, the membrane was immediately imaged using the ChemiDoc XRS+ 

System (Bio-Rad) using the software, Imagelab software 6.01. Exposure times varied 

from 1 to 300 seconds. The image was exported for publication at 600dpi. 

 

2.5. Microfluidics 

A microfluidic device setup was employed to demonstrate the effects of a dynamic 

flow system on the expression of CBX2. The setup consisted of a PHD 2000 Infusion 

pump (Harvard Apparatus) held within a Perspex box with a removable door for easy 

access. A heater (Stuart Scientific) was attached to the roof of the box to maintain the 

temperature at 37˚C. Foil was placed around the box to help maintain a constant 

internal temperature. Similar continuous perfusion devices have been used 

successfully by Bower et al. (2017), Algarni et al. (2019), and Collins et al. (2021). 

 

2.5.1. Microfluidic Chips 

Microfluidic chips were prepared from Polymethyl methacrylate (PMMA) to the 

required specifications (Sennett, 2019). Individual sections of the chips were cut using 

a laser cutter, including the inlet and outlet segments, as well as the tissue chamber 

and filter (Figure 2.7). The chip design allowed for a hole to be drilled through the 

centre of each piece, which, when bonded together, ensured that a constant stream 

of media could pass through the chamber and around any spheroid that had been 

placed in the central chamber. Both the inlet and outlet pieces were designed with 

tapered holes allowing push-fit attachment to conventional Luer fittings which would 

connect the tubing to the chip, i.e., tapered ends facing the inlet and outlet of the chip. 
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The use of tapered ends ensured a tight seal, reducing/ preventing leaks. The filter 

piece provided a stoppage point, preventing the sample (in this case, spheroids) from 

leaving the chip, but allowed for media to flow with minimal resistance. The filter was 

orientated according to the tapered holes within the filter which were designed to 

become smaller towards the outlet. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Having obtained these sections as individual pieces, they were bonded together using 

chloroform (Figure 2.7); the bonding process for this chip was developed by Sennett 

(2019). Bonding of chips took place within a fume cupboard due to the use of 

chloroform. Using the tapered ends to ensure the pieces were aligned in the correct 

order, a minimal amount of chloroform was added to the surface of the inlet piece, 

being careful not to block the inner channel with the solvent. The tissue chamber was 

then carefully aligned to create the inner channel. The two pieces being bonded 

together were held in place for a minimum of 60 seconds; additional time or chloroform 

Figure 2.7. Microfluidic chip. (A + B) Bonded microfluidic chip, with components labelled. 
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was required for secure bonding in some cases. This process was repeated until all 

segments were bonded together to form the assembled chip; extra care was taken to 

avoid blocking the small filter holes (100μm diameter) when adding chloroform. Finally, 

a few microlitres of chloroform was pipetted around the outer joints of the chip to 

reduce the chance of any leaks occurring. To ensure a tight seal, a weight was placed 

on top of the chips to prevent leaks; the chips were left for up to 72 hours to fully dry. 

 

Silicone inlet and outlet tubes were used which were 1.6mm in diameter (Ibidi, Cat. 

No: 10842, Germany). To attach the tubing to the chip inlet and outlet segments, elbow 

Luer connecters (Ibidi, Cat. No: 10802) were used which ensured a tight seal (Figure 

2.7). 

 

Prior to use, the chips and tubing were tested for leaks. For this, the chips were 

assembled with the inlet and outlet tubes attached to the chip via the Luer connectors. 

The connectors were twisted tightly into place, then, using a 20ml Luer syringe (BD 

Plastipak™, Ref: 300613), 5ml of ddH20 was flushed through the system slowly, 

allowing a steady stream of water to move through the device, to identify any leaks. If 

any leaks were found, additional chloroform was added to the chip and tested once 

again after allowing sufficient drying time. More often leaks were seen at the inlet and 

outlet sites, to prevent this, further tightening of the elbow Luer connector to the chip 

inlet and outlet ports was required. Once no leaks were detected, 5ml of 70% ethanol, 

followed by 5ml of ddH20 was flushed through each chip and allowed to dry before 

being stored, ready for use. 

 

2.5.2. Microfluidic Device Set-up 

U-87 MG spheroids, prepared according to Section 2.1.3, with spheroids of 20,000 

cells per/well, were allowed to grow for 72 hours before being placed in the device. 

The microfluidic chip set-up took place under sterile conditions within a Biological 

Class II safety cabinet (ESCO). Before the addition of any spheroids, the chips and 

tubing were again sterilised using ethanol; 5ml of 70% ethanol was rinsed through the 

chip slowly, again checking for leaks, followed by 5ml of ddH20. A new syringe was 

then filled to the maximum level (past the 20ml mark) with fresh media, which had 
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been warmed to 37˚C in a water bath; the media used was prepared for U-87 MG cells 

according to 2.1.1. The syringe was shaken gently to remove any air bubbles; to 

prevent bubbles from entering the spheroid chamber during the maintenance, a 

0.22µm PES syringe filter (Sartorius) was added to the end of the syringe which was 

then attached to the inlet tube. To attach the syringe and filter, a Luer lock connector 

(Ibidi, Cat. No: 10825), suitable for 1.6mm tubing, was fitted to the inlet tubing. Media 

was then flushed through the chip until the chip and tubes were filled. 

 

Still in a Biological Class II safety cabinet, the spheroids were loaded into the tissue 

chamber of the chips; 3 spheroids per chip were loaded, with 4 chips used per 

experiment. To achieve this, the outlet tube was held above the inlet entrance to the 

chip to prevent media from leaving the system. The inlet tube was then detached from 

the chip and the spheroids were added one at a time to the chip, using a pipette. To 

ensure that no/ minimal bubbles entered the system, a drop of media was allowed to 

hang from the end of the inlet tube, before being reattached to the chip inlet entrance. 

The inlet tube Luer connector was twisted into the chip inlet entrance tightly so as to 

create a tight seal (as with the outlet tube Luer connector). The majority of leaks seen 

were located between the Luer connectors and the chip inlets and outlet channels, 

and as such, extra care was taken to prevent this when setting up the chip. Media was 

pushed through the chip slowly until 20ml of media remained in the syringe. This 

process was repeated until 4 chips were prepared. Collection tubes were then 

prepared using 50ml screw cap tubes; a hole was punched through the screw cap of 

each tube using metal forceps, wide enough to allow the outlet tube to be pushed 

through. 

 

Once the spheroids were placed in the microfluidic device and the Luer connectors in 

place the spheroids can be classed as being held within an enclosed system. As such, 

the microfluidic device could be removed from the sterile hood whilst the spheroids 

remained in a sterile environment within the chips. The syringes were then loaded onto 

the pump located within the incubated cabinet and locked into place. The chips were 

secured in the correct orientation, with the inlet at the top and the outlet at the bottom 

to help with the flow of media through the chip. The outlet tubes were placed in the 
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collection tubes, enabling the perfused media to be collected. The perfusion rate of 

the media was set to 2µl/ minute on the syringe pump (Riley et al., 2021). Once set-

up was complete (Figure 2.8), the pump was set to infuse, and the microfluidic 

experiment was run for 96 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Following the 96 hour run period, the microfluidic chips were removed from the box 

and placed back in the Class II cabinet for disassembly and collection. The spheroids 

from all 4 chips were collected and placed in the same 1.5ml Eppendorf tube. The 

media was then pipetted out of the Eppendorf collection tubes, leaving only the 

spheroids. To ensure all the media was removed, PBS was added to the spheroids 

and used to gently wash the samples before being removed by pipette. The spheroids 

were then ready for RNA extraction for future analysis using RT-qPCR (as outlined in 

Section 2.6). 

 

Figure 2.8. Microfluidic device set-up. Prepared media held in syringes being perfused across 
the microfluidic chips at 2 µl/minute. Perfused media collected in 50ml tubes. Microfluidic chip 
highlighted. 
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The microfluidic chips and tubes were disinfected in 2% (w/v) Virkon for a minimum of 

24 hours before being rinsed with ddH20, followed by 70% ethanol. The chips were 

allowed to air dry before being stored for later use. 

 

2.5.3. Static Experiments 

Static experiments were completed using U-87 MG spheroids, prepared according to 

Section 2.1.3, with spheroids of 20,000 cells/ well grown for 72 hours before use. 

These spheroids remained within the ULA plates for a further 96 hours following the 

initial 72 hour growth period. Fresh media was added after the first 72 hour incubation, 

with media changed and replaced with fresh media after another 48 hours. Two static 

models were used. One static model utilised 1 spheroid per well, with the second 

model using 3 spheroids per well; the latter was considered a better mimic of the inner 

chamber conditions of the microfluidic chip. A total of 12 spheroids were maintained 

and collected for each model, per experiment. 

 

After the 96 hour incubation period, the two sets of spheroids were collected and 

placed in two separate Eppendorf tubes: 12 spheroids in each tube. The spheroids 

were then handled as described above for the spheroids collected from the microfluidic 

chips (Section 2.5.2.), ready for RNA extraction and RT-qPCR analysis. 

 

2.6. RT-qPCR 

Following RNA extraction, Reverse Transcription (RT) followed by quantitative 

Polymerase Chain Reaction (qPCR) was performed so as to determine the mRNA 

expression of CBX2, RBL2, and Ribosomal protein L13a (RPL13A) in a variety of 2D 

and 3D experiments. Previous work in the laboratory of one of the supervisors has 

shown that RBL2 is increased when CBX2 expression is deceased, thus showing the 

downstream effects of CBX2, similarly RPL13A was used as a reference gene (Bilton 

et al., 2022). Including, following siRNA knockdown and after overexpression in static 

culture, as well as following static vs. microfluidic experiments. Two-step RT-qPCR 

was utilised in which RT was conducted separately from qPCR. RT was employed in 

order to reverse transcribe  RNA into complementary DNA (cDNA). The cDNA 

generated was then used in RT-qPCR. 
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2.6.1. RNA Extraction 

The 2D cells and spheroids collected from siRNA knockdown, overexpression, and 

microfluidic experiments were taken for RNA extraction. RNA extraction was 

performed using a RNeasy Mini Kit (Qiagen, UK), as per the manufacturer’s 

instructions; the same RNA extraction kit was used previously by Stangegaard et al. 

(2006) and Kauther et al. (2010) to the same effect. 

 

As per the instructions provided with the kit, the appropriate volume of Buffer RT was 

added to the cell pellet or spheroids. For samples with less than 5 × 106 of cells, 350µl 

of Buffer RT was added, if more than 1 x 107 cells were present, 600µl of Buffer RT 

was used. All samples used in this project required the addition of 350µl of Buffer RT; 

this buffer lysed the cells prior to RNA isolation. Once homogenised by pipetting, the 

samples were centrifuged at maximum speed for 3 minutes in a GenFuge 24D 

minicentrifuge (Progen, UK) at room temperature; all steps which required 

centrifugation used the GenFuge 24D minicentrifuge. Following centrifugation, the 

supernatant was removed and retained, and the pellet discarded. To the supernatant, 

an equal volume of 70% ethanol was added and homogenised (350µl). Once 

homogenised, 700µl of the sample was loaded into the spin columns provided with the 

RNeasy Mini Kit, and then centrifuged at 8000 x g for 15 seconds. The flow-through 

was discarded and 700µl of Buffer RW1 was then loaded into the spin column before 

the column was centrifuged again at 8000 x g for 15 seconds; Buffer RW1 was used 

for the purpose of washing the membrane-bound RNA. Once the flow-through was 

discarded, 500µl of Buffer RPE was added to the spin column before the sample was 

centrifuged at 8000 x g for 15 seconds, after which any flow-through was also 

discarded; Buffer RPE was used to further wash the membrane-bound RNA. An 

additional 500µl of Buffer RPE was added to the spin columns before they were 

centrifuged for 1 minute at 8000 x g. The spin column was then placed in a new 

Eppendorf collection tube and 50µl of RNase free water was added before 

centrifugation at 8000 x g for 1 minute. Once RNA was eluted from the column on the 

final run in the minicentrifuge, the RNA was placed on ice. 
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The RNA concentration of each sample was verified immediately following isolation 

using a NanoDrop™ 2000 Spectrophotometer (Thermofisher, UK), with the data 

produced analysed using NanoDrop 2000/ 2000c software, 2009 - 2014 

(Thermofisher, UK); analysis was performed prior to freezing to improve the accuracy 

of RNA concentration readings. Using molecular grade water as the blank, 1.5µl of the 

RNA samples were loaded onto the Nanodrop for analysis; RNA concentration results 

were given as ng/µl. The purity of the samples can also be observed through the 

260/280 ratio; the absorbance of the sample is measured at 260nm and 280nm to 

determine the RNA purity. The desired purity ratio should be within the range, 1.8-2.2, 

with a ~2.0 ratio considered to be ‘pure’ RNA (Thermo-Scientific, 2012). 

 

For short term storage, of less than 2 weeks, RNA samples were stored at -20˚C; for 

long-term storage of more than 2 weeks, RNA samples were stored at -80˚C. 

 

2.6.2. Reverse Transcription 

Once RNA had been isolated from the cell pellet, RT was performed as part of the first 

step of the Two-step RT-qPCR process. cDNA was obtained from the mRNA samples; 

for use in the second part of RT-qPCR. 

 

Using the results obtained from the NanoDrop following RNA extraction, the volume 

of sample required to generate 1µg of cDNA was calculated (example below). 

 

Formula: 

1000𝑛𝑔

𝑥 𝑛𝑔/µ𝑙
= ⋯  µ𝑙 (𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑅𝑁𝐴 𝑠𝑎𝑚𝑝𝑙𝑒 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑡𝑜 𝑔𝑖𝑣𝑒 1µ𝑔 𝑜𝑓 𝑐𝐷𝑁𝐴) 

 

Example: 

If the sample concentration is 104.7𝑛𝑔/µ𝑙 
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1000

104.7𝑛𝑔/µ𝑙
= 9.55 µ𝑙 (𝑜𝑓 𝑚𝑅𝑁𝐴 𝑛𝑒𝑒𝑑𝑒𝑑) 

 

When making cDNA from RNA, the RNA samples were collected from -80˚C stores, 

allowed to thaw on ice, and vortexed. The volume of sample required, calculated using 

the equation above, was pipetted into a fresh 1.5ml Eppendorf, and made up with 

molecular grade water to 12.7µl. To this, the RT mastermix was then added. The 

mastermix employed for RT contained 5x buffer (Promega, UK), dNTP (10mM stock, 

Thermo Scientific), oligodT (50μM stock, Invitrogen), and Reverse Transcriptase 

(Promega), see Table 2.8. for volumes used. Once prepared, 7.3µl of the mastermix 

was then added to each 12.7μl sample, to give a total of 20µl, and pipetted gently to 

mix. Samples were then incubated at 37˚C for 1 hour using a digital dry bath (Labnet, 

USA) – Eppendorf tubes were sealed with Parafilm to prevent evaporation of samples. 

 

Table 2.8. Reagents used for RT with concentrations and volumes used. 

Reagent Volume used per sample 

5x buffer 4µl 

4mM dNTP 2µl 

10µM oligodT 1µl 

Reverse Transcriptase (200µ/µl) 0.3µl 

 

Following incubation, the samples were then held on a heat-block for 5 minutes at 90-

100˚C to stop the reaction. To ensure that no sample was lost, sample tubes were 

briefly centrifuged to collect any sample that had condensed in the lid during 

incubation. To the samples, 180µl of molecular grade water was added to give a total 

of 200µl. After which, the cDNA samples were ready for use in the second step of the 

RT-qPCR reaction. If being used immediately, the cDNA samples were kept on ice, 

however, for long term storage, cDNA samples were stored at -20˚C. 

 

2.6.3. qPCR 

Using the cDNA produced following RT of RNA samples, the second step of RT-qPCR 

was conducted. When preparing RT-qPCR, all samples and reagents were kept on 

ice. A new mastermix was prepared for qPCR, with the reagents used including, 
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SYBR® Green JumpStart™ Taq ReadyMix™, with Taq polymerase added (Merck, 

Germany), ROX dye (as the reference dye) (Merck), and specific forward and reverse 

primers. The volumes of reagents used in the mastermix are shown in Table 2.9, and 

the primer sequences displayed in Table 2.10. The primers used were specific for 

RPL13A as the reference sequence, CBX2, and RBL2; the effectiveness of RPL13A 

as a reference gene has previously been analysed in relation to GBM (Aithal & 

Rajeswari, 2015). 

 

Table 2.9. Reagents used for qPCR Mastermix with volumes used. 

Reagent Volume used per sample 

SYBR green with Taq polymerase 5µl 

ROX dye (reference dye) 0.1µl 

Molecular grade water 2.1µl 

Forward primer 0.4µl 

Reverse primer 0.4µl 

 

 

Table 2.10. mRNA Primer forward and reverse sequences. 

Primer Primer Sequences, 5’ – 3’ Purchased 
from Forward Reverse 

RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA Sigma-
Aldrich®, UK 

CBX2 GCTCCAAAGCCAGACTAACA CAGGGACAGACATCCTCATTTC Integrated 
DNA 
Technologies 
(IDT), Belgium 

RBL2 CCTAGTTTTGGAAGCAAAGG AAAACTCTCTCCAAAGTTCC Merck 

 

Reagents were added to a MicroAmp™ Fast Optical 96-Well Reaction Plate (Applied 

Biosystems™, UK). Through pipetting, 8µl of each prepared Mastermix was loaded 

into the bottom of the designated wells. The cDNA samples were defrosted on ice and 

vortexed prior to use; 2µl of cDNA sample was loaded onto the side of each well. A 

control sample, dH20, was also used in addition to the cDNA samples. Three wells of 

each sample per primer set were prepared. The loading pattern for each MicroAmp™ 

plate can be seen in Figure 2.9. The plate was then secured using a MicroAmp™ 

Optical Adhesive Film (Applied Biosystems™, UK), after which, the plate was briefly 
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centrifuged at a maximum speed of 2,500 RPM/ 500 x g using a MPS 1000 Compact 

Mini Plate Spinner Centrifuge (Labnet, USA). The plate was then ready for RT-qPCR 

analysis. 

 

 

 

 

The software, StepOne software v2.0 was used in conjunction with the StepOne Plus 

Real-time system from Applied Biosystems as the mechanism for which RT-qPCR 

was conducted. System set-up for running: Quantitation-comparative Ct (Delta-Delta 

Ct; ΔΔCt), SYBR green reagents (with melt curve), standard 2 hour ramp speed, as 

well as cDNA Two-step RT-qPCR. Additionally, the sample size was selected at 10µl. 

Following this, the plate setup option was selected to add identifiers to each well to 

allocate the names of the primers and samples used, as modelled in Figure 2.9. Once 

setup was completed and the plate added to the machine, the experiment was run for 

the programmed 2 hours as per the PCR cycle set-up (Table 2.11.). Once the 

experiment run was finished, the results of each well were observed. The 3 repeats of 

each sample were analysed, with any anomalous results omitted. These results were 

then exported to an Excel spreadsheet, and the Ct mean results used to calculate the 

expression fold change of the genes after siRNA knockdown, overexpression, and 

growth in static and microfluidic and environments to identify if gene expression has 

been altered. For this, the housekeeping gene, RPL13A, was used to normalise cDNA 

levels between samples. Following this step, all expression fold change results were 

then calculated relative to the siScr sample for the siRNA knockdown experiments, or 

Figure 2.9. Visual representation of the loading pattern for the RT-qPCR analysis when analysing 
8 samples. (Left) Loading pattern for the three primer Mastermix’s used: RPL13A, CBX2, and 
RBL2. Primers loaded in triplicate. (Right) Loading pattern for the cDNA samples, when 8 
samples were used. In addition to the 8 samples of cDNA, a control sample of dH20 was also 
used. Figure produced using Biorender. 
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relative to the pFLAG sample for the overexpression experiments, or indeed to the 

static (1 spheroid/ well) sample for the static vs. microfluidic experiments. From which 

the expression fold change can be calculated. 

 

Table 2.11. PCR cycle. 

PCR cycle step Temperature Time 

Holding stage 95°C 10 minutes 

Cycling stage; 40 
cycles. 

1. Denaturation 95°C 15 seconds 

2. Annealing 60°C 1 minute 

3. Elongation 72°C 1 minute 

Melt curve stage 95°C 
 
60°C 
 
95°C 

15 seconds 
 
1 minute 
 
15 seconds 

 

 

The following calculations were used to calculate the expression fold change of 

experimental samples when compared to the control. Where ‘Control’ refers to siScr, 

for example. 

 

𝛥𝛥𝐶𝑡 =  (𝛥𝐶𝑡(𝑠𝑎𝑚𝑝𝑙𝑒) − 𝛥𝐶𝑡(𝑐𝑜𝑛𝑡𝑟𝑜𝑙))
− (𝛥𝐶𝑡(𝑅𝑃𝐿13𝐴 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒) − 𝛥𝐶𝑡(𝑅𝑃𝐿13𝐴 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)) 

 

𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2^(−𝛥𝛥𝐶𝑡) 

 

 

Example of calculation for expression fold change of siCBX2 #1 against siScr, results 

rounded at the end: 

 

𝛥𝛥𝐶𝑡 =  (31.31735039 − 31.41731071) − (19.45707703 − 19.15807343)

=  −0.398963928 

 

𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 = 2^(− − 0.398963928) =  1.318560646 =  1.31 (2dp) 
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As shown above, 1.31 refers to the expression fold change of mRNA levels of CBX2 

of siCBX2 #1 treated samples compared to the siScr control following siRNA CBX2-

targeted knockdown, where expression of siScr is 1. 
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Chapter 3: Results 

 

3.1. siRNA Knockdown 

3.1.1. 2D Model 

During the investigation of the role of CBX2 on GBM cell lines, the morphological 

effects on the cells was analysed following siRNA knockdown of the mRNA for this 

gene in a 2D model. The effects of siRNA knockdown on U-87 MG cells can be seen 

in Figure 3.1, testing three different siRNA sequences specific for CBX2 alongside a 

scrambled control siRNA. Microscopic images were taken after 72 hours of incubation 

and prior to collection of the cells. Visually, the siRNA which had the most effect were 

siCBX2 #3 and #4, with siCBX2 #4 showing the greatest reduction in cell number. A 

second observation was that the cells treated with the control, scrambled siRNA, as 

well as cells treated with siCBX2 #1 formed discernible cell clusters (Figure 3.1). Cells 

transfected with siCBX2 #3 and #4 did not show these clusters, with larger gaps being 

observed between the cells treated with siCBX2 #4. 
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Similar microscopic images were taken of the SNB-19 cell line following 2D siRNA 

knockdown, after 72 hours incubation (Figure 3.2). The morphological effects of CBX2 

knockdown were less apparent in the SNB-19 cell line, compared with the U-87 MG 

cell line. The cells appeared to grow evenly and were packed tightly in all wells, 

however there were small gaps between the siCBX2 #4 transfected cells. There was 

a visual increase in the number of dead cells for both U-87 MG and SNB-19 cells with 

siCBX2 #4, with the SNB-19 cells showing the greatest number of dead cells floating 

in the media. 

 

Figure 3.1. Microscopic images taken of U-87 MG cells which have undergone transfection. 
Using the siRNA knockdown agents, siScr, and siCBX2 #1, 3, and 4, in the 2D model. Images 
taken 72 hours post-setup at 10x magnification, prior to collection. A) siScr, B) siCBX2 #1, C) 
siCBX2 #3, D) siCBX2 #4. Cell clusters highlighted using arrows. (n=6; 6 independent 
experiments). 



70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to microscopic images, cells were counted following collection to quantify 

the effect of CBX2 knockdown on cell growth and number. Cells were counted for each 

siRNA agent across each repeat experiment; the cell count averages for the siRNA 

transfections for U-87 MG and SNB-19 are shown in Figure 3.3.A and Figure 3.3.B, 

respectively. In both cell lines, the siCBX2 caused a reduction in cell number, when 

compared to the siScr treated cells, with siCBX2 #4 providing the greatest reduction 

in cell number for both cell lines, with a p-value of 0.0049 for the change in cell number. 

 

Figure 3.2. Microscopic images taken of SNB-19 cells which have undergone transfection. Using 
the siRNA knockdown agents, siScr, and siCBX2 #1, 3, and 4, in the 2D model. Images taken 72 
hours post-setup at 10x magnification, prior to collection. A) siScr, B) siCBX2 #1, C) siCBX2 #3, 
D) siCBX2 #4. (n=6; 6 independent experiments). 
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The effect of CBX2 siRNA knockdown on U-87 MG and SNB-19 protein expression in 

a 2D model was analysed using western blotting (Figure 3.4). For this, cells were 

lysed, and the protein concentration of samples determined through a BCA assay 

(Section 2.4); 100µg of protein was loaded into the well for each cell lysate. The ladder, 

Precision Plus Protein Dual Color Standard, was used to identify the molecular weight 

(MW) of each band, for each sample. A polyclonal anti-CBX2 specific antibody was 

used to visualise the bands and compare CBX2 expression between the lysates 

(Section 2.4). Despite multiple repeats of the 2D siRNA knockdowns on both the U-87 

MG and SNB-19 cell lines, the resulting western blots, despite using fresh reagents, 

different equipment, and fresh samples and antibodies, showed no bands for any of 

the siRNA transfected cells. Consequently, the results, as seen in Figure 3.4, could 

not be repeated in the 2D model. 

 

 

 

 

 

Figure 3.3. Average cell count observed for each siRNA used following 2D siRNA knockdown 
on U-87 MG and SNB-19 cells. The cell counts of siScr and siCBX2 #1, 3, and 4 each made 
relative to the siScr transfected cells. (A) Cell count of U-87 MG cells following siRNA 
knockdown. (B) Cell count of SNB-19 cells following siRNA knockdown. Mean calculated from 
repeats, n=3; refers to 3 independent experiments for each cell line. Error bars show the 
standard deviation. Ordinary one-way ANOVA was performed. Unless stated otherwise, p-values 
were determined by Tukey’s multiple comparisons test for all graphs (**denotes p < 0.01). 
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The same western blot, loaded with U-87 MG and SNB-19 2D siRNA knockdown 

lysates, was also incubated with Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) to check for protein expression (Figure 3.5) and to enable densitometry 

analysis. Crucially, GAPDH protein expression was shown to be easily reproducible 

and consistent across many experimental repeats. 

 

Figure 3.4. Western blot of U-87 MG and SNB-19 cell protein lysates collected from 2D siRNA 
knockdown experiments, incubated with CBX2 antibody. Cells transfected with the siRNA’s, 
siScr, siCBX2 #1, 3, and 4. The bands produced are representative of CBX2 expression within 
each lysate following transfection. The ladder used was the Precision Plus Protein Dual Color 
Standard; molecular weight (MW) of bands measured in kilodaltons (kDa). A U-87 MG lysate was 
loaded into well 10 for comparison between gels as a positive control and was loaded at the 
same protein concentration as the samples analysed, 100µg. All western blots used the same 
protein ladder as well as the same positive control. (n=1). 
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The densitometry of the bands was calculated from the CBX2 and GAPDH incubated 

western blots to compare CBX2 protein expression (Figure 3.6.A for U-87 MG 

densitometry and Figure 3.6.B for SNB-19 densitometry). There was a slight decrease 

in band density between siScr and siCBX2 #4 for the U-87 MG cells. As illustrated in 

the western blot (Figure 3.4), the band density for the SNB-19 cells increased from the 

siScr treated cells to the siCBX2 transfected cells, with siCBX2 #4 showing the 

greatest increase in band density when analysed through densitometry (Figure 3.6.B). 

 

 

 

 

Figure 3.5. Western blot of U-87 MG and SNB-19 cell protein lysates collected from 2D siRNA 
knockdown experiments, incubated with GAPDH antibody. Cells transfected with the siRNA’s, 
siScr, siCBX2 #1, 3, and 4. A U-87 MG lysate was loaded into well 10 for comparison between 
gels as a positive control. The bands present are representative of GAPDH expression within 
each lysate following transfection (n>6). 
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CBX2 expression of the cells which had undergone 2D siRNA knockdown was also 

analysed using RT-qPCR, following RNA extraction (RNA extraction and RT-qPCR 

outlined in Section 2.6). RT-qPCR was performed using CBX2, RBL2, and RPL13A 

primers; RPL13A was used as the control/ housekeeping gene, to which CBX2 and 

RBL2 expression was compared. The expression of RBL2 was analysed due to 

hypothesised links between CBX2 and RBL2. As CBX2 takes part in histone 

modification, causing gene silencing, it is thought that one of the targets for this 

silencing is tumour suppressors, such as RBL2. 

 

The greatest reduction in expression of CBX2 in the U-87 MG cell line was with the 

siCBX2 #4 siRNA (Figure 3.7.A), with siCBX2 #1 apparently causing an increase in 

CBX2 expression levels. The expression of RBL2 in the 2D siRNA knockdown of the 

U-87 MG cell line was seen to increase in all siCBX2 variants, with siCBX2 #1 

showing the greatest increase in expression fold change at 1.87 when made relative 

to siScr (Figure 3.7.B). 

 

Figure 3.6. Densitometry results from U-87 MG and SNB-19 2D siRNA knockdown western blot. 
Band density of CBX2 was normalised against the control. GAPDH incubated western blot bands 
were used as the control. (A) Normalised band density of U-87 MG cells following 2D siRNA 
knockdown. (B) Normalised band density of SNB-19 cells following 2D siRNA knockdown. (n=1). 
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The expression fold change of the SNB-19 cell line following RT-qPCR of 2D siRNA 

knockdown samples exhibited a decrease in CBX2 expression in all types of siCBX2 

used when compared to siScr, with siCBX2 #3 showing the greatest reduction on 

average (Figure 3.7.C). The change in RBL2 expression between the different siCBX2 

agents used was variable, when applied to SNB-19 cells; although not statistically 

significant, siCBX2 #1 initiated an increase in RBL2 expression following transfection, 

whereas siCBX2 #3 and 4 reduced RBL2 expression (Figure 3.7.D). 

 

Figure 3.7. RT-qPCR results of 2D siRNA knockdown of U-87 MG and SNB-19 cells. Analysing 
the expression of CBX2 and RBL2 following transfection of siScr, siCBX2 #1, 3, and 4. 
Expression fold change was against RPL13A as the control gene. Expression fold change of 
siCBX2 #1, 3, and 4 were each made relative to siScr. (A) CBX2 expression in U-87 MG. B) RBL2 
expression in U-87 MG. C) CBX2 expression in SNB-19. D) RBL2 expression in SNB-19. Mean 
calculated from repeats, n=3 for all except graph D, for which one outlier was discounted and 
therefore n=2. Error bars show the standard deviation. Ordinary one-way ANOVA performed 
(*denotes p < 0.05). 
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Due to an outlier identified with one of the repeat sets for the 2D siRNA knockdown in 

the SNB-19 cell line with the RBL2 primer, one set of results was discounted from the 

average: Figure 3.8 shows the RT-qPCR results for this experiment with the outlier 

results included within the average expression fold change. 

 

 

 

 

 

 

 

 

 

 

3.1.2. 3D Model 

Continuing the investigation of the role of CBX2 on GBM cell lines, the effects of siRNA 

knockdown on U-87 MG and SNB-19 cells was also explored in a 3D model, namely, 

spheroids. The morphological effects of siRNA knockdown on U-87 MG spheroids can 

be seen in Figure 3.9. Images were taken after 96 hours of incubation and prior to 

collection, using a Gelcount. 

 

Figure 3.8. RT-qPCR results of 2D siRNA knockdown on SNB-19 cells analysing RBL2 
expression. Expression fold change was calculated against RPL13A as the control. Expression 
fold change of siCBX2 #1, 3, and 4 were each made relative to siScr. Illustrates RBL2 expression 
fold change in SNB-19 cells with n=3, including the outlier repeat set. Mean calculated from 
repeats. Error bars show the standard deviation. Ordinary one-way ANOVA performed. 
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The same images were taken of the SNB-19 cell line following 3D siRNA knockdown, 

after 96 hours of incubation (Figure 3.10). 

 

 

 

 

 

 

Figure 3.9. Images taken of U-87 MG spheroids which have undergone transfection. Using the 
siRNA knockdown agents, siScr, and siCBX2 #1, 3, and 4. Images taken 96 hours post-setup, 
prior to collection using a Gelcount. The yellow arrow indicates the diameter of each well, which 
is 6.8mm, which was used as the scale for which the spheroids were measured against. U-87 
MG spheroids ranging in diameter from 0.59mm to 0.85mm. A) siScr, B) siCBX2 #1, C) siCBX2 
#3, D) siCBX2 #4. (n=72; 6 independent experiments, with 12 spheroids imaged per siRNA agent 
for each run). 
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Whilst the effects of siRNA transfection are not as apparent as in the 2D model, 

spheroid diameter analysis was completed in the place of cell counting, to determine 

the effect on cell growth after the addition of each siRNA; the spheroid diameter 

averages for the siRNA transfections for U-87 MG and SNB-19 are shown in Figure 

3.11.A and Figure 3.11.B, respectively. Transfection with CBX2 targeting siRNA’s did 

not significantly change the diameter of the spheroids compared to the scrambled 

siRNA. For the U-87 MG spheroids, the largest reduction observed was seen following 

168 hours of siRNA incubation with siCBX2 #4. Whereas in the SNB-19 cell line, there 

was a greater decrease in spheroid diameter, although not statistically significant, after 

only 48 and 96 hours, with siCBX2 #4 instigating the greatest observable reduction in 

growth. It is worth noting that the SNB-19 spheroids grew more irregularly shaped 

spheroids than the U-87 MG spheroids. 

Figure 3.10. Images taken of SNB-19 spheroids which have undergone transfection. Using the 
siRNA knockdown agents, siScr, and siCBX2 #1, 3, and 4. Images were taken 96 hours post-
setup, prior to collection using a Gelcount. SNB-19 spheroids ranging in diameter from 0.37mm 
to 0.55mm. A) siScr, B) siCBX2 #1, C) siCBX2 #3, D) siCBX2 #4. (n=72; 6 independent 
experiments, with 12 spheroids imaged per siRNA agent for each run). 
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The effect of CBX2 siRNA knockdown on protein expression was analysed using 

western blots. Western blot analysis of 3D siRNA knockdown on U-87 MG spheroids 

when incubated with the CBX2 antibody can be seen in Figure 3.12. 

 

 

 

Figure 3.11. Average diameter for each siRNA used following 3D siRNA knockdown on U-87 MG 
and SNB-19 spheroids. The spheroid diameter of siScr and siCBX2 #1, 3, and 4 each made 
relative to the siScr transfected cells. (A) Spheroid diameter of U-87 MG cells following siRNA 
knockdown. (B) Spheroid diameter of SNB-19 cells following siRNA knockdown. Mean 
calculated from repeats, n=3; refers to 3 individual runs/ experiments for each cell line, totalling 
36 wells per siRNA used, per cell line. Error bars show the standard deviation. Ordinary one-
way ANOVA performed. 



80 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The same western blot, loaded with U-87 MG 3D siRNA knockdown lysates, was 

also incubated with GAPDH to check for protein expression (Figure 3.13) and for 

densitometry analysis (Figure 3.14). 

 

 

 

 

 

 

Figure 3.12. Western blot of U-87 MG cell protein lysates collected from 3D siRNA knockdown 
experiments, incubated with CBX2 antibody. Cells transfected with the siRNA’s, siScr, siCBX2 
#1, 3, and 4. A U-87 MG lysate was loaded into well 10 for comparison between gels as a positive 
control. Half the samples were collected after 96 hours of incubation, with the other half being 
collected after 168 hours of incubation. The bands produced are representative of CBX2 
expression within each lysate following transfection. (n=1). 



81 
 

 

Despite multiple repeats of the 3D siRNA knockdowns on the U-87 MG spheroids, the 

resulting western blots,, which despite using fresh reagents, different equipment, and 

fresh samples and antibodies, showed no bands for any of the siRNA transfected cells. 

Consequently, the results, as seen in Figure 3.12 could not be repeated in the 3D 

model. Multiple repeats of siRNA knockdown were also performed on the SNB-19 cell 

line in the spheroid model, however, no bands were ever observed on the western 

blots when incubated with the CBX2 antibody. 

 

 

Figure 3.13. Western blot of U-87 MG cell protein lysates collected from 3D siRNA knockdown 
experiments, incubated with GAPDH antibody. Cells transfected with the siRNA’s, siScr, siCBX2 
#1, 3, and 4. A U-87 MG lysate was loaded into well 10 for comparison between gels as a positive 
control. The bands present are representative of GAPDH expression within each lysate following 
transfection. 
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Expression of CBX2 in the 3D model, following siRNA knockdown, was also analysed 

using RT-qPCR. Both siCBX2 #3 and 4 caused a reduction in CBX2 expression in the 

U-87 MG spheroid model, with an expression fold change of 0.9, when made relative 

to the control (Figure 3.15.A). The expression of RBL2 in the 3D siRNA knockdown of 

the U-87 MG cell line was seen to decrease in all siCBX2 variants, with siCBX2 #4 

showing the greatest reduction in expression when made relative to siScr (Figure 

3.15.B). 

 

 

 

 

 

Figure 3.14. Densitometry results from U-87 MG 3D siRNA knockdown western blot. Band 
density of CBX2 normalised against the control. GAPDH incubated western blot bands were 
used as the control. (A) Normalised band density of U-87 MG spheroids, after 96 hours of 
incubation. (B) Normalised band density of U-87 MG spheroids, after 168 hours of incubation. 
(n=1). 
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The expression fold change of the SNB-19 cell line following RT-qPCR of 3D siRNA 

knockdown samples exhibited a decrease in CBX2 expression in both siCBX2 #1 and 

3, whereas siCBX2 #4 caused an increase in CBX2 expression, when compared to 

siScr (Figure 3.15.C). RBL2 expression in the SNB-19 spheroids showed an increase 

in expression fold change following incubation with the siCBX2 transfection agents 

when compared to siScr for all siCBX2 variants used (Figure 3.15.D). Statistical 

analysis in both cell lines for the change in expression of both CBX2 and RBL2 showed 

no significant changes following siRNA knockdown within the 3D model. 

 

Figure 3.15. RT-qPCR results of 3D siRNA knockdown of U-87 MG and SNB-19 spheroids. 
Analysing the change in expression of CBX2 and RBL2. Expression fold change was calculated 
against RPL13A as the control gene. Expression fold change of siCBX2 #1, 3, and 4 were each 
made relative to siScr. (A) CBX2 expression in U-87 MG. B) RBL2 expression in U-87 MG. C) 
CBX2 expression in SNB-19. D) RBL2 expression in SNB-19. Mean calculated from repeats, n=3. 
Error bars show the standard deviation. Ordinary one-way ANOVA performed. 
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3.1.3. Breast Cancer Cells 

Due to issues with reliably detecting CBX2 in brain tumour cells, an investigation into 

the expression in three breast cancer cell lines, that have been shown to previously 

express CBX2, was conducted for comparison. The morphological effects observed 

following siRNA knockdown of CBX2 were analysed in a 2D model using the MDA-

MB-231 cell line, the effects of which can be seen in Figure 3.16. Microscopic images 

were taken prior to collection, after 72 hours of incubation. Visually, the CBX2 

transfection agents applied all had an effect in reducing cell density within the well, 

with siCBX2 #4 inducing the cells to have larger gaps between them than the other 

siRNA used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Microscopic images taken of MDA-MB-231 cells which have undergone 
transfection. Using the siRNA knockdown agents, siScr, and siCBX2 #1, 3, and 4, in the 2D 
model. Images taken 72 hours post-setup at 10x magnification, prior to collection. A) siScr, B) 
siCBX2 #1, C) siCBX2 #3, D) siCBX2 #4. (n=2; 2 independent experiments). 
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Further to microscopic analysis, the MDA-MB-231 cells were counted following 

collection to observe the effect of CBX2 on cell growth and number (Figure 3.17). 

Although there was time for only a single experiment, the overall trend demonstrated 

that the transfection of all CBX2 targeting siRNA caused a reduction in cell number, 

when compared to the siScr treated cells, with siCBX2 #3 providing the greatest 

reduction in cell number for the MDA-MB-231 cells. 

 

 

 

 

 

 

 

 

To further the investigation into CBX2 expression within breast cancer cells, 3D siRNA 

experiments were completed using spheroids from MDA-MB-231, MCF-7, and T47D 

cell lines. The morphological effects of siRNA knockdown on the breast cancer 

spheroids can be seen in Figure 3.18. Images were taken after 96 hours of incubation 

and prior to collection, using a Gelcount. 

 

Figure 3.17. Cell count observed for each siRNA used following 2D siRNA knockdown on MDA-
MB-231 cells. Cell count of siScr and siCBX2 #1, 3, and 4 each made relative to the siScr 
transfected cells. (n=1). 
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Spheroid diameter analysis was completed to determine the effect on cell growth after 

the addition of each siRNA; the spheroid diameter averages for the siRNA 

transfections for MDA-MB-231 (Figure 3.19.A), MCF-7 (Figure 3.19.B), and T47D 

(Figure 3.19.C) can be seen below. The addition of the transfection agents was 

variable across cell lines, and although only undertaken once, the trend demonstrates 

that siCBX2 #4 had the greatest effect overall, particularly on the MCF-7 and T47D 

spheroids. It was noted that the other siRNA’s used appeared to have little to no effect 

on spheroid diameter. 

 

 

 

Figure 3.18. Images taken of MDA-MB-231, MCF-7, and T47D spheroids which have undergone 
transfection. Using the siRNA knockdown agents, siScr, and siCBX2 #1, 3, and 4. Images taken 
96 hours post-setup, prior to collection using a Gelcount. MDA-MD-231 spheroids ranging in 
diameter from 1.29mm to 1.44mm. MCF-7 spheroids ranging in diameter from 0.36mm to 0.53mm. 
T47D spheroids ranging in diameter from 0.52mm to 0.7mm. MDA-MB-231: A) siScr, B) siCBX2 
#1, C) siCBX2 #3, D) siCBX2 #4. MCF-7: E) siScr, F) siCBX2 #1, G) siCBX2 #3, H) siCBX2 #4. T47D: 
I) siScr, J) siCBX2 #1, K) siCBX2 #3, L) siCBX2 #4. (n=24; 6 independent experiments, 2 for each 
cell line used, with 12 spheroids imaged per siRNA agent for each run). 
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Western blots were performed on the 2D, and 3D siRNA knockdowns completed for 

the breast cancer cell lines, MDA-MB-231, MCF-7, and T47D. However, no bands 

were present following incubation with the CBX2 antibody. For all samples analysed, 

correctly sized bands were present when tested for GAPDH expression. 

 

Expression of CBX2 and RBL2 was analysed using RT-qPCR, with the cells which 

had undergone 2D and 3D siRNA knockdown with siCBX2 agents. As before, the 

RPL13A gene was used as the control, to which CBX2 and RBL2 expression was 

compared. With a single experiment completed, the trend observed showed that the 

greatest reduction in expression of CBX2 in the MDA-MB-231 cell line, using a 2D 

model, was with siCBX2 #4 (Figure 3.20.A). The expression of RBL2 in the 2D siRNA 

knockdown of the MDA-MB-231 cell line was seen to increase in all siCBX2 conditions, 

with siCBX2 #1 showing the greatest increase in expression fold change, with 4.78 

Figure 3.19. Average diameter for each siRNA used following 3D siRNA knockdown on MDA-
MB-231, MCF-7, and T47D spheroids. The spheroid diameter of siScr and siCBX2 #1, 3, and 4 
each made relative to the siScr transfected cells. (A) Spheroid diameter of MDA-MB-231 cells 
following siRNA knockdown. (B) Spheroid diameter of MCF-7 cells following siRNA knockdown. 
(C) Spheroid diameter of T47D cells following siRNA knockdown. n=1; 12 wells per siRNA, per 
cell line. 



88 
 

(Figure 3.20.B). Again, for RBL2, only a single experiment was completed, and 

therefore, no statistical analysis was performed. 

 

 

 

Expression of CBX2 and RBL2 was also analysed using RT-qPCR in the 3D spheroid 

models of MDA-MB-231, T47D, and MCF7 spheroids which had undergone siRNA 

knockdown, as outlined in Figure 3.21. 

 

Figure 3.20. RT-qPCR results of 2D siRNA knockdown on MDA-MB-231 cells. Analysing CBX2 
and RBL2 expression. Expression fold change calculated against RPL13A as the control. 
Expression fold change of siCBX2 #1, 3, and 4 each made relative to siScr. (A) CBX2 expression 
in MDA-MB-231. (B) RBL2 expression in MDA-MB-231. (n=1). 
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Figure 3.21. RT-qPCR results of 3D siRNA knockdown of MDA-MB-231, MCF-7, and T47D 
spheroids. Analysing the change in CBX2 and RBL2 expression. Expression fold change was 
calculated against RPL13A as the control. Expression fold change of siCBX2 #1, 3, and 4 were 
each made relative to siScr. (A) CBX2 expression in MDA-MB-231. (B) RBL2 expression in MDA-
MB-231. (C) CBX2 expression in MCF-7. (D) RBL2 expression in MCF-7. (E) CBX2 expression in 
T47D. (F) RBL2 expression in T47D. (n=1). 
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For all RT-qPCR experiments for the three breast cancer cell lines used, a single 

experiment was completed, and so all results observed are trends, with no statistical 

analysis possible. With that in mind, in the 3D model, the greatest reduction in 

expression of CBX2 in the MDA-MB-231 cell line was with siCBX2 #3 (Figure 3.21.A), 

with siCBX2 #1 apparently causing an increase in CBX2 expression levels. The 

expression of RBL2 in MDA-MB-231 cells was seen to only increase in siCBX2 #1, 

with siCBX2 #3 and #4 decreasing in RBL2 expression, when made relative to siScr 

(Figure 3.21.B). CBX2 and RBL2 expression was seen to decrease in all siCBX2 types 

in the MCF-7 cells (Figure 3.21 C and D), with siCBX2 #3 showing the largest decrease 

in expression with both primers (CBX2 and RBL2), when compared to RPL13A. CBX2 

expression decreased in all types of siCBX2 in the T47D cell line, with siCBX2 #3 

showing the greatest decrease in expression (Figure 3.21.E). RBL2 expression was 

seen to increase in all siCBX2 used when compared to the control, with siCBX2 #4 

exhibiting the greatest increase (Figure 3.21.F). 

 

3.1.4. Full Flask Lysate Analysis 

Due to many repeats of samples which did not produce CBX2 bands on the western 

blots, protein lysates of confluent, full flasks (T75) of each of the cell lines, U-87 MG, 

SNB-19, MDA-MB-231, MCF-7, and T47D were collected, and a western blot was 

performed (Figure 3.22); to check the presence of CBX2 and verify the molecular 

weight. Western blot analysis demonstrated that although band density differed 

between the cell line lysates, the molecular weight of CBX2 within all five cell lines was 

consistently observed at 52kDa. 
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3.2. Overexpression of CBX2 

To further investigate the role of CBX2 on GBM cell lines, the morphological effects 

on the cells was analysed following overexpression of CBX2 in a 2D model, using 

plasmids (Section 2.3). The effects of overexpression on U-87 MG cells can be seen 

in Figure 3.23. Microscopic images were taken after 72 hours of incubation with the 

plasmids, and prior to collection. Visually, expression of the pFLAG-tagged gene 

produced discernible cell clusters (Figure 3.23), however large gaps were also present 

between the cells and clusters within the well. The full length CBX2 plasmid (with 

chromodomain present) showed more cells present overall. The cells transfected with 

the ‘missing chromodomain’ plasmid appeared visually to have the least number of 

cells present. 

Figure 3.22. Western blot of U-87 MG, SNB-19, MDA-MB-231, MCF-7, and T47D full flask cell 
protein lysates incubated with GAPDH and then the CBX2 antibody. A U-87 MG lysate was 
loaded into well 7 for comparison between gels as a positive control, The bands produced are 
representative of GAPDH and CBX2 expression within each lysate following transfection, as 
labelled. 
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Microscopic images were also taken of the SNB-19 cell line following overexpression 

of CBX2, after 72 hours of incubation (Figure 3.24). The morphological effects of CBX2 

overexpression were not as obvious in the SNB-19 cell line, compared with the U-87 

MG cell line. Visually, the pFLAG control plasmid produced lots of cells, however there 

were small gaps seen between them. The full length CBX2 plasmid resulted in a dense 

and uniform distribution of cells, displaying the most cells present; no gaps were seen. 

The CBX2 plasmid missing the chromodomain construct produced the least number 

of cells, which were also more spread out. 

Figure 3.23. Microscopic images taken of U-87 MG cells which have undergone transfection. 
Using the plasmids containing: pFLAG alone (control), full length CBX2-pFLAG tagged, and 
CBX2 minus the chromodomain. Cells receiving no plasmid treatment were grown and imaged 
as another control. Images were taken 72 hours post-setup at 10x magnification, prior to 
collection. A) pFLAG alone, B) Full length CBX2-pFLAG tagged, C) CBX2 with missing 
chromodomain-pFLAG tagged, D) Cells alone (no plasmid treatment received). Cell clusters 
highlighted using arrows. (n=6; 6 independent experiments). 
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Following this, the cells were harvested and counted to observe the effects of CBX2 

overexpression on cell growth and number, caused by the three plasmid constructs 

used. Cells were counted for each plasmid across each repeat experiment. The cell 

count average for the 2D overexpression transfections for U-87 MG and SNB-19 can 

be found in Figure 3.25.A and Figure 3.25.B, respectively. In the U-87 MG cell line, 

the full-length CBX2 plasmid induced an increase in cell number, when compared to 

the pFLAG alone, control plasmid, whereas the CBX2 with missing chromodomain 

construct caused a decrease in cell number. As expected, when compared to the 

plasmid altered cells, the control cells receiving no treatment increased in cell number. 

Figure 3.24. Microscopic images taken of SNB-19 cells which have undergone transfection. 
Using the plasmids containing: pFLAG alone (control), full length CBX2-pFLAG tagged, and 
CBX2 minus the chromodomain. Cells receiving no plasmid treatment were grown and imaged 
as another control. Images were taken 72 hours post-setup, prior to collection at 10x 
magnification. A) pFLAG alone, B) Full length CBX2-pFLAG tagged, C) CBX2 with missing 
chromodomain-pFLAG tagged, D) Cells alone (no plasmid treatment received). (n=2; 2 
independent experiments). 
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In comparison, when observing the SNB-19 cells, both the full length and missing 

chromodomain CBX2 plasmids initiated a reduction in cell number compared to the 

pFLAG alone construct. Again, the control cells undergoing no plasmid treatment, 

increased in cell number, as expected. The observations outlined are based on trends 

seen, as statistical analysis showed no significant change in cell counts between the 

pFLAG (control) treated cells and the full length CBX2, missing chromodomain, and 

‘normal’/ untreated cells. 

 

 

 

The effect of CBX2 overexpression on protein expression was analysed using western 

blots. As described above, the cells were lysed, and the protein concentration of 

samples determined through a BCA assay (Section 2.4); 100µg of protein was loaded 

into the gel for each cell lysate. A polyclonal CBX2 specific antibody was used to 

visualise the bands and compare CBX2 expression between the lysates (Section 2.4). 

Western blot analysis of  CBX2 overexpression on U-87 MG cells (2D cell model) when 

incubated with CBX2 antibody can be seen in Figure 3.26. Overexpression of the 

CBX2 protein using constructed plasmids was seen to alter the expression of CBX2 

through detection at the protein level using western blots. A number of different bands 

were detected. First a 72kDa band was seen in lane 3, with a 66kDa band also 

observed in lane 4 for the chromodomain-deleted transfected cells. Similar breakdown 

products were seen between the full-length and missing chromodomain plasmid 

Figure 3.25. Average cell count observed for each plasmid used following 2D overexpression 
on U-87 MG and SNB-19 cells. The cell counts of the pFLAG alone, full length CBX2, CBX2 with 
missing chromodomain, and untreated control cells, were each made relative to the pFLAG 
alone transfected cells. (A) Average cell count observed following 2D overexpression on U-87 
MG cells. (B) Cell count observed for each plasmid following 2D overexpression of SNB-19 cells. 
Mean calculated from repeats, n=3 for A, and n=1 for B. Error bars show the standard deviation. 
Ordinary one-way ANOVA performed on graph A. 
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products. The 72 kDa and 66 kDa bands are what the reported molecular weight would 

be for these plasmids as outlined by Kawaguchi et al. (2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The same western blot, loaded with U-87 MG overexpression plasmid lysates, was 

also incubated with GAPDH to allow for comparison of protein expression (Figure 

3.27). 

 

 

Figure 3.26. Western blot of U-87 MG cell protein lysates collected from 2D overexpression 
experiments, incubated with CBX2 antibody. Cells transfected with the plasmids: a pFLAG 
control plasmid consisting of an empty vector with the FLAG tag present, a full length CBX2 
plasmid wildtype (with FLAG tag and chromodomain present), as well as a mutated CBX2 
plasmid with missing chromodomain sequence (with FLAG tag present). The bands produced 
are representative of CBX2 expression within each lysate following transfection. A U-87 MG 
lysate was loaded into well 8 for comparison between gels as a positive control. (n=3; repeat 
samples 2 and 3 present on the same blot). 
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Western blot analysis of 2D overexpression on SNB-19 was also completed; 

incubation with the CBX2 antibody can be seen in Figure 3.28. Similar bands were 

observed in the SNB-19 lysates, compared to the U-87 MG cells when transfected 

with the full-length and missing chromodomain plasmid constructs. 

 

 

 

 

 

 

Figure 3.27. Western blot of U-87 MG cell protein lysates collected from 2D overexpression 
experiments, incubated with GAPDH antibody. Cells transfected with a pFLAG control plasmid, 
a full length CBX2 plasmid wildtype, as well as a mutated CBX2 plasmid with missing 
chromodomain. The bands present are representative of GAPDH expression within each lysate 
following transfection. A U-87 MG lysate was loaded into well 8 for comparison between gels as 
a positive control. (n=3). 
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The same western blot, loaded with SNB-19 overexpression plasmid lysates, was also 

incubated with GAPDH to check for protein expression (Figure 3.29). 

 

 

 

 

 

 

Figure 3.28. Western blot of SNB-19 cell protein lysates collected from 2D overexpression 
experiments, incubated with CBX2 antibody. Cells transfected with the plasmids: a pFLAG 
control plasmid consisting of an empty vector with the FLAG tag present, a full length CBX2 
plasmid wildtype (with FLAG tag and chromodomain present), as well as a mutated CBX2 
plasmid with missing chromodomain sequence (with FLAG tag present). The ‘normal’ cells refer 
to SNB-19 cells which were not transfected with any plasmids. The bands produced are 
representative of CBX2 expression within each lysate following transfection. For comparison, 
100μg of protein was loaded into wells 2, 3, 4, 5, and 10, with 75μg of protein loaded into wells 
6, 7, 8, and 9. A U-87 MG lysate was loaded into well 10 for comparison between gels as a positive 
control. (n=1). 
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Expression of CBX2 following overexpression with plasmids was also analysed using 

RT-qPCR, which was performed following RT, with CBX2, RBL2, and RPL13A 

primers; RPL13A was used as the control, against which CBX2 and RBL2 expression 

were compared. The expression of CBX2 in the U-87 MG cell line was seen to reduce 

in all samples when compared to the pFLAG alone plasmid (Figure 3.30.A), however 

there was an increase in CBX2 expression in the full length sample, compared to the 

normal cells. The expression of RBL2 in the U-87 MG cell line was seen to increase 

only in the normal cells, whereas the full length CBX2 and CBX2 with missing 

chromodomain samples demonstrated a reduction in RBL2 expression (Figure 

3.30.B). Statistical analysis was performed, however all p-values observed were 

p>0.05, and therefore no significant results were seen. 

 

Figure 3.29. Western blot of SNB-19 cell protein lysates collected from 2D overexpression 
experiments, incubated with GAPDH antibody. Cells transfected with a pFLAG control plasmid, 
a full length CBX2 plasmid wildtype, as well as a mutated CBX2 plasmid with missing 
chromodomain. The ‘normal’ cells refer to SNB-19 cells which were not transfected with any 
plasmids. The bands present are representative of GAPDH expression within each lysate 
following transfection. For comparison, 100μg of protein was loaded into wells 2, 3, 4, 5, and 10, 
with 75μg of protein loaded into wells 6, 7, 8, and 9. A U-87 MG lysate was loaded into well 8 for 
comparison between gels as a positive control. (n=1). 
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The expression of CBX2 in the SNB-19 cell line was seen to reduce in all samples 

when compared to the pFLAG plasmid (Figure 3.30.C), however there was an 

increase in CBX2 expression in the full length sample, compared to the normal cells. 

Further to this, RBL2 expression was also seen to be reduced in the full length, missing 

chromodomain, and normal cells when made relative to the pFLAG plasmid cells, with 

the normal cells exhibiting the greatest reduction, at 0.03 (Figure 3.30.D). 

 

Figure 3.30. RT-qPCR results of 2D overexpression experiments on U-87 MG and SNB-19 cells. 
Analysing the expression of CBX2 and RBL2 following transfection of various plasmids. 
Expression fold change was calculated against RPL13A as the control. Expression fold change 
of full length CBX2, CBX2 with missing chromodomain, and untreated, ‘normal’ samples were 
each made relative to the pFLAG alone cells. (A) CBX2 expression in U-87 MG. (B) RBL2 
expression in U-87 MG. (C) CBX2 expression in SNB-19. (D) RBL2 expression in SNB-19. Mean 
calculated from repeats were applicable; n=3 for A and B, and n=1 for C and D. However, only 
n=1 for all ‘normal, control’ samples. Error bars show the standard deviation. Ordinary one-way 
ANOVA performed. 
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3.3. Effect of Microfluidic Incubation on Protein Expression 

The effect of microfluidic incubation on CBX2 (and RBL2) expression was analysed 

using both static and microfluidic models for comparison. RT-qPCR was performed on 

the samples collected (Figure 3.31). 

 

 

 

CBX2 expression was seen to increase in the microfluidic spheroid model when made 

relative to the static model, with the microfluidic incubated spheroids increasing CBX2 

expression 1.66-fold (Figure 3.31.A). The incubation of U-87 MG spheroids in a static 

model was analysed with both 1 spheroid per well and 3 spheroids per well, the latter 

condition mirroring the microfluidic experiments where 3 spheroids were maintained 

in each device. By increasing the number of spheroids in each ULA plate well to 3, the 

expression of CBX2 was seen to increase 2.33-fold. Following incubation in a 

microfluidic device, the U-87 MG spheroids were seen to reduce in RBL2 expression 

when compared to the static spheroids (Figure 3.31.B). In addition to this, in the static 

model, incubating 3 spheroids per well reduced RBL2 expression by half. 

 

Figure 3.31. RT-qPCR analysis of U-87 MG spheroids incubated in either a static, microfluidic, 
or a static with 3 spheroids per well model. Expression fold change against the primer, RPL13A 
as the control. Expression fold change of the microfluidic and static 3 spheroids/ well samples 
were each made relative to the static samples. (A) RT-qPCR of RNA samples collected from U-
87 MG static vs. microfluidic experiments using CBX2 as the primer. (B) RT-qPCR of RNA 
samples collected from U-87 MG static vs. microfluidic experiments using RBL2 as the primer. 
Mean calculated from repeats, n=3 for A, n=2 for B (3 repeats performed, one set of static results 
was an outlier set and was discounted). Error bars show the standard deviation. Ordinary one-
way ANOVA performed. 
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Due to an outlier identified with one of the repeat sets for the static vs. microfluidic 

experiment in the U-87 MG cell line with the RBL2 primer, one set of results was 

discounted from the average. Figure 3.32 shows the RT-qPCR results for this 

experiment with the outlier results included within the average expression fold change. 

 

 

 

 

 

 

 

 

 

Microscopic images were taken of the spheroids maintained in a static model with 3 

spheroids/ well following incubation (Figure 3.33). The images demonstrated the effect 

of spheroids being maintained together, with the spheroids merging together after 72 

hours of incubation within the same well. 

 

Figure 3.32. RT-qPCR analysis of U-87 MG spheroids incubated in either a static, microfluidic, 
or a static with 3 spheroids per well model, analysing RBL2 expression. Expression fold change 
against the primer, RPL13A as the control. Expression fold change of the microfluidic and static 
3 spheroids/ well samples were each made relative to the static samples. Illustrates RBL2 
expression fold change in U-87 MG cells with n=3, including the outlier repeat set. Error bars 
show the standard deviation. Ordinary one-way ANOVA performed. 
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Figure 3.33. Microscopic images of 3, U-87 MG spheroids which have been maintained together 
in a static model, in a ULA plate. Following maintenance together for 96 hours, the 3 spheroids 
merged together to form a single structure. Images taken at 10x magnification, prior to collection 
for RT-qPCR. 
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Chapter 4. Discussion  

The aim of this study was to determine the role of CBX2 in GBM, using RNA 

interference (RNAi) and overexpression techniques to alter the expression of the 

protein within the cells. The morphological effects of CBX2 depletion and 

overexpression were observed through microscopy, cell counts, and spheroid 

diameter analysis, with the expression of CBX2 seen to correlate with levels of cell 

growth. 

 

Using two GBM cell lines, the effects of reducing CBX2 expression, through 

transfection of siRNA, were analysed in both 2D monolayer and 3D spheroid cell 

culture models. Three siRNA sequences specific for CBX2 knockdown were used in 

order to identify the most effective at gene knockdown. The effects were assessed 

using morphological observations, cell counts, spheroid diameter analysis, as well as 

western blotting to quantify CBX2 at the protein level, with RT-qPCR assessing 

changes at the mRNA level. This study utilised an existing microfluidic chip platform 

to analyse U-87 MG spheroids in a flowing system, over an extended period, so as to 

determine the effect of a static vs. dynamic model on CBX2 expression. 

 

In addition to measuring CBX2 mRNA levels, RBL2 was also studied. It is reported 

that as a tumour suppressor, RBL2 may increase in expression when CBX2 

expression is reduced. Evidence of RBL2 expression being regulated by the presence 

of CBX2 was explored in the Bilton et al. (2022) study, in which CBX2 expression was 

altered in breast cancer models through siRNA knockdown. Since CBX2 is classically 

associated with chromatin compaction, it is hypothesised that CBX2 may act as a 

repressor of tumour suppressors, enabling an increase in cell growth and proliferation; 

epigenetic regulation shown to drive cancer progression through the targeting of 

tumour suppressor gene expression (Papale et al., 2018). As such, RBL2 mRNA 

levels were also analysed following CBX2 knockdown. 

 

Although the 2D models employed provided some insight into the effects of CBX2 in 

GBM cells, the limitations of such models in accurately replicating the TME require a 
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more complex and representative model to better understand the role of CBX2 in 

GBM. The limitations of 2D models are fully outlined in Section 1.1.8.1. As such, 

spheroids were also employed to add key morphological features of the tumour, as 

seen in vivo, with steps towards microfluidic analysis also being taken. By using a 

spheroid model, key features of the TME can be represented, most importantly, the 

development of layers, including an outer proliferating layer and a necrotic core (Nath 

& Devi, 2016); also, this 3D model is capable of developing the different concentration 

gradients of oxygen and nutrients experienced within a tumour, with areas of hypoxia 

observed. Additionally, the spheroid model is able to better replicate the interaction 

between the tumour cells and the ECM, accepting the limitation that it is comprised of 

a single cell type (Aihara et al., 2016; Neufeld et al., 2021). However, it is worth noting 

that the spheroid model does fail to replicate the multiple different cell-cell interactions 

present in vivo, as well as the communication and interactions with immune cells. 

 

Recently, a number of microfluidic devices capable of maintaining both U-87 MG 

spheroids and GBM tissue on a chip have been described (Sennett, 2019; Olubajo et 

al., 2020). However, no investigations into the effects of CBX2 using spheroids or 

tissue within a microfluidic model have been undertaken. Therefore, the current study 

provides a baseline from which CBX2 epigenetic alteration could be undertaken within 

a microfluidic model to determine the effect of CBX2 expression reduction and 

overexpression on cell growth within a dynamic model. For this purpose, 3D models 

(spheroids) were initially used, however the ultimate aim is to analyse resected tumour 

tissue within a microfluidic device. 

 

4.1. Overview of Results 

The current study investigated the effect of both the reduction and overexpression of 

CBX2 in the GBM cell lines, U-87 MG and SNB-19. The effects of which were observed 

through the altered growth of cells in a 2D model, and as spheroids for a 3D model. 

U-87 MG cells were also grown as spheroids and then maintained within a microfluidic 

device as part of the initial stages of development towards an siRNA knockdown or 

overexpression based experiment of spheroids (or even tissue) maintained within a 

microfluidic device. 
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Morphological observation and cell counting showed a reduction in cell density 

following siRNA knockdown in a 2D model of GBM, using U-87 MG cells, with siCBX2 

#4 proving the most efficient in reducing cell number (cell count data). Results 

displayed in 2D models demonstrated that a reduction of CBX2 expression led to a 

reduction in cell growth. As such it was discerned that the presence of CBX2 within 

established GBM cell lines (through a 2D model) promotes tumour growth and 

proliferation. This was further confirmed through RT-qPCR analysis, with a key result 

being a significant reduction of CBX2 within the SNB-19 2D model with two of the 

siRNA sequences. However, when analysing siRNA knockdown within the 3D model, 

no significant reduction in cell growth, through measuring of the spheroid diameters, 

was detected, suggesting an issue with siRNA uptake/ transfection efficiency. Western 

blotting of siRNA knockdown samples were variable in their results, and as such, it 

was not possible to reproduce the initial 2D and 3D western bands in either GBM cell 

line at the protein level. Further to this, preliminary analysis of the breast cancer cell 

lines, MDA-MB-231, MCF-7, and T47D, in 2D and 3D models following siRNA 

knockdown also failed to show protein expression following western blotting. 

 

As there was a concern that the U-87 MG and SNB-19 cell lines had a relatively low 

abundance of CBX2, due to the lack of protein detected in repeat experiments, 

overexpression of CBX2 using plasmids was performed. Transfection of the plasmids, 

full length CBX2 (72 kDa) and a CBX2 variant, missing the chromodomain (Kawaguchi 

et al., 2017), produced appropriately sized bands, with additional lower molecular 

weight breakdown or splice products also identified. These bands were of different 

molecular weights to those observed in siRNA knockdown experiments and in the U-

87 MG positive control, when using the same anti-CBX2 monoclonal antibody. 

Additional CBX2 overexpression experiments are required to elucidate the origin and 

significance of these lower molecular weight bands. 

 

Although morphological observation and cell counting showed an increase in cell 

density following CBX2 overexpression in a 2D model within a GBM model, changes 

in cell count were non-significant when comparing the pFLAG control plasmid to the 
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cells transfected with the CBX2 full length construct. The data shows that there was 

an effect on the growth of cells, and therefore further optimisation of the protocol may 

be required to confirm observations; however, it may just be that there is no effect on 

cell growth following overexpression with the full length CBX2 construct. 

 

Incubation of U-87 MG spheroids in a static and microfluidic model did not significantly 

alter the expression of CBX2 when analysed using RT-qPCR. However, there 

appeared to be a general increase in CBX2 expression within the microfluidic model 

compared to the static samples which had been maintained as 1 spheroid per well. 

Further to this, there was an increase (although not significant) within the static model 

of 3 spheroids per well, when compared to the microfluidic model. RBL2 expression 

mirrored CBX2 expression, with RBL2 expression decreasing in the microfluidic model 

compared to the static samples. It is thought the CBX2 acts as a suppressor of tumour 

suppressors, including RBL2. These results demonstrate that when CBX2 expression 

is increased, RBL2 expression is decreased, suggesting this is the case. Further 

analysis is required to confirm this. 

 

4.2. CBX2 Expression in Cell lines 

A key factor of this investigation was the identification of CBX2 bands through western 

blotting. Despite trouble in replicating initial western results, a CBX2 band was 

observed consistently with a molecular weight of approximately 52 kDa. The molecular 

weight of 52 kDa was seen in all siRNA knockdown experiments, as well as in the full 

flask lysates of two GBM (U-87 MG and SNB-19) and three breast cancer cell lines 

(MDA-MB-231, MCF-7, and T47D), which correlates with the predicted molecular 

weight recognised by the  antibody used (ab80044, Abcam). The only occasion where 

the molecular weight of the observed CBX2 band was altered, were in the lysates 

which had been transfected with plasmids containing full length or chromodomain-

deleted CBX2 constructs. Following the addition of this full length CBX2 containing 

plasmid, the resulting western blot indicated a higher molecular weight band at 72 kDa 

in two GBM cell lines. 
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In the literature, considerable variation has been observed regarding the observed 

molecular weight for CBX2, with different groups reporting contradictory findings. A 

summary of key studies which have observed CBX2 at the protein level through 

western blots can be seen in Table 4.1. 

Table 4.1. Summary of key studies using a CBX2 antibody for analysis at the protein level. 

 

Tumour 
type 

Cell lines 
used 

Antibody 
used 

Predicted and observed 
MW by supplier 

Observed 
molecular 
weight in 
study 

Experimental 
study 

Breast 
cancer 

MDA-MB-
231 
 
MDA-MB-
468 
 
Hs578T 

Anti-CBX2 
antibody 
(ab80044). 

Predicted MW = 56 kDa 
 
Observed MW = 52 kDa 

70 kDa Bilton et al. 
(2022) 

Colorectal 
cancer 

HCT116 
 
HT29 

Anti-CBX2 
antibody 
(ab80044). 

Predicted MW = 56 kDa 
 
Observed MW = 52 kDa 

52 kDa Zhou et al. 
(2021) 

Glioma U87 
 
U251 
 
LN229 

Anti-CBX2 
antibody 
(ab235305). 

Predicted MW = 56 kDa 37 kDa Wang et al. 
(2021) 

Gastric 
cancer 

GES-1 
 
MFC 
(murine) 
 
HGC-27 
 
AGS 
 
MKN-45  

Anti-CBX2 
antibody 
(ab235305). 

Predicted MW = 56 kDa Not stated Zeng et al. 
(2021) 

Ovarian 
cancer 

SKOV3 
 
OVCAR3 

Anti-CBX2 
antibody 
(ab80044). 

Predicted MW = 56 kDa 
 
Observed MW = 52 kDa 

Not specified Dou et al. 
(2020) 

Breast 
cancer 

MDA-MB-
231 
 
MCF-7 

Anti-CBX2 
rabbit 
monoclonal 
antibody 
from the 
Proteintech 
Group, 
unspecified. 

Available CBX2 
monoclonal antibody 
from Proteintech Group 
- Cat no. 68244-1-Ig 
 
Predicted MW = 56 kDa 
 
Observed MW = 
between 65-70 kDa 

56 kDa Zheng et al. 
(2019) 

Human 
embryonic 
kidney 

293T Anti-CBX2 
antibody 
(ab80044). 

Predicted MW = 56 kDa 
 
Observed MW = 52 kDa 

73 kDa Kawaguchi et 
al. (2017) 
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The closest study to the knockdown of CBX2 in brain tumour cells is seen in the work 

of Wang et al. (2021) who used shRNA to knockdown the expression of CBX2, using 

a 2D and murine model; the murine model consisted of the injection of cells which had 

been transfected with CBX2-shRNA into the brains of mice. An interesting point to 

note is the reported molecular weight of CBX2 following shRNA knockdown, with a 

protein of 37 kDa seen. Other groups have reported CBX2 to have a molecular weight 

between 52-56 kDa, or approximately 70 kDa (Table 4.1). The 37 kDa CBX2 band 

seen by Wang et al. (2021) was detected using the anti-CBX2 antibody, ab235305, 

purchased from Abcam. However, this differs from the predicted band size highlighted 

by Abcam, with a molecular weight of 56 kDa predicted for CBX2 when using this 

antibody. 

 

It is clear that there is variation in the molecular weight both predicted and observed 

when investigating CBX2 at the protein level, with different studies reporting various 

findings. It is possible that different antibody clones pick up different forms of CBX2, 

which may account for the differing band sizes observed between studies. Additionally, 

there is the possibility that different splice variants are observed, further adding to the 

disparity between studies. There are two main isoforms of CBX2, one with a nucleotide 

length of 4628, and a shorter one at only 1107 nucleotides long; it is possible that 

different variants of the CBX2 protein are observed (NCBI). A further consideration to 

be made is whether the CBX2 variant observed is different between tumour types. A 

comprehensive study of multiple tumour types using multiple CBX2 antibodies would 

provide a complete understanding of what molecular weight is typically observed in 

different tumours. This would aid in future epigenetic alteration experiments in which 

the expression of CBX2 is observed at the protein level. 

 

As demonstrated in Figure 3.22, the molecular weight of CBX2 was seen at 52 kDa 

for each cell line within the current study. This corresponds with the observed 

molecular weight for the Abcam antibody used; anti-CBX2 antibody ab80044. A 

molecular weight of 52 kDa using the anti-CBX2 antibody, ab80044, was also 

observed within the Zhou et al. (2021) study, in which CBX2 was detected within 

colorectal cancer. 
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Interestingly, for all three breast cancer cell lines observed, a band at 52 kDa was 

seen, which is in contrast to that observed by Bilton et al. (2022) who observed CBX2 

at 70 kDa, whilst using the same antibody and cell line, MDA-MB-231. Kawaguchi et 

al. (2017) also observed CBX2 at a higher molecular weight of 73 kDa using the same 

antibody, but with a human embryonic kidney cell line (293T). A deeper look into the 

possible reason for the differing molecular weights is required. 

 

4.3. Knockdown of CBX2 

Knockdown of CBX2 expression was facilitated by the addition of CBX2-targeting 

siRNA’s within this study. Alternatively, shRNA have been used for the same effect, 

with the Wang et al. (2021) group using shRNA to reduce the expression of CBX2 

within the U-87 MG cell line. The mRNA level of CBX2 in a 2D U-87 MG model, 

compared to the control, was seen to be significantly reduced following transfection. 

They also demonstrated that a reduction in CBX2 led to a decrease in cell proliferation. 

The findings of the current study are in agreement with previous work, as a decrease 

in cell growth and proliferation following the addition of a knockdown agent (in this 

case siRNA) was observed by cell counting. Visual inspection of the cells also 

confirmed this. 

 

Although knockdown of CBX2 within three breast cancer cell lines (MDA-MB-231, 

MCF-7, and T47D) was attempted for this investigation, visualisation of CBX2 

expression at the protein level could not be achieved, most likely due to issues of low 

CBX2 expression. However, notably the Bilton et al. (2022) study was able to 

significantly reduce the cell count of MDA-MB-231, MDA-MB-468, and Hs578T breast 

cancer cells, and therefore cell growth in a 2D model. This study used three CBX2 

targeting siRNA to reduce the expression of CBX2 within the cells. As with the current 

study, Bilton and colleagues also used Lipofectamine RNAiMAX to facilitate the 

introduction of siRNA into the cells. A marked reduction in CBX2 expression was 

observed in the test conditions when compared to the non-silencing, siScr control in 
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all three breast cancer cell lines. However, this study did not explore the capabilities 

of siRNA in reducing CBX2 expression in a 3D model. 

 

The current study highlighted a possible problem in the efficiency of the knockdown 

process. Although siRNA knockdown proved successful with siCBX2 #4 in the U-87 

MG cell line, the other two siRNA products used did not significantly reduce cell 

numbers following transfection and incubation. Observation of CBX2 at the mRNA 

level through RT-qPCR highlighted only two instances of successful reduction in CBX2 

expression. Specifically, a reduction in CBX2 following siRNA knockdown using 

siCBX2 #3 and 4 within the SNB-19 2D model. However, for all other siRNA 

knockdown experiments at the mRNA level, in both 2D and 3D models, RT-qPCR was 

unable to detect any significant changes in CBX2 expression between the siScr control 

and the siRNA knockdown products used. 

 

Notably, no such significant reduction in spheroid diameter (equated to cell growth), 

or CBX2 expression was identified in any 3D model. Consequently, this may highlight 

a problem in siRNA knockdown efficiency specifically within the spheroid model, with 

the transfection agent not able to fully interact with all the cells. This observation was 

also seen by Morgan et al. (2018) who identified that siRNA uptake was limited in 3D 

models, specifically spheroids, and that an improved transfection method was 

necessary; this group looked to alter serum levels within the transfection media to aid 

in uptake. 

 

The observation of reduced knockdown efficiency within the spheroids may be a more 

accurate representation of how a tumour may react to the addition of siRNA, due to 

the reduced surface: volume ratio. It is well known that the core of a spheroid 

represents the necrotic areas of the tumour which are unlikely to be affected by siRNA. 

Therefore, further optimisation of the siRNA knockdown protocol and alternative 

methods of transfection may prove more successful in reducing the expression of the 

CBX2 protein in GBM. Initial steps should look to transfecting a higher concentration 

of siRNA products into the cells to instil a greater response. Additionally, longer 
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incubation times or adding supplementary siRNA reagents during incubation may 

improve RNA interference of CBX2 at the protein and mRNA level. 

 

Alternative knockdown methods, including the use of shRNA, as opposed to siRNA 

may improve knockdown efficiency. Further to this, the construction of alternative 

CBX2-targeting siRNA for testing, or the use of different transfection reagents may 

improve transfection efficiency. One possible gene silencing route would be through 

the use of an Accell siRNA reagent, which has been reported as an effective RNA 

interference mechanism against difficult to transfect cells. Crucially, Accell siRNA does 

not require the use of a transfection agent such as lipofectamine, which may be the 

cause for inefficient siRNA uptake in GBM cell lines (Chong et al., 2013). Studies have 

shown that Accell siRNA induced gene silencing is capable of significantly reducing 

expression at both the protein and mRNA level (Ruigrok et al., 2018; Taniguchi et al., 

2020). In particular, Ruigrok et al. (2018) demonstrated the efficiency of Accell siRNA 

within a tissue slice model, showing a possible avenue for future work in GBM tissue 

siRNA knockdown. 

 

A key feature of CBX2 knockdown is the consequential increase in RBL2 expression 

at the mRNA level. Although not significant, perhaps due to knockdown efficiency, the 

initial observations with the 2D siRNA knockdown of the U-87 MG cell line indicates 

that when CBX2 expression is reduced, RBL2 expression is elevated. This correlates 

with the observations seen by Bilton et al. (2022), and as such further suggests a link 

between CBX2 and its role as a suppressor of tumour suppressor genes, which 

enables the promotion of tumour proliferation and growth. 

 

4.4. Overexpression of CBX2 

Overexpression of CBX2 within the GBM cell lines, U-87 MG and SNB-19 has not 

been performed previously. The current study was able to demonstrate that the 

introduction of CBX2 under a strong promotor alters expression at the protein level. 

Most importantly, the same pattern of CBX2 expression was observed in both the U-

87 MG and SNB-19 cell lines when visualised through western blotting with an anti-
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CBX2 antibody (Figures 3.26 and 3.28). Although not significant when compared to 

the pFLAG control, cell number was altered following addition of a full length CBX2 

sequence or a CBX2 molecule missing the chromobox domain. The lack of significant 

increase in CBX2 expression at the mRNA level may be due to the efficiency of the 

plasmid uptake process. Further to this, the version of CBX2 which was encouraged 

to be produced by the cells by the plasmids may have competed with the native CBX2, 

preventing complete overexpression. The plasmids used to initiate an increase in 

CBX2 expression were provided by Kawaguchi et al. (2017). Incidentally, the 

Kawaguchi et al. (2017) group also looked to decrease the expression of CBX2, and 

were able to successfully do so, as seen at the protein level. 

 

CBX2 overexpression was performed previously by Wang et al. (2021) using the 

LN229 (GBM) cell line. Following transfection, they observed an increase in cell 

number, with western blotting revealing a slight increase in CBX2 expression; 

however, the molecular weight of the ‘CBX2 band’ was only 37 kDa. Furthermore, 

unlike the current study, Wang et al. (2021) did not see any breakdown products or 

splice variants. 

 

4.5. Microfluidic Application 

This study outlines initial exploration of how CBX2 expression is affected by a 

continuous flow system, as opposed to a static system using a 3D, spheroid model. It 

was observed that there was no significant difference in CBX2 and RBL2 expression 

between static and dynamic systems. This is promising for future work, as it suggests 

that 3D static and 3D microfluidic siRNA knockdown experiments can be utilised. 

However further investigation into this is required to determine the effect of a dynamic 

continuous flow system on the expression of CBX2, as well as related proteins, within 

spheroids and tissue samples. 

 

Interestingly, the spheroids maintained as three spheroids per well in the static model 

merged together to form one structure following incubation, more accurately 

replicating the events which occurred on-chip (Figure 3.33); it was noted that in some 
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cases the spheroids maintained within the microfluidic chips also bonded together. 

However such spheroids did sometimes separate during extraction from the chips 

during collection; these observations were also seen in the study by Marsh (2022). 

The merging of the spheroids within the chip may account for the slight change in 

CBX2 expression at the mRNA level. 

 

4.6. Limitations of Current Study 

4.6.1. Cell Lines 

It was important to verify the effects of CBX2 knockdown on multiple cell lines to 

ensure that the addition of siRNA to alter expression was not a cell line specific effect. 

The use of additional GBM cell lines would strengthen conclusions from the work, i.e., 

Li et al. (2017) reported that the U-251 cell line may express proteins differently when 

compared to U-87 MG cells. Other cell lines such as LN229, used as part of the Wang 

et al. (2021) study to CBX2 overexpression, could be analysed. Additionally, Wang et 

al. (2021) also used U-87 MG cells to form xenografts within immunocompromised 

mice; further work using other GBM cell lines to form xenografts would improve the 

understanding of CBX2 RNAi within a murine model. However, the limitations of 

established cell lines are well known, with it being accepted that primary cell lines 

would greatly benefit future studies in the development of new therapeutic methods 

(Gillet et al., 2011). Crucially, primary cell lines preserve more of the key morphological 

features seen in vivo, and as such provide greater accuracy in testing. 

 

4.6.2. Western Blot Analysis 

Having completed numerous repeats of both the U-87 MG and SNB-19, 2D and 3D 

siRNA knockdown experiments, the initial western blot with bands present (Figure 

3.4), illustrating the presence of CBX2, could not be repeated. It can be said that there 

may be limitations to the use of the CBX2 antibody purchased, due to the lack of repeat 

western blots able to be completed with bands present. A possible cause for the lack 

of bands present in some repeats may be due to low expression of CBX2 within the 

GBM cell lines analysed. The use of an alternative anti-CBX2 antibody may provide 

clarity. However, expression of CBX2 within GBM may be generally low; RNA 

sequencing would need to be used to verify this. 
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It was noted that CBX2 expression was also too low to be identified at the protein level 

in the breast cancer cell lines used in this study, showing that the problem was not 

restricted to GBM. 

 

4.7. Future Direction 

There are several possible avenues to further evaluate the possible use of RNAi to 

reduce CBX2 expression within GBM. These include additional repeat experiments, 

testing of additional cell lines, particularly moving to primary cell lines, as well as using 

tissue biopsies. It is also important to target other genes to show the widespread 

application of the approach. 

 

Due to the variation in CBX2 molecular weight observed between studies, a 

comprehensive analysis of the predicted and observed molecular weight of CBX2 

within a range of cell lines using multiple anti-CBX2 antibodies would provide 

information as to what bands were recognised in which cells. Additionally, such an 

investigation would also allow us to improve our understanding of the tumour and 

target protein biology. The evaluation of CBX2 expression at the protein level in 

different tumour types would also be interesting to explore. 

 

As noted, there may be an issue with transfection efficiency of the CBX2-targetting 

siRNA applied to GBM cell lines, and as such further optimisation is required. Key 

issues include, using different concentrations of siRNA, different incubation times and 

strategies, as well as exploring different CBX2-targetting siRNA sequences which may 

be more effective. As seen within the current study, siCBX2 #4 was more effective at 

eliciting a response than the other siCBX2 versions used. An additional set of 

experiments to consider would include the transfection of supplementary siRNA 24/ 

48 hours after the initial transfection to take into consideration protein half-life and cell 

doubling time. For example, based on the growth profile provided by ECACC (n.d) the 

cell doubling time of U-87 MG cells is approximately 15 hours. 
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Additional quantification techniques to analyse the effects of siRNA knockdown on 

spheroids would include the use of a live-dead assay on the spheroid model. This 

assay could help determine transfection efficiency as well as the effects of reduced 

CBX2 expression on cell growth and proliferation. The live-dead assay experiments 

could be run in parallel with spheroid diameter measurements taken using the 

Gelcount. 

 

Having laid the foundation for testing of GBM spheroid CBX2 expression within a 

microfluidic model, after assessing the effect of a static versus a dynamic, microfluidic 

system, testing of GBM cell line spheroids within the microfluidic environment with the 

addition of a siRNA knockdown component, would allow for a more representative 

response of GBM to epigenetic regulation of CBX2. Within this model, both a reduction 

and overexpression of CBX2 within the cells could be applied. The combination of 

siRNA knockdown of CBX2 and microfluidics could form the part of future projects 

undertaken on GBM, developing alternative therapeutic approaches. The microfluidic 

model would allow continuous flow of both fresh media and CBX2-targetting siRNA 

over the spheroids held within the chip. 

 

Further to this, adaptation or designing of a microfluidic chip capable of maintaining 

clinical GBM samples, obtained from patients undergoing GBM resection, would 

provide a more clinically relevant investigation into the effects of epigenetic regulation 

of key proteins within GBM as a way of reducing growth. Specifically, this model could 

be used to reduce the expression of CBX2 within GBM tissue whilst also maintaining 

the tissue on chip for extended periods to better mimic the in vivo response. Either 

tissue lumps or slices (350 - 450μm) could be used to this effect, with tissue slices 

providing a cross section of the tumour sample. However, tissue slicing requires the 

use of a vibratome which is time consuming and can affect tissue structure and 

viability. 
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Using a microfluidic model, multiple analysis techniques could be used to assess the 

effects of CBX2 reduction, with analysis of effluent produced during maintenance 

being a key tool for observing cell viability post-incubation within the microfluidic 

device. Possible cell death markers which could be used to assess cell viability include 

that of LDH, released following membrane damage, as well as dead-cell protease 

(DCP) (Saito et al., 2012; Riley et al., 2019). Both would be suitable markers to 

measure the effects of CBX2 siRNA knockdown in a microfluidic model. For example, 

Riley et al. (2019) used LDH and DCP assays to measure cell damage and death by 

analysing the effluent produced during maintenance, measuring the cell damage 

markers released from thyroid tumour tissue. These assays, along with an MTS assay, 

which measures cell metabolism (which can be used to determine cell proliferation), 

could also be performed on the supernatant present within the 2D and 3D models. 

 

Tissue analysis would further elucidate the role of CBX2 in GBM. Tissue, both pre- 

and post- maintenance within a microfluidic device with siCBX2 treated media, could 

be prepared for histological Haematoxylin and Eosin (H&E) staining or 

immunohistochemistry (IHC) analysis, through paraffin embedding or using fresh-

frozen tissue. By analysing the tissue collected, any morphological changes 

experienced under different conditions can be identified, i.e., following transfection of 

different siRNA; markers such as Ki67 may also be used as part of IHC to evaluate 

levels of proliferation between samples (Riley et al., 2019; Joosten et al., 2021). 

 

 

 

 

 

 

 

 



117 
 

Chapter 5. Conclusion 

For the first time, the role of CBX2 within GBM has been explored using siRNA as a 

method to alter the gene expression of a molecule involved in epigenetic alteration. 

The role of CBX2 and its impact on GBM was analysed in two cells lines within a 2D 

and 3D model, with prospects of a microfluidic element also being analysed. The aim 

of such a study looked to assess the possibility for CBX2 to become a therapeutic 

target during the treatment of the highly aggressive and difficult to treat, GBM. Whilst 

being highly invasive and proliferative, treatment issues surrounding incomplete 

surgical removal, inter- and intra- heterogeneity, as well as radio- and chemo-

resistance are frequently observed. Consequently, the need for new therapeutic 

methods is keenly sought, with epigenetic alteration of key proteins being explored. 

 

Whilst only in its initial stages, the use of siRNA in the U-87 MG and SNB-19 cell lines, 

as explored in the 2D and 3D models, does indicate some positive applications of 

reducing CBX2 within GBM. Most prevalently observed within the morphological 

analysis of the U-87 MG cells as well as through the cell counts following transfection 

and incubation with the siCBX2 #4 siRNA, the tests indicate a significant decrease in 

cell growth when CBX2 expression was also reduced. However, this study does 

highlight the need for the development of a more robust transfection protocol which 

can consistently induce the cells to produce less CBX2, as the results displayed 

following RT-qPCR analysis does not reflect the changes in CBX2 expected following 

the knockdown process, with a significant reduction of CBX2 at the mRNA level only 

observed within the SNB-19 cell line in the 2D model. 

 

This investigation also explored for the first time the overexpression of CBX2 in both 

U-87 MG and SNB-19 cells using constructed plasmids to observe the effect of 

increasing CBX2 expression on cell growth (both morphologically and through cell 

counts) within a 2D model. Promising results were observed at the protein level. 

Although not statistically significant, the cell counts performed on the 2D 

overexpression experiments on the U-87 MG cell line demonstrated that there was an 

increase in cell number, and therefore growth following the addition of a plasmid with 

the full length CBX2 sequence present, when compared to the control plasmid. 
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Crucially, in the wider context, this suggests that the upregulation of CBX2 within GBM 

promotes tumour cell growth and progression. This factor is consistent with previous 

studies which found that CBX2 was upregulated in several tumour types, including, 

breast cancer, gastric cancer, gliomas, and GBM (Zheng et al., 2019; Zeng et al., 

2021; Li et al., 2022). As such, a tentative link can be made towards the presence of 

CBX2 and the promotion of tumour progression. 

 

Currently, few studies have looked to evaluate the effects of CBX2 on tumour growth, 

with only one other study thus far being directed towards the relationship between 

CBX2 and gliomas. Consequently, there is a need to pursue the role of CBX2 as a 

possible repressor of tumour suppressors within GBM, due to the key observations of 

reduced cell count and therefore reduced growth occurring when the expression of 

CBX2 is reduced. Most importantly, if CBX2 can be identified as reducing the 

effectiveness of tumour suppressors, therapeutic targeting through epigenetic 

regulation of the protein may be a viable treatment option. However, the need for 

additional models is necessary for the role of CBX2 to be explored in more detail. Such 

models include additional established cell lines, primary cell lines, multicellular 3D 

models, as well as patient tissue maintained for extended periods within a microfluidic 

device, to better mimic the TME. Future studies should look to expand our 

understanding of the role of CBX2 within GBM, by what mechanisms this occurs, as 

well as begin to utilise the therapeutic capabilities of reducing CBX2 expression in the 

treatment of GBM. 
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