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Abstract 
 

Glioblastoma (GBM) is the most common and most deadly brain tumour to occur 

in adults. Initially patients respond to radiation and chemotherapy, which primarily 

work by causing large amounts of DNA damage, leading to cell death. However, 

this process does not happen effectively in GBM and understanding how these cells 

resist cell death in response to therapy is key to improving the efficacy of treatment. 

BCL6 is a transcription factor that stops cell death in response to DNA damage, 

primarily through repressing transcription of DNA damage response genes. Recent 

work in our lab has shown BCL6 to be present in untreated GBM tumours and up-

regulated in GBM cells treated with chemotherapy or radiation, and inhibition of 

BCL6 leads to a profound loss in proliferative activity. These results indicate that 

BCL6 may be used as a mechanism of therapy resistance in GBM cells. The 

objective of this study was to establish a role for BCL6 in GBM cells using 

luciferase reporter assays, electrophoretic mobility shift assays (EMSA), quantitative 

chromatin immunoprecipitation (qChIP) and targeted inhibition of BCL6 with 

subsequent transcriptional analysis by RNA sequencing. We observed that BCL6 

appeared to be a transcriptional activator in GBM, as shown by increased luciferase 

activity in GBM cells treated with radiation. EMSA experiments revealed that 

overexpressed BCL6 formed complexes with co-repressors, but endogenous BCL6 

did not. qChIP experiments revealed that BCL6 was not bound to tradtional BCL6 

target genes. Analysis of transcriptional profiles has identified a unique subset of 

genes which are downregulated when BCL6 is inhibited and upregulated in 

response to chemotherapy, and these genes were related to cell survival. These 

changes indicate that these genes may be regulated by BCL6 in chemotherapy 

treated cells. Together, these results illustrate that BCL6 appears to have an active 

and unique function in GBM cells, and reinforces this transcription factors position 

as an attractive therapeutic target in GBM. 
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1. Introduction 

1.1 Glioblastoma 
 

There was once a time where the word “cancer” was only uttered in hushed tones 

behind closed doors. It was known that the “big C”, in any form, was a death 

sentence. With advances in science and medicine, cancer is now less frequently a 

death sentence and some types are curable or are more of a chronic disease. 

Unfortunately, this has not happened for all types of cancer- a diagnosis of 

glioblastoma is still very much a death sentence.  

 

1.1.1 Glial cells 

 

The term neuroglia (ancient Greek for ‘nerve glue’), originally coined by Rudolph 

Virchow in 1856, was used to describe what was thought to be extracellular matrix 

that supported neurons in the brain (1). It was later discovered that this extracellular 

matrix was in fact made up of many types of cells that are important for supporting 

neurons and thus the term neuroglia (and also the shortened term glia) has since 

been used to describe all of these cells.  

 

Glial cells are derived from neural stem cells (NSCs), which are present in both the 

embryonic and adult brain. Glial cells can be further divided into two broad 

categories: oligodendrocytes and astrocytes. Oligodendrocytes are responsible for 

the formation of the myelin sheath on nerve fibres in the brain (2), and are derived 

from oligodendrocyte precursor cells (OPCs), which are derived from NSCs (3). 

OPCs are found in the adult brain and continue to divide into adulthood. 

Astrocytes provide broad homeostatic control of neurons, which maintains neuron 

health (4). A physiological precursor cell for astrocytes has not yet been identified, 

but astrocytes themselves are known to have proliferative capacity (5). Glioma is 

cancer in the brain that primarily involves glial cells and subsequently, NSCs, OPCs 

and astrocytes all have the potential to be cells of origin for glioma.  
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1.1.2 Glioma 

 

Glioma is a broad term that refers to all tumours in the brain that appear to be of 

glial origin. Glioma can occur in both adults and children, and childhood disease is 

different from adult disease. For the purpose of this thesis, the focus will be on 

adult glioma. , and thus when the term “glioma” is used, it is referring to adult 

glioma. 

 

Gliomas are graded from I-IV, with II-III classed as lower grade gliomas (LGGs) 

and IV classed as high-grade glioma (6,7). Grade I gliomas are distinct from all 

other gliomas; they are benign tumours with well-defined margins, which are 

curable by surgical resection. Lower grade gliomas are infrequent tumours, 

accounting for around 15% of all gliomas, and are found in a younger population, 

with peak incidence between 35 and 44 years old (8,9). LGGs are a collection of 

diffuse gliomas and are defined as either astrocytoma, oligodendroglioma, or 

oligoastrocytoma based on histology (7). The most recent study for the treatment of 

LGG showed that LGGs have a median overall survival time of 13.3 years when 

treated with surgical resection of the tumour followed by fractionated radiation 

therapy (30 fractions of 1.8 Gy) and chemotherapy, which involves six 8-week 

cycles of procarbazine (60 mg/m2), CCNU (110 mg/m2) and vincristine (1.4 

mg/m2) (10). This is likely to become the standard of care for LGGs in the near 

future as this regime has a significant survival benefit over radiation treatment alone 

(7.8 years with radiation alone versus 13.3 years with combined treatment).  

 

In 2016 there was an update of the World Health Organisation (WHO) 

classification of tumours of the CNS, which incorporated molecular information as 

part of the classification of gliomas and has lead to a profound reshuffling of the 

classification of LGGs (7). LGGs can be divided into three distinct molecular 

subtypes- isocitrate dehydrogenase 1/2 (IDH) mutation with co-deletion of 

chromosome arms 1p/19q, IDH mutation without co-deletion of 1p/19q and IDH 

wild-type (6). LGGs with IDH mutation and 1p/19q deletion have the best survival 

(median 8.1 years), IDH mutation and no 1p/19q deletion have relatively good 

survival (median 6.3 years), and IDH wild-type tumours have the worst survival, 
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with a median of 1.7 years, which is more similar to the prognosis for grade IV 

gliomas (6). 

 

Enzymes IDH1 and IDH2 catalyse the decarboxylation of isocitrate to α-

ketoglutarate (α-KG) alongside the reduction of cofactor nicotinamide adenine 

dinucleotide phosphate (NADP+) to NADPH, and also catalyse the reverse 

reaction, depending on cellular conditions (11,12). IDH1 performs this in the 

cytoplasm and IDH2 performs this in the mitochondria. This reaction is important 

primarily for the reduction of reactive oxygen species (ROS) through multiple 

mechanisms (13). IDH1 and 2 can be mutated in their active site, the most common 

mutation being IDH1R132H, which causes an incomplete reverse reaction to occur, 

leading to the production of a new molecule, 2-hydroxyglutarate (2-HG) instead of 

isocitrate (14). 2-HG is a competitive inhibitor of α-KG dependent histone 

demethylases and TET 5-methylcytosine hydroxylases. As a result, high amounts of 

2-HG, such as those seen in IDH mutant gliomas, lead to altered histone and DNA 

methylation (15). This leads to a hypermethylated state in glioma called G-CIMP 

(glioma-CpG island methylator phenotype) (16,17). G-CIMP is when CpG islands 

along DNA have more methylation than what would be considered normal 

(hypermethylated), and when this occurs at a gene promoter, it prevents 

transcription of the gene. This has been shown to be important in both LGGs and 

high-grade gliomas. 

 

1.1.3 Glioblastoma 

 

Glioblastoma (GBM) is the most common and most deadly form of brain tumour 

to occur in adults. GBM is a grade IV diffuse glioma, which means it is highly 

invasive and grows very quickly, resulting in a highly disorganised arrangement of 

tumour cells, blood vessels and other cells involved in the tumour 

microenvironment. GBM occurs in two forms, primary and secondary GBM. 

Primary GBM is diagnosed without evidence of a previous low grade tumour, is 

IDH1 wild type, and is the most common form of GBM, accounting for more than 

90% of cases (18,19). Secondary GBM develops after the diagnosis of a lower grade 

glioma, and is usually IDH1 mutant. Primary GBM and secondary GBM affect 

distinctly different populations of people. Primary GBM commonly occurs in older 
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people, with an average age of 62 years and secondary GBM usually occurs in 

younger people with an average age of 45 years (18,19).  

 

The prognosis for patients diagnosed with GBM is often described as ‘dismal’ with 

a median overall survival of 19 months (with the most extensive surgical removal, 

followed by the most aggressive therapy regime) after diagnosis with current 

treatment and a 5 year survival rate of less than 10% (20). The standard treatment 

currently used to treat people with GBM is known as the “Stupp Protocol” after 

Dr. Roger Stupp, the first author of the clinical trials that lead to the use of 

temozolomide (TMZ). The Stupp Protocol consists of complete surgical resection 

of the tumour, followed by concomitant ionising radiation (IR) (60 Gy total, 2 Gy 

daily Monday- Friday) and TMZ (75 mg/m2 daily) followed by adjuvant TMZ (6 

cycles consisting of 150-200 mg/m2 for 5 days during each 28-day cycle) (20). The 

effectiveness of chemo-radiation is limited as the tumour will inevitably relapse, 

with median time to relapse 6.9 months with most extensive surgical resection (20). 

When the tumour relapses the patient can choose to have further adjuvant TMZ or 

other interventions, including further surgical resection, which may offer benefit for 

some patients. Ultimately the decision for further treatment comes down to the 

patient, as all treatments have side-effects and may not give them the quality of life 

they want in their final moments.  

 

1.1.4 Molecular Features/Subtypes of GBM 

 

Currently there are few known molecular features that make any clear difference to 

the clinical outcome of GBM. One of these is MGMT (O6-methylguanine-DNA 

methyltransferase) promoter methylation. The function of MGMT is to repair O6-

methylguanine lesions caused by TMZ by removing the lesion from the base, which 

reduces the efficacy of TMZ treatment substantially. Patients with MGMT promoter 

methylation have a significant survival benefit (median survival 23.4 months with 

MGMT methylation vs 12.6 months without), as the MGMT promoter is inactive, 

which means there is no transcription of MGMT and subsequently no active 

MGMT to prevent the action of TMZ (20). 
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The other molecular feature of GBM that makes a difference to clinical outcome is 

IDH mutations, though it is not yet clear the exact mechanism by which this works. 

Less than 5% of primary GBMs and >80% of secondary GBMS are IDH mutant, 

which is in line with secondary GBMs being a tumour that originated as a LGG, as 

LGGs have a high rate of IDH mutation (18,21). While in LGGs IDH mutation and 

G-CIMP methylation tend to go hand in hand, IDH mutant GBMs have both G-

CIMP high and G-CIMP low groups, with G-CIMP high tumours having a more 

favourable prognosis (median survival 34.5 months) than G-CIMP low tumours 

(median survival 9.7 months) (16,22). This survival benefit of IDH mutant, G-

CIMP high tumours has been associated with MGMT methylation status (23), 

although this association is not consistent across different GBMs (24). 

 

GBM is a heterogeneous tumour, which means that instead of containing cells that 

have all of the same mutations, it contains a variety of cells with different mutations, 

allowing it to adapt and grow regardless of its environment (25). This has made it 

complicated to describe GBM at a molecular level as many molecular entities exist 

within the same tumour, and sampling and subsequent molecular typing of the 

tumour may not accurately reflect this heterogeneity. Over the past decade, the 

cancer genome atlas (TCGA) has addressed this problem, using large cohorts of 

patient samples and a variety of molecular techniques (6,22,26–28). Subsequently 

they have made great progress into getting a complete molecular picture of GBM, 

which should prove to be useful in the development of new therapeutics. 

 

In 2010, Verhaak et al. defined 4 distinct molecular subtypes of glioblastoma: 

classical, mesenchymal, proneural and neural (26). The classical subtype was 

characterised by epidermal growth factor receptor (EGFR) gene amplification, 

which occurred in 97% of classical tumours and homozygous deletion of 9p2.13, 

which targeted CDKN2A (cyclin-dependent kinase inhibitor 2A) and co-occurred 

with EGFR amplification 94% of the time (26). The mesenchymal subtype was 

characterised by deletions of neurofibromin 1 (NF1), which primarily co-occurred 

with phosphatase and tensin homolog (PTEN) loss, and was generally more 

necrotic and inflammatory than other subtypes of tumours as demonstrated by high 

expression of tumour necrosis factor superfamily members RELB proto-oncogene 

NF-κB subunit (RELB), TNFRSF1A associated via death domain (TRADD) and 
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TNF receptor superfamily member 1A (TNFRSF1A) (26). The proneural subtype 

was characterised by either amplifications in platelet derived growth factor receptor 

a (PDGFRA) or mutations in IDH1, and the IDH1 mutant subtype could be further 

split based on G-CIMP status (26). The neural subtype was characterised by 

expression of neural markers, for example neurofilament light (NEFL), gamma-

aminobutyric acid type A receptor alpha1 subunit (GABRA1) and Synaptotagmin 1 

(SYT1), which are normally expressed in differentiated neurons. 

 

In 2013, the follow up paper was published by Brennan et al. which further broke 

down these 4 GBM subtypes into 5: proneural G-CIMP, proneural non G-CIMP, 

neural, classical, and mesenchymal (28). This paper also found that there were 6 

methylation subtypes of GBM: M1, M2, M3, M4, G-CIMP, and M6. Clusters M1 

and 2 were enriched for mesenchymal GBMs, M3 and 4 for classical GBMs, and the 

G-CIMP and M6 clusters are enriched for proneural GBMs. The proneural non G-

CIMP group had significant association with PDGFRA amplification, and the 

proneural G-CIMP group had enrichment for ATRX mutations and MYC 

amplifications (28).  

 

Brennan et al. also gave a comprehensive view of the somatic mutations in 

glioblastoma, highlighting mutations in at least one receptor tyrosine kinase (RTK) 

to be common (67.3% of tumours analysed): either EGFR (57.4%), PDGFRA 

(13.1%), MET proto-oncogene, receptor tyrosine kinase (MET) (1.6%), or 

fibroblast growth factor receptor 2/3 (FGFR2/3) (3.2%). Mutations affecting the 

phosphatidylinositol-3-kinase (PI3K) pathway were common, affecting 59.4% of 

tumours overall. Mutations in PI3K family members (particularly p110alpha and 

p85alpha subunits) were found in 25.1% of tumours, and PTEN 

mutations/deletions were mutually exclusive from PI3K mutations. When including 

the RTK mutations, 89.6% of all tumours analysed had at least one alteration in the 

PI3K pathway. The P53 pathway was dysregulated in 85.3% of tumours through 

mutations/deletion of TP53, amplification of MDM1/2/3 proto-oncogene 

(MDM1/2/3), or deletion of cyclin dependent kinase inhibitor 2A (CDKN2A). 

 

Since the Verhaak et al. and Brennan et al. publications, further classification of a 

range of diffuse gliomas (grade II-IV) has been completed by Ceccarelli et al., which 
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has lead to more accurate groups of tumours, which has allowed for more accurate 

predictions of treatment outcome(22). This strengthens the relationship across 

diffuse gliomas; even though a histological distinction can be made between low 

and high-grade tumours, having a clear molecular definition of gliomas gives a 

better picture of the clinical outcome of any individual tumour.  

 

Ceccarelli et al. looked at a range of tumours (grade II-IV) and found that they can 

first be split into IDH mutant or wild type, which generally splits the lower grade 

(IDH mutant) from the high grade (IDH wild type) tumours. The IDH mutant 

group splits into three different subtypes. The first split is based on G-CIMP status 

(16,29). As discussed earlier, people whose tumours have low G-CIMP have lower 

survival rates, while G-CIMP-high tumours have higher survival. The third subtype 

are those tumours with co-deletion of 1p and 19q, which have the highest survival 

of all defined subtypes (median survival 9.7 years). The IDH1 wild type tumours 

split into 4 subtypes. The classic-like and mesenchymal-like subtypes both have low 

survival as defined in (26,28).  The LGm6-GBM subtype, which is defined by 

methylation subtype, and Pliocytic astrocytomalike (PA-like), both have higher 

survival than the classic-like and mesenchymal-like subtypes, with LGm6-GBM 

having lower survival than PA-like (22).  

 

These studies have highlighted the complexity of gliomas and shown that grade 

does not necessarily determine the molecular phenotype or outcome of treatment. 

Complete molecular subtyping of GBM tumours is not used in the clinic, as it does 

not yet give clinicians useful information with regards to treatment for their 

patients. Despite a large amount of research in this area, it is not yet clear whether 

these molecular subtypes will provide useful information for the future treatment of 

GBM. 

 

1.1.5 Research Models 

 

GBM is an incredibly complex disease, with high inter- and intra-tumoural 

heterogeneity. Researchers face a huge challenge in the development of models that 

accurately recapitulate disease. As a result, many approaches have been used to 

model GBM, and over time as more information becomes available about GBM 
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tumours these models get closer to fully reflecting the disease. A wide variety of 

GBM models are used by researchers, as not all models are appropriate to answer 

the kinds of questions that researchers are asking and some are much more 

expensive and technically challenging than others. In this thesis the well established 

cell lines LN18 (30) and U87-MG (31) have been used, which are derived from 

human tumours and have been used to model GBM in vitro for many years. 

 

The cell line LN18 was established in 1981 by Diserens et al. from a tumour that 

had been surgically removed from a 61 year old male with a right malignant glioma 

(30). The cells were grown easily in Dulbecco’s Modified Eagle Medium 

supplemented with foetal calf serum and were able to be serially transplanted 

subcutaneously in nude mice. LN18 has been characterised as TP53 mutant and 

PTEN wild-type, and has been classed as the mesenchymal subtype of GBM (32) 

(Dr. Jason Huse, personal communication). LN18 is also classified as TMZ resistant 

(33). Since the establishment of this cell line it has been used extensively for 

research into glioblastoma, primarily as a cell line grown in culture. 

 

U87-MG is a popular cell line as it can be easily cultured in vitro and also grown both 

intracranially and subcutaneously in immunodeficient mice. U87-MG was first 

established by Pontén and Macintyre in 1968 (31) and has been used extensively for 

research into glioblastoma in the years following. U87-MG is TP53 wild-type and 

PTEN null and sensitive to TMZ (32,33). Recently, members of the lab where U87-

MG originated conducted an investigation into the U87-MG line that is held by the 

ATCC and compared it to the original tumour material. The investigation found 

that the ATCC U87-MG cell line did not match the tumour material (34). They did 

establish that the widely used U87-MG is likely a cell line of brain tumour origin, 

but were unable to determine what type of tumour the cells came from. 

Subsequently, publications that have used the model must be interpreted with 

caution, as it is unknown whether U87-MG is an accurate reflection of 

glioblastoma. 

 

GBM cell lines that have been maintained in vitro for long periods of time are 

unlikely to fully encompass all the facets of the disease itself, and it has been known 

for a long time that these cells are changed by the in vitro environment (35). It has 
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been shown that GBM cells growing in vitro have a vastly changed transcriptional 

profile, which reflects the fact that the environment cells are grown in in vitro does 

not reflect the in vivo environment of the tumour (36). However, glioblastoma cell 

lines are reproducible, relatively easy and cheap to cultivate, and they provide a 

starting point for research into glioblastoma before moving into in vivo models. 

 

To address the issues with models of GBM that are primarily in vitro, multiple in vivo 

models of GBM have been developed, which usually involve tumour cells being 

implanted into the brains of mice. There are multiple ways of setting up this kind of 

model, most commonly using tumour material from a patient into an 

immunocompromised mouse or implanting a mouse tumour cell line into the same 

type of mouse. 

 

A popular model of GBM is to take patient tumour material and propagate it in 

specialised stem cell media, which leads to the selection of glioma stem cells 

(GSCs). GSCs are highly infiltrative cells that repopulate the tumour after treatment. 

These cells are inherently therapy resistant, express high levels of neural stem cell 

markers and also tend to occur at infiltrating margin of GBMs, which makes it 

unlikely they will be removed during surgical resection (37–40). GSCs that are 

grown from primary tumour material in vitro have been shown to recapitulate the 

tumours they have come from when implanted in immunocompromised mice (41–

43). As a result, GSCs have become a popular in vitro and in vivo model of GBM. 

GSCs can be studied extensively in vitro before moving to in vivo work, reducing the 

number of animals required for this research.  

 

A key problem with stem cell cultures is that it is a selective process and 

subsequently not all parts of the tumour are represented in the model. As a way to 

get around this, patient derived xenografts (PDX) were developed, where tumour 

material from a patient is directly grown in immunocompromised mice (either nude 

or NOD/SCID) (44). Initially the tumour is grown heterotopically in the flank of 

the mouse and tumours are serially passaged between mice to establish a long-term 

model (45). Once the tumours are established heterotopically they can be grown 

orthotopically. PDX models of GBM recapitulate the histology and molecular 

profile of their parent tumours, and have also been shown to reflect patient 
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response to treatment (44,46). However, a key problem with both stem cell and 

PDX models of GBM is that they need to be implanted into immunocompromised 

mice, which completely removes the interaction between the tumour and the 

immune system.  

 

One way to get around the problem of using immunocompromised mice is to 

develop a tumour within the mouse itself so that the immune system stays intact. 

This approach was one of the earliest ways of modelling GBM (and many other 

tumours). One of the most established mouse cell lines used to model GBM is 

Glioma 261 (GL261), which was originally developed in 1939 by intracranial 

injection of the carcinogen 3-methylcholanthrene into C57BL/6 mice, and 

maintained by serial implantation of tumour fragments into syngeneic mice (47,48). 

By the mid 1990s a cell line had been established from this tumour in multiple 

laboratories, primarily for the development of immunotherapies (49–51). GL261 

cells grow easily in vitro and produce an aggressive tumour that mice succumb to 

quickly. The GL261 tumour does not fully recapitulate all of the characteristics of 

human GBM, as GL261 cells do not have a similar molecular profile to GBM, and 

are mildly immunogenic; vaccination with irradiated GL261 cells provides some 

level of protection against these tumours (52). Despite this, GL261 is still a popular 

mouse model of GBM, particularly when studying interactions between the immune 

system and the tumour.  

 

To try and address the problems presented by the GL261 mouse model while 

keeping the immune system intact, genetically engineered mouse models (GEMMs) 

have been developed. GEMMs of GBM that recapitulate the disease well are 

difficult to develop, as it is not yet clear the order of mutational events that lead to 

GBM development, and mice will be different to humans in the way they develop 

disease. Researchers subsequently have to choose what the driver mutations are 

likely to be based on current molecular information. As a result, there are many 

different genetically engineered models of GBM, all with slightly different 

characteristics. 

 

The first GEMM to be developed for brain tumours was by Brinster et al., where 

SV-40 T-antigen plasmids were microinjected into fertilised mouse eggs, which lead 
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to reproducible development of tumours in the choroid plexus (53). Initially, most 

models were developed like this through germline mutations, which modelled 

familial predisposition to disease. Since then, many different, more complex models 

have been developed to target brain specific cells, all with varying success at 

producing truly “GBM-like” tumours (54–56). These models use modifications of 

pathways commonly mutated in GBM in different combinations, for example 

EGFR, PDGFR, P53 and PTEN. One of the earliest models of this is the v-src 

model, where v-src is targeted to glial fibrillary acidic protein (GFAP) expressing 

cells, which are primarily astrocytes. V-src interacts with EGFR and PDGFR, which 

are commonly upregulated in GBM, and expression of v-src in GFAP expressing 

cells results in the development of astrocytoma-like tumours (57). As technology 

progressed in this area, more techniques to target genetic changes in somatic cells in 

specific organs became available like tv-a/RCAS viral vectors, flox/cre, and most 

recently the CRISPR/Cas9 system (58–60). CRISPR/Cas9 is new technology that is 

relatively easy to use to target specific sites of the genome for modification, and will 

likely lead the way for the development of new GEMMs in the future. An example 

of this is use of the CRISPR/Cas9 system to target and delete TP53, NF1, and 

PTEN in the forebrain, which had previously been shown to lead to GBM with a 

flox/cre system (61,62). This approach successfully produced GBM tumours in all 

mice with the triple deletion and none of the mice with any of the single deletions 

(60).  

 

GEMMs, like GL261 have the major advantage of producing GBM tumours in 

mice without having to be immunocompromised, allowing for interactions between 

the tumour and the immune system to be studied. A further advantage of GEMMS 

is that these tumours more accurately reflect molecular changes and histology of 

GBMs than chemically induced tumours like GL261. The problem with GEMMs is 

that there are so many slightly different models of disease that it is difficult to know 

which is the best to use. It is likely that all GEMMs have some relevance to GBM in 

humans since GBM is such a heterogeneous disease. As a result, any GEMM used 

by researchers currently is unlikely to reflect every aspect of human GBM. 

 

GBM is a difficult disease to model, as shown by the many different approaches 

used by researchers. In vitro culture of GBM cells is relatively cheap and easy, and 
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does reflect some aspects of disease, but the cells are changed from the tumours 

they originally came from. Chemical induction of disease in animals is useful to 

study carcinogenesis but is not very reflective of GBM in humans. GBM is very 

complex and can differ substantially between patients, which makes patient derived 

models useful, but difficult to extrapolate from the patient they have come from. 

The molecular events leading up to the development of GBM are still not 

completely understood, which means that it is not yet known how much GEMMs 

accurately reflect the development of GBM in humans.  
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1.2 DNA Damage Response  
 

The DNA damage response (DDR) is important for the efficacy of both 

chemotherapy and radiation for the treatment of glioblastoma, and most other 

cancers. It is important to understand how this process works to understand how 

DNA damaging treatment of cancers work. 

 

1.2.1 DNA Damage Sensing 

 

DNA is the blueprint for the cell, which means it relies on its DNA for all the 

information it needs to function. DNA is under a constant barrage of attacks by 

environmental and intrinsic factors, like ultraviolet (UV) and ionising radiation, 

ROS, and spontaneous hydrolysis of nucleotides. This damage can prevent accurate 

replication, which can introduce mutations that lead to malignant transformation of 

the cells. A comprehensive DDR is required so that a cell can retain its genomic 

stability.  

 

The DDR is made up of a multitude of complex processes, all of which are 

designed to repair specific kinds of lesions, including damaged bases, single strand 

breaks (SSBs) and double strand breaks (DSBs). Lesions are first detected by 

sensors, particularly the MRE11A/RAD50/NBS1 (MRN) complex. If the MRN 

complex is activated it then activates ATM-and Rad3-Related (ATR) and ataxia-

telangiectasia mutated (ATM) kinases. ATR and ATM are known as master 

regulators of the DDR as they employ a large network of cellular processes to 

maintain genomic stability (63–65). ATR is activated in response to a wide variety of 

DNA lesions, including DSBs, and ATM is activated just in response to DSBs (66). 

As part of the DDR, ATR and ATM phosphorylate checkpoint 1 (CHEK1) and 

checkpoint 2 (CHEK2) kinases respectively, which then go on to phosphorylate 

P53. P53 is a key transcription factor that determines cell fate in response to DNA 

damage by regulating the expression of both pro- and anti-apoptotic genes.  

 

P53 plays a key role in cancer development as mutations in P53 can inactivate it, 

which prevents its ability to induce cell cycle arrest or apoptosis in response to 

DNA damage. Cells that have mutant P53 can then go on to form a tumour, and it 
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has been shown that mice with mutant forms of P53 develop an array of different 

tumours (67–69).  

 

In a normal cell, once the DNA damage has been detected, there are two things that 

can happen next: DNA damage repair or apoptosis. 

 

1.2.2 DNA Damage Repair  

 

DNA damage repair is a complex and crucial part of the DDR, as it allows a cell to 

repair a range of lesions through different mechanisms and subesquently retain 

genomic stability of the cell, which prevents the need to apoptose. 

 

Single base lesions like N7-methylguanine (N7-meG) and N3-methyladenine (N3-

meA) caused by TMZ, and 8-oxoguanine (8-oxoG) and SSBs caused by ROS are 

removed by base excision repair (BER). BER is used to replace damaged bases and 

also SSBs that have been recognised by poly(ADP-ribose) polymerase family 

members such as PARP1 (70). BER involves the removal of the damaged base by a 

DNA glycosylase, followed by replacement of the base by DNA polymerase β and 

sealing by the XRCC/Ligase III complex (71). BER involves lesions on only one 

strand of the DNA, which means that DNA polymerases always have a template to 

work off when replacing the damaged DNA, which reduces the error rate of this 

process.  

 

DNA damage repair gets more complicated and cytotoxic once a cell sustains DSBs, 

which are the primary kind of DNA damage that TMZ and IR aim to inflict. There 

are two primary mechanisms used to repair DSBs: homologous repair (HR) and 

non-homologous end joining (NHEJ). NHEJ is the most common DDR pathway 

used by cells as it is fast and does not require a sister chromatid. However, this also 

means that NHEJ tends to be more error prone than HR. In the NHEJ pathway, 

breaks are recognised by the the Ku70/80 protein which recruits DNA-dependent 

protein kinase (DNA-PK), and the ends of the DSB are stabilised by these 

complexes. DNA-PK recruits ARTEMIS nuclease to the break and all three factors- 

Ku, DNA-PK and ARTEMIS are phosphorylated by ATM/ATR. A number of 

other enzymes are recruited to the site, which includes polynucleotide kinase 3’-
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phosphatase (PKNP) and DNA polymerases µ and λ for DNA processing. After 

DNA processing, the XRCC/DNA ligase IV complex seals the break (72,73).  

 

In homologous repair, heteroduplex DNA must be formed between two sister 

chromatids, so first the DSB is stabilised by the MRN complex, which recruits 

ATM to the break to start the signalling cascade. CtIP nuclease is recruited by ATM 

and resects the end of the DNA in combination with exonuclease I (EXO1) (74–

76). Replication protein A (RPA) binds to the single stranded region, which recruits 

ATR/ATR interacting protein (ATRIP) and then hands it off to RAD51 

recombinase (RAD51), which is essential for strand invasion into the homologous 

sister chromatid. A heteroduplex then forms, which allows the DNA to be repaired 

either by crossover or non-crossover pathways (77).   

  

1.2.3 Apoptosis in Response to DNA Damage: The Mechanism of 

Treatment 

 
If a cell has sustained too much DNA damage to be repaired, the cell could 

apoptose. Apoptosis is a programmed form of cell death that usually occurs as part 

of normal cellular maintenance of multicellular organisms. Apoptosis, as opposed to 

necrosis, is a tightly controlled, non-inflammatory process.  

 

There are two primary pathways of apoptosis: the extrinsic pathway and the 

intrinsic (also known as mitochondrial) pathway. Both apoptotic pathways can be 

induced by DNA damage. The extrinsic apoptotic pathway that is activated in 

response to DNA damage involves activation of the membrane receptor FasR (also 

known as Apo-1 or CD95) by P53 in the case of DNA damage, which leads to 

assembly of the death-inducing signalling complex (DISC), composed of Fas-

associated protein with death domain (FADD) and pro-caspases 8 and 10. The pro-

caspases are cleaved, which causes them to become activated, and these in turn 

activate executing caspases 3 and 7, known as a caspase cascade. These executing 

caspases are responsible for the degradation of proteins in the cell as well as 

activating caspase activating DNAse (CAD) which breaks down cellular DNA, 

leading to apoptosis (78,79). 
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The intrinsic, or mitochondrial apoptotic pathway is triggered by disruption of the 

outer membrane of mitochondria by BCL2 family proteins BCL-2-associated X 

protein (BAX) and BCL-2 antagonist/killer (BAK). This leads to a release of factors 

that trigger apoptosis, particularly cytochrome c. Cytochrome c release leads to the 

oligomerisation of apoptotic protease activating factor-1 (APAF-1) to form the 

apoptosome, which goes on to activate caspase 9 via dimerisation. Active caspase 9 

then activates executing caspases 3 and 7, leading to apoptosis in the same way as 

the extrinsic pathway (80). It is interesting to note that there are a number of BCL2 

family proteins upstream of BAX and BAK, which work in opposing ways to either 

activate or prevent apoptosis (81). 

 

Different types of DNA damage lead to activation of different pathways that lead to 

apoptosis. IR and TMZ are used to treat GBM concurrently, and work in different 

ways to cause DNA damage.  

 

Ionising radiation was the first non-surgical treatment used for GBM, and is used 

on the basis that rapidly proliferating tumour cells will be more susceptible to large 

amounts of DNA damage (82,83). IR causes DNA damage by either direct attack 

on the DNA or by the formation of ROS within the cell, which then go on to attack 

the DNA and cause base modifications, as well as single and double stranded breaks 

(78). IR causes a wide variety of DNA lesions, so it is likely a combination of these 

leads to apoptosis in the cell. Double stranded breaks are accepted to be the most 

lethal lesion caused by IR. IR has been shown to lead to apoptosis via P53, which 

up-regulates the expression of Noxa. Noxa is a pro-apoptotic protein of the BCL2 

family that is upstream of BAX/BAK, and activation of Noxa leads to apoptosis via 

the intrinsic pathway (84). 

 

Temozolomide is an effective treatment for GBM alongside radiation and has been 

used as a standard of care since the publication of the Stupp et al. clinical trial in 

2009 (20,85). TMZ is a DNA alkylating agent that works by adding N7-meG, N3-

meA and O6-methylguanine (O6-meG) lesions to DNA. N7-meG and N3-meA 

lesions are primarily removed by BER. The O6-meG lesion is the most lethal caused 

by TMZ, as this leads to a mismatch to thymine instead of cytosine, which induces a 
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mismatch repair loop and ultimately causes single (SSB) and double (DSB) stranded 

breaks (86). This lesion causes G2/M cell cycle arrest and ultimately apoptosis, via 

the activation of the extrinsic FasR pathway by P53 (87). O6-meG lesions can be 

directly repaired by the enzyme MGMT, which is quite different to the other DDR 

pathways as it is a single reaction to fix the lesion (88). As discussed earlier, GBM 

patients who have methylation of the MGMT promoter have a better response to 

TMZ than those without methylation (89). 

 

Temozolomide is the chemotherapeutic drug used to treat patients with GBM, but 

is not widely used in in vitro experiments, as it is difficult to work with. TMZ is 

highly insoluble, which makes it difficult to achieve optimal concentration in vitro. 

As a result, experiments completed in this thesis were conducted with doxorubicin 

as a chemotherapeutic as it is soluble in media and subsequently much easier to 

work with.  

 

Doxorubicin is used to treat many different cancers, including breast cancer, ovarian 

cancer and multiple myeloma (90). It is not currently used to treat GBM as it does 

not pass through the blood brain barrier, but much effort has been made to 

overcome this hurdle, and we may see successful development of a formulation of 

doxorubicin for GBM in the future (91–94). Doxorubicin causes DNA damage 

through multiple mechanisms, including topoisomerase II inhibition, DNA 

intercalation and oxidative damage, and is best known as a topoisomerase II 

inhibitor (95). Topoisomerase II performs an important function in cells as it binds 

DNA supercoils and entangled DNA, breaks one of the strands to unwind and 

release the tension on the DNA, and then reseals the two strands together. This 

allows cells to be able replicate and transcribe DNA effectively. Doxorubicin stops 

topoisomerase II from resealing the break formed after the DNA has been 

unwound, which leads to DSBs (96). Doxorubicin does not simply cause DNA 

damage; it also has a wide range of effects on the cell, which means that there are 

multiple pathways through which it can cause apoptosis of the cell. Doxorubicin 

treatment has been shown to cause increased levels of BAX in the cell, which 

pushes the cell towards apoptosis via the intrinsic pathway, and it can also lead to 

the activation of AMP-activated protein kinase (AMPK), which activates P53 

leading to apoptosis via the extrinsic pathway (97). 
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1.2.4 DNA Damage and Therapy Resistance in Glioblastoma 

 

A key aspect of tumour formation is the series of mutations that lead to 

uncontrolled cell division (98). This means that DNA damage repair mechanisms 

were not working effectively in these cells and were subsequently unable to repair 

the DNA lesions that lead to these mutations. Paradoxically, in order to resist DNA 

damaging treatment, cancer cells, which often have a high mutational load, must be 

able to effectively repair or ignore this DNA damage in order to keep dividing. 

GBM is well known to be highly resistant to treatment, which is demonstrated by 

the short median survival time (~15 months) and time to relapse (~6 months) seen 

in patients (20). Chemo-radiation used to treat GBM damages DNA and has been 

shown to induce apoptosis in cells in a multitude of different ways as previously 

discussed, yet it seems that there are GBM cells that are able to overcome this 

damage and avoid apoptosis. This would indicate that GBM cells have employed 

mechanisms to resist DNA damage induced cell death, and understanding these 

mechanisms could lead to the development of more effective treatments for GBM.  

 

MGMT expression is one of the most well documented resistance mechanisms for 

TMZ. GBM patients with MGMT promoter methylation have a survival benefit 

compared to those who do not, but most will still go on to develop treatment 

resistant tumours (89). There are other mechanisms that GBM tumour cells employ 

to resist DNA damage caused by TMZ, which include mutS homolog 6 (MSH6) 

mutation and alkylpurine-DNA-N-glycosylase (APNG) expression. MSH6 is a 

DNA mismatch repair protein, and the inactivated mutated form is selected for by 

TMZ treatment in GBM, which allows cells to tolerate O6-meG lesions (99,100). 

MSH6 inactivating mutations occur in 26% of GBMs and this has been shown to 

be a mechanism of TMZ resistance independent of MGMT promoter methylation 

(101,102). APNG is a base excision repair protein, that functions in the repair of 

N3-meA and N7-meG lesions caused by TMZ treatment. Expression of APNG in 

GBM cells leads to TMZ resistance and is associated with poorer survival in GBM 

patients with MGMT promoter methylation (103,104).  
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P53 is a key part of the DDR as it determines whether a cell will apoptose or repair 

in response to DNA damage, and when cells gain P53 mutations this leads to the 

formation of tumours (67–69). Brennan et al. showed that the P53 pathway was 

dysregulated in 85.3% of tumours through mutations/deletion of TP53, 

amplification of MDM1/2/3, or deletion of cyclin dependent kinase inhibitor 2A 

(CDKN2A) (28). Given this information, it is likely that P53 plays a significant role 

in resistance to DNA damaging treatment of GBM, as mutant P53 allows cells to 

tolerate large amounts of DNA damage and continue proliferating. 

 

The EGFR is a receptor tyrosine kinase that is frequently altered in GBM (57% of 

all GBM,~80% of classical subtype). The most common mutation is the EGFRvIII 

activating mutation, which leads to constitutive activation of the survival pathways 

downstream of EGFR (28). The PI3K/AKT/MTOR (mammalian target of 

rapamycin) and RAS/MEK/ERK (extracellular signal-regulated kinase) pathways 

are both activated via EGFR and among many other downstream effects, activation 

of both pathways lead to an increase in DNA repair activity. This increase in DNA 

repair activity results in increased cell survival and proliferation (105,106). As shown 

by Brennan et al., 89.6% of all GBM tumours analysed had at least one alteration in 

the PI3K pathway, which highlights that this is a key pathway for therapy resistance 

in GBM (28). In addition to constitutive activation of EGFR in GBM, the EGFR 

can be activated by IR, which leads to activation of downstream signalling pathways, 

leading to radioresistance (107,108). IR can also lead to EGFR translocation to the 

nucleus where it activates DNA-PK, which in turn activates DSB repair, leading to 

cell survival and therapy resistance (109,110). As a result of this evidence, several 

small-molecule EGFR inhibitors have been trialled in GBM, including erlotinib and 

gefitinib, with no great success so far (111). Trials of new inhibitors are ongoing. 

 

GBM has many other characteristics that contribute to therapy resistance, which do 

not directly involve the DDR. These include glioma stem cells and the tumour 

microenvironment. 

 

GBMs are well-documented to have a stem cell population that contributes to 

therapy resistance (112,113). These cells have many of the characteristics of non-

cancerous stem cells: self renewal, expression of stem cell markers and a low rate of 
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proliferation, and their function is to maintain the tumour cell population (114,115). 

Glioma stem cells that have been selected for have been shown to accurately 

recapitulate GBM tumours in mice, which reinforces their role as cells that maintain 

the tumour cell population (41–43). As a result, GSCs have been studied extensively 

to find ways of targeting these cells with treatment (115–117). 

 

The tumour microenvironment plays a large role in therapy resistance in GBM. 

Tumour vasculature is highly disorganised, leading to hypoxia and necrosis in 

various areas of the tumour (118). The problem with this is twofold: hypoxia is 

radioprotective, as oxygen is required to create ROS to cause DNA damage, and 

any drugs against the tumour that are able to pass through the blood brain barrier 

(BBB) are unable to reach the majority of the tumour as there is no vasculature to 

take them there (119). Hypoxia is not the only problem with the microenvironment, 

as tumour infiltrating macrophages are recruited to the tumour and create an 

extremely immunosuppressive environment (120). This makes immunotherapeutic 

approaches to treatment difficult. Given the success of checkpoint inhibitor 

immunotherapies anti-CTLA4 (ipilimumab) and anti-PD1 

(nivolumab/pembrolizumab) in other cancers, this is still a large and developing 

area  of GBM research (121–123). 

 

Many factors contribute to therapy resistance in any GBM tumour, and these are all 

inter-related, making it impossible to tie therapy resistance to just one protein, 

signalling pathway or cell type. When paired with the large amount of heterogeneity 

both within and between GBM tumours, this leads to a large number of possible 

resistance mechanisms at a tumours disposal. These resistance mechanisms can also 

interact in many complex ways, making therapy resistance itself difficult to target. 

 

1.2.5 Other Therapeutic Approaches 

 

There has been little change to the treatment regimen and prognosis  for GBM 

patients in the past 30+ years (111). As a result, a large part of research into GBM is 

in the development of new treatments. 

 



 33 

Bevacizumab is an anti-vascular endothelial growth factor (VEGF) monoclonal 

antibody that has been extensively studied, and is an option available for the 

treatment of GBM. GBM has high expression of VEGF-A, which plays a large part 

in the abnormal vascularity of GBM tumours (124). Bevacizumab is a humanised 

monoclonal antibody against VEGF-A that prevents VEGF-A from interacting 

with its receptor, and this leads to vascular normalization in the tumour, which 

allows for more effective chemotherapy and radiation (125). Following a number of 

successful phase I and II clinical trials, the US Food and Drug Administration 

(FDA) approved bevacizumab for the treatment of GBM in 2009 via a fast-tracked 

process, but it is not yet approved for use in Europe (126–128). Two phase III 

clinical trials were completed and reported in 2014 for the treatment of GBM with 

bevacizumab: the American Radiation Therapy Oncology Group (RTOG) 0825 

trial, and the European Avastin in Glioblastoma (AVAGlio) trial (129,130). Both 

trials showed similar results, with improved progression free survival with 

bevacizumab alongside standard treatment, but no major improvement in overall 

survival. Bevacizumab is currently used in the clinic to treat GBM, but given the 

results of the phase III clinical trials this is not routine (131). 

 

Treating GBM with immune-based therapies is an increasingly popular area of 

research, fuelled by the recent success of immunomodulatory agents anti-CTLA4  

and anti-PD1 for treatment of metastatic melanoma- a disease that is highly 

resistant to conventional treatment (132). There are multiple vaccination approaches 

being tested that are trying to activate the immune system against the tumour, which 

include adoptive transfer of autologous dendritic cells (DCs) or chimeric antigen 

receptor (CAR) T-cells, synthetic tumour antigen vaccines, and immunomodulators 

like anti-PD1 (122,133). Each of these approaches hold promise for the future 

treatment of GBM, but so far have not made it past early phase clinical trials. 

 

One of the most revolutionary new treatments for GBM is called “Tumor Treating 

Fields” (TTF). Recently, R. Stupp has published results of a phase III clinical trial, 

which shows clinical benefit for the use of TTF (134). TTF is a unique modality of 

treatment, which involves the placement of a cap over the scalp that contains a 

series of electrodes that run alternating electric fields through the brain of the 

patient at high frequency (135). These electric fields are undetectable to the person 
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being treated. TTF disrupt the mitotic spindle in dividing cells, particularly affecting 

anaphase and cytokinesis, leading to aberrant mitotic exit (136). TTF presents a 

unique mechanism of action compared to other therapeutic approaches, and 

proposed mechanisms of resistance, primarily cell size, could be easily overcome by 

adjustment of the frequency of the device (137). TTF has been approved for use by 

the FDA and it is likely that TTF will become standard of care alongside adjuvant 

TMZ for treatment of GBM in the near future (138,139).  

 

Development of treatments for GBM is ongoing, with many clinical trials currently 

registered with a variety of approaches (111). One of the main problems with 

clinical trials for GBM is the relatively low frequency of GBM in the population, 

meaning recruitment for trials takes a long time, and with most trials failing this 

means that time and money are being wasted on drugs that don’t work. As a result 

of this, a new trial system has been developed for GBM called the Adaptive Global 

Innovative Learning Environment for Glioblastoma (GBM AGILE) (140). This is 

an adaptive phase II/III clinical trial, that allows the testing of multiple treatments 

at one time and consists of two stages. The first stage pairs multiple treatments with 

a common control. If a treatment does well, it moves to the second stage, where it 

will be tested on a larger cohort of patients. If a treatment does not do well, it will 

be dropped from the trial.  The idea is that this unique trial design allows for rapid 

identification of beneficial therapeutics for GBM and helps get them to phase III 

trials and FDA approval quicker. 
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1.3 B-cell Lymphoma 6  
 

GBM is a disease that is highly resistant to the DNA-damaging therapies used to 

treat it, namely ionising radiation and temozolomide. Many avenues of therapy 

resistance have been investigated for GBM, and a new potential contributor to 

GBM therapy resistance is B-cell lymphoma 6 (BCL6). 

1.3.1 Discovery of BCL6 in B-cell Lymphoma 

 

Diffuse large B-cell lymphoma (DLBCL) is the most common form of lymphoma, 

and BCL6 was first discovered in DLBCL due to the translocation of the BCL6 

gene on chromosome 3q27 (141–144). BCL6 is a 95 kDa protein and a member of 

the bric-a-brac, tramtrack, broad complex/pox virus zinc finger (BTB/POZ) family 

of transcription factors. BCL6 is generally seen to be an oncogenic protein, as it 

represses genes involved in apoptosis and the DNA damage response, and thus 

prevents these processes from happening, for example TP53 (145), ATR (146) and 

CHEK1 (147). Different types of B-cell lymphomas have high levels of BCL6 

expression, and are hugely dependent on BCL6 expression for maintenance of 

tumour cells, particularly DLBCL and follicular lymphoma (FL) (148). Conversely, 

BCL6 also represses pro-oncogenic genes like BCL2 (149) and c-MYC (150), which 

is thought to be a mechanism to balance out the pro-oncogenic properties of BCL6 

and prevents transformation of B-cells into B-cell lymphoma (151). When 

lymphoma develops, it is often due to promoter mutations and chromosomal 

translocations of pro-oncogenic genes like BCL2 and c-MYC which circumvents 

their inhibition by BCL6 (152). This then combines with the pro-oncogenic actions 

of BCL6 and leads to the transformation of B-cells into lymphoma.  

 

Since the discovery of the key role of BCL6 in lymphoma, other types of 

haematological tumours have been looked at for BCL6 expression and involvement 

in tumour development. Acute lymphoblastic leukaemia (ALL) has been shown to 

have BCL6 involvement in tumour development and resistance to treatment 

(153,154). 
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1.3.2 BCL6 Structure and Function 

 

BCL6 is characterised by a N-terminus BTB/POZ domain, a central PEST domain, 

and 6 C-terminal zinc finger DNA-binding motifs (Figure 1.1) (155). BCL6 must 

dimerise to be functional and the BTB/POZ domain is required for this 

dimerisation to occur. The BTB/POZ domain is the primary location for BCL6 to 

recruit co-repressors, which is how it carries out its transcriptional repressor activity.  

 

The most well-known mechanism for transcriptional repression with BCL6 is the 

recruitment of BCL6 co-repressor (BCOR) (156,157), nuclear co-repressor 1 

(NCOR) (158), or silencing mediator for retinoid or thyroid-hormone receptors 

(SMRT, also known as NCOR2) (159).  

 

BCOR was first characterised by Huynh et al. as a BCL6 specific co-repressor (156). 

BCOR forms a polycomb repressor complex 1 (PRC1)-like complex with polycomb 

group ring finger 1 (PCGF1), lysine demethylase 2B (KDM2B), ring finger protein 1 

(RING1), S-phase kinase associated protein 1 (SKP1), RING1 and YY1 binding 

protein (RYBP) and ring finger protein 2 (RNF2) (160–163), and binds a completely 

different part of the BTB/POZ domain to NCOR and SMRT (157,164). NCOR 

and SMRT form a complex with transducin β-like 1 (TBL1), TBL1-related protein 

(TBLR1), G protein pathway suppressor 2 (GPS2) and histone deacetylase 3 

(HDAC3), and enhance HDAC3 deacetylation activity (165). BCOR and 

NCOR/SMRT can be simultaneously recruited by BCL6 to repress transcription by 

histone deacetylation at the transcription start site. BCL6 can also recruit SMRT 

alone to enhancers, which leads to H3K27 de-acetylation via HDAC3, and also 

shuts down gene expression downstream. Both of these events can happen 

simultaneously in one cell at different loci and this shows that BCL6 is capable of 

different mechanisms of gene repression (164). 

 

The PEST domain (also known as regulatory domain 2 (RD2) or the “middle 

domain”) can recruit co-repressors	 metastasis associated 1 family member 3 

(MTA3) and c-terminal binding protein 1 (CTBP1). When MTA3 is recruited to the 

PEST domain it leads to the repression of PR/SET domain 1 (PRDM1), a gene 

involved in plasma cell differentiation (166,167). CTBP1 is involved in 
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autoregulation of BCL6 (168). The PEST domain is also a key site for inactivation 

of the BCL6 protein via both acetylation by E1A binding protein P300 (EP300) and 

phosphorylation by mitogen activated protein-kinase 1 (MAPK), which leads to 

BCL6 degradation (169,170).  

 

 
Figure 1.1: Structure of BCL6. (A) Schematic representation of BCL6 functional 
domains, showing where co-repressors are recruited and the 
phosphorylation/acetylation domains. Adapted from Basso and Dalla-Favera (155). 
(B) 3D representation of BCL6 homodimer, showing the functional domains. 3D 
image adapted from File:Protein BCL6 PDB 1r28.png/User:Enw/Wikimedia 
Commons/CC-BY-SA 3.0. 

 

Shortly after the discovery that BCL6 plays a key role in the development of B-cell 

lymphoma, it was shown that BCL6 is crucial for the formation of germinal centers 

(GC) (171). GCs are formed in lymphoid organs like lymph nodes or the spleen, 

and are where B-cells mature to create more specific antibodies against the agent of 

infection, or antigen. The formation of GCs is a key part of the immune response to 

infection. The reason why BCL6 plays a key role in GCs is that B-cell maturation in 
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the germinal center requires two key processes: somatic hypermutation (SHM) and 

class switch recombination (CSR). SHM is the process of B-cells further mutating 

the variable region of the antibodies they produce, in an effort to produce more 

specific antibodies than they produced before. CSR is the process of changing the 

class of antibody B-cells produce, to one more specific for the type of antigen that 

has been encountered. Both SHM and CSR require activation-induced cytidine 

deaminase (AID) to induce DNA breaks, and BCL6 allows B-cells to tolerate this 

genomic instability by repressing expression of differentiation (BLIMP1, IRF4, 

PRDM1), pro-apoptotic (BCL2, NFKB1), and DNA damage response genes (ATR, 

TP53) (148,155,167,172,173). As a result, BCL6 expression is crucial for the 

germinal center reaction, as it prevents apoptosis in response to DNA damage and 

it also prevents differentiation and activation of B-cells before they leave the 

germinal center, which allows B-cells to develop high affinity antibodies against the 

infection that the body is fighting. 

 

BCL6 has also been shown to play an essential role in the differentiation of T-

follicular helper (Tfh) cells (174–176). Tfh cells are important for the formation of 

germinal centers, and the maturation of GC B-cells into memory B-cells or plasma 

cells. Tfh cells interact with GC B-cells after they have gone through SHM and 

ensure that the B-cells that have the highest affinity B-cell receptors (BCR) are 

retained in the GC (177). This process is essential to ensure the B-cells that mature 

from the GC produce the most effective antibodies. 

 

As a result of BCL6’s crucial role in the development of lymphoma, much 

investigation has gone into therapies that could inhibit the action of BCL6, with the 

primary focus of research being on preventing the interaction between BCL6 and its 

co-repressors. It was discovered that mice that had a mutation in the BCL6 

BTB/POZ domain that prevents co-repressor recruitment, were unable to form 

germinal centers (GCs), but were otherwise healthy. This was in complete 

opposition to BCL6 knockout mice, which suffered from lethal inflammatory 

disease (178). This finding encouraged the approach of developing inhibitors that 

bound in the BTB/POZ domain and prevented co-repressor recruitment. One of 

the most recently developed inhibitors with this mechanism of action is called FX1. 

FX1 has been shown to have a stronger affinity for the BTB/POZ binding domain 
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than the BCL6 co-repressors and induced regression of DLBCL xenografts in mice 

(179). Investigations are ongoing with FX1 and there is a hope it will go to clinical 

trial in the future. 

 

1.3.3 Role of BCL6 in Solid Tumours 

 

Solid tumours have been investigated for BCL6 involvement with their 

development, and the most established tumour type in this area is breast cancer. 

BCL6 is highly expressed in breast tumours, as over 50% have BCL6 amplification 

(180), and BCL6 expression has been shown to increase proliferation, migration and 

invasion of breast cancer cell lines (181). BCL6 is also correlated with disease 

progression and survival, and promotes epithelial-to-mesenchymal transition (EMT) 

in breast cancer by activating transcription of zinc finger E-box binding homeobox 

1 (ZEB1), an EMT marker (182). 

 

Many other solid tumours have been investigated for BCL6 involvement, and much 

of this research is in its infancy. Recently, it has been shown that BCL6 expression 

correlates closely with downregulation of TGF-β signalling in non-small cell lung 

cancer (NSCLC), and combination inhibition of STAT3 and BCL6 significantly 

reduced tumour growth in a subset of these tumours (183). Increased BCL6 protein 

has been shown to predict poor prognosis in ovarian cancer (184), and has also 

been associated with an increased grade of colorectal cancer (185). These reports of 

BCL6 in solid tumours are few and far between, with almost no follow up papers 

published on any of the studies discussed here. All of these studies have limitations 

to their approach, so it is difficult to know if BCL6 is playing a significant role in 

these tumours until there is further evidence reported on the role of BCL6 in these 

tumours. 

 

1.3.4 BCL6 and GBM 

 

Given the fundamental role that BCL6 plays in the germinal center to help cells 

resist death in response to DNA damage, its involvement in the development of 

DLBCL, and newly described involvement in solid tumours such as breast cancer, is 
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it possible that BCL6 expression is being utilised by GBM cells to resist DNA 

damage? 

 

In 2014, Ruggieri et al. reported that BCL6 translocations had an association with 

IDH1 mutant GBM (186). Sections of patient tumours taken prior to treatment 

were stained for IDH1 expression and fluorescence in-situ hybridisation (FISH) 

analysis for BCL6 translocation. Immunohistochemistry (IHC) and quantitative 

polymerase chain reaction (qPCR) was also performed to assess BCL6 expression 

and P53 status. All tumours that had BCL6 translocations were positive for IDH1 

expression, had BCL6 expression, and mutant/wild type P53 (11/30 GBM 

tumours). The authors compared their glioblastoma samples to less aggressive grade 

II and III astrocytoma samples and found that the lower grade gliomas had lower 

frequency of BCL6 translocation and expression (5/36 tumours, versus 11/30). 

Subsequently, the authors argued that BCL6 translocation and expression correlated 

with the aggressiveness of the tumour. IDH1 expression is generally associated with 

a secondary form of GBM, which makes up a small proportion of total GBMs, but 

it is unclear from this publication if the tumours that came up positive for both 

IDH1 mutation and BCL6 translocation were defined as secondary GBMs. The 

findings in this paper suggest that BCL6 may be important in secondary, IDH1 

positive GBMs. 

 

In 2017, Xu et al. published a significant report into the mechanism of action and in 

vivo targetability of BCL6 in GBM (187). They showed that BCL6 is upregulated in 

both established GBM cell lines (DBTRG, T98G, U87-MG, U138, U251, U343) as 

well as their own primary tumour cell lines, and expressed at similar levels to breast 

cancer cell lines. BCL6 knockdown with short hairpin RNA (sh-RNA) in GBM cell 

line U87-MG lead to decreased growth of subcutaneous tumours, and inhibition of 

BCL6 with retroinverso BCL6 peptide inhibitor (RI-BPI) also decreased growth of 

a primary cell line set of tumours grown subcutaneously. To look at the role of 

BCL6 in vivo, they used the KrasG12V genetic model of GBM, where EGFP-

KrasG12V plasmids are transfected into neural precursor cells via electroporation, 

which leads to the formation of a tumour. When this plasmid was coupled with a 

BCL6 sh-RNA, a significant reduction in tumour growth and increase in survival 

was seen in these mice, which indicated that BCL6 was playing a significant role in 
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the development of these tumours. Chromatin immunoprecipitation and sequencing 

(ChIP seq) revealed a new potential target gene of BCL6 in GBM: AXL receptor 

tyrosine kinase (AXL), which is upregulated in GBM. Interestingly, they found that 

BCL6 binding at the AXL locus correlated with RNA polymerase II binding, which 

indicated that BCL6 may activate transcription of AXL, leading to upregulation of 

downstream pathways such as MEK/ERK and PI3K/AKT, which are commonly 

upregulated in GBM. The findings in this paper suggest that BCL6 plays an 

important role in GBM and is a potential new therapeutic target. 

 

These two papers provide some evidence that BCL6 plays a significant role in the 

biology of GBM, and it may prove to be a good therapeutic target.  
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1.4 Aims of this Study 
 
This introduction has outlined the challenges of treating Glioblastoma, a highly 

heterogeneous disease with a dismal prognosis that is resistant to current 

therapeutic approaches. Treatment for GBM hasn’t changed significantly in 30+ 

years, and there is a desperate need for new therapeutic approaches. There is some 

evidence of BCL6 playing a role in GBM, and given that GBM cells are highly 

resistant to DNA damage, it is possible that BCL6 plays a role in this part of 

therapy resistance. This thesis will evaluate whether BCL6 is playing this role in 

GBM. 

 

Aim 1: Determine that BCL6 is present and transcriptionally active in GBM cells. 

 

Aim 2: Investigate BCL6 binding to DNA and BCL6 target genes in GBM cells. 

 

Aim 3: Investigate the effect of BCL6 inhibition on global transcription in GBM 

cells. 
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2 Materials and Methods 

2.1 Reagents 
 

Cell Culture  

100 mm dishes Corning, NZ 

100mM pyruvate Life Technologies, NZ 

12 well plates Corning, NZ 

150 mm dishes Corning, NZ 

6 well plates Corning, NZ 

96 well solid white flat bottom plates Corning, NZ 

Dulbecco's Phosphate-Buffered Saline (DPBS) Life Technologies, NZ 

eMyco-mycoplasma detection PCR kit iNtron Biotech, Korea 

Foetal Bovine Serum (FBS) Life Technologies, NZ 

Roswell Park Memorial Institute-1640 media 

(RPMI-1640) 
Life Technologies, NZ 

T25 flasks Corning, NZ 

T75 flasks Corning, NZ 

Trypan Blue Life Technologies, NZ 

Trypsin-EDTA 0.05% Life Technologies, NZ 

 

Bacteria  

Ampicillin Sigma-Aldrich, NZ 

LB Broth Life Technologies, NZ 

One Shot® OmniMAX™ 2 T1R Chemically Competent 

E. coli 
Life Technologies, NZ 

 

Chemicals/Miscellaneous  

1,2-diaminocyclohexane-N,N,N',N,-tetraacetic acid Sigma-Aldrich, NZ 

100 bp marker Life Technologies, NZ 

30% Acrylamide solution BioRad, NZ 

37% Formaldehyde Sigma-Aldrich, NZ 

Acetic acid Univar, USA 

Agarose Life Technologies, NZ 
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Ammonium Persulphate (APS) BioRad, NZ 

Bovine Serum Albumin (BSA) ICP Biologicals, NZ 

Complete protease inhibitor Sigma-Aldrich, NZ 

Dithiothreitol Sigma-Aldrich, NZ 

Doxorubicin Calbiochem, NZ 

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic 

acid (EGTA) 
Sigma-Aldrich, NZ 

Ethylenediaminetetraacetic acid (EDTA) Calbiochem, NZ 

Glycerol Thermo Fisher, NZ 

HEPES Thermo Fisher, NZ 

Hydrochloric acid J.T.Baker, USA 

IGEPAL Sigma-Aldrich, NZ 

Isopropanol (2-propanol) Sigma-Aldrich, NZ 

NyTran SuPer Charge Nylon Membrane Sigma-Aldrich, NZ 

Orange G Sigma-Aldrich, NZ 

PageRuler Plus Prestained Protein Ladder Thermo-Fisher, NZ 

Parafilm Thermo Fisher, NZ 

Phosphoric acid Merck-Millipore, NZ 

Polyvinylidene Fluoride (PVDF) membrane BioRad, NZ 

Ponceau S Sigma-Aldrich, NZ 

Potassium hydroxide Thermo Fisher, NZ 

Protein A Agarose Sigma-Aldrich, USA 

Protein G Dynabeads® Life Technologies, NZ 

Sodium chloride Thermo Fisher, NZ 

Sodium deoxycholate (Na-DOC) Sigma-Aldrich, NZ 

Sodium dodecyl sulphate (SDS) Calbiochem, NZ 

SYBR™ Safe Life Technologies, NZ 

TEMED BioRad, NZ 

Tris Sigma-Aldrich, NZ 

Triton X-100 Thermo Fisher, NZ 

Tween20 Thermo-Fisher, NZ 

Viafect Promega, USA 

 

 



 45 

Kits  

Agilent RNA 6000 Nano kit Agilent, NZ 

BioRad protein assay BioRad, NZ 

iScript™ cDNA Synthesis kit BioRad, NZ 

KAPA SYBR® FAST Universal One-Step qRT-PCR kit KAPA Biosystems, USA 

LightShift Chemiluminescent EMSA kit Life Technologies, NZ 

LTX and PLUS Thermo-Fisher, NZ 

Luciferase Assay System 10 pack Promega, USA 

MinElute PCR purification kit Qiagen, USA 

PCR purification kit Qiagen, USA 

Phusion High-Fidelity PCR kit Thermo-Fisher, NZ 

Purelink HiPure Plasmid Maxiprep kit Life Technologies, NZ 

Qubit quantification assays Life Technologies, NZ 

Restore Western Blot Stripping buffer Pierce, NZ 

Western Lightning Ultra Perkin Elmer, USA 

Zymo Quick RNA MiniPrep kit Zymo Research, USA 

 

2.2 Cell Culture 

2.2.1 Cell Lines 
 

Human glioblastoma cell lines LN18 and U87-MG were obtained from the 

American Type Culture Collection (USA). The human leukaemia cell line K562 was 

a gift from Michael Berridge, Malaghan Institute of Medical Research. The human 

lymphoma cell line Raji was a gift from Ian Morison, University of Otago. 

 

2.2.2 Cell Culture Media 
 

LN18 and U87-MG for the luciferase assay and K562 cells were grown in RPMI 

1640 media supplemented with 5% (v/v) heat inactivated FBS. LN18 and U87-MG 

for all other assays were grown in RPMI-1640 supplemented with 10% (v/v) FBS 

(complete media). Raji cells were grown in RPMI-1640 media supplemented with 

5% (v/v) FBS and 1mM pyruvate.  
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2.2.3 Cell Culture 
 

All cell lines were grown as adherent cultures and were grown to 70-90% 

confluency before passage. All cells were grown in a SANYO MCO-20AIC CO2 

Incubator, the environment was humidified and maintained at 37°C with 5% CO2. 

All cultures were passaged under sterile conditions in a Labconco Purifier Biological 

Safety Cabinet. To passage cultures, media was aspirated and cells were washed with 

DPBS, followed by addition and aspiration of trypsin-EDTA 0.05% and incubated 

at 37°C for 5 minutes. Trypsin was inactivated and cells were put into suspension by 

washing the surface with RPMI complete media. Cell counting was performed using 

Trypan Blue to determine cell viability and a haemocytometer. Checks were 

performed every 2-3 months to ensure cells were mycoplasma free using eMyco- 

mycoplasma detection PCR kit. 

 

2.3 Plasmid Preparation 

2.3.1 Bacterial Transformation and Culture 
 

A tube of One Shot® OmniMAX™ 2 T1R chemically competent Escherichia coli 

were thawed on ice and 5 µl of plasmid was added to the cells. The mixture was 

incubated on ice for 20 minutes, heated to 42 °C for 90 seconds, then put on ice for 

another 2 minutes. 250 µl of LB broth was added to the mixture, and the mixture 

was transferred to a 50 ml tube. The mixture was then placed in a shaking incubator 

at 37 °C for approximately 45 minutes, or until the culture had sufficiently grown. 

Once the culture had expanded, 50 µl of the culture was spread onto a prepared 

Luria broth-ampicillin (LB-Amp) agar plate (50 mg/ml) and incubated at 37 °C 

overnight. After overnight incubation, one single colony was selected and put in 5 

ml of LB-Amp (50 mg/ml) media and placed in a shaking incubator at 37 °C until 

bacterial growth reached the exponential phase. Once the bacteria had sufficiently 

grown, the culture was transferred into 500 ml of LB-Amp media in a large conical 

flask and placed in a shaking incubator at 37 °C overnight, until the culture had 

sufficiently grown. Once the culture had sufficiently grown, the bacteria were 

pelleted by centrifugation and prepared for plasmid extraction.  
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2.3.2 Plasmid Preparation and DNA Precipitation 
 

Preparation of the plasmids was completed using the PureLink™HiPure Plasmid 

Maxiprep Kit, according to the manufacturers instructions. Briefly, the HiPure Maxi 

column was equilibrated, while the bacteria were pelleted by centrifugation (4000 xg 

for 10 minutes). The cells were resuspended until homogenous in 10 ml 

Resuspension Buffer with RNase A and 10 ml of Lysis Buffer was then added. The 

tube was mixed gently by inversion until homogenous and incubated at room 

temperature for 5 minutes. To precipitate the lysate, 10 ml of precipitation buffer 

was added and mixed until homogenous. The lysate was then clarified by transfer of 

the lysate to the column, and allowed to filter through by gravity flow. The flow 

through was passed through the column once more before the inner filtration 

cartridge of the column was discarded. To wash the column, 50 ml of Wash Buffer 

was added and allowed to drain by gravity flow, the flow through was discarded. 

The DNA was eluted from the column by the addition of 15 ml Elution Buffer. 

The DNA was precipitated with the PureLink™HiPure Precipitator Module, 

according to the manufacturers instructions. Briefly, 10.5 ml isopropanol was added 

to the eluate and incubated for 2 minutes at room temperature (RT). The plunger 

was revoved from a 30 ml syringe and the PureLink™HiPure Precipitator was 

attached to the end of the syringe. The precipitated DNA mixture was added to the 

syringe and the plunger was then used to slowly pass the eluate through the 

precipitator. The flow through was discarded and the precipitator detatched from 

the end of the syringe. The plunger was removed again from the syringe and the 

preciptator re-attached to the end of the syringe. To wash the precipitator, 5 ml of 

70% ethanol was added to the syringe and pushed through the precipitator using 

the plunger. To remove the ethanol from the precipitator, the precipitator was taken 

off the end of the syringe, the plunger removed, the precipitator re-attached and air 

was then blown through the precipitator by pushing the plunger in the syringe. To 

elute the DNA, the precipitator was attached to the end of a 5 ml syringe which had 

already had the plunger removed. The precipitator was placed over a sterile 1.5 ml 

centrifuge tube and 1 ml of TE buffer was added to the syringe and pushed through 

the precipitator with the plunger. The DNA was then quantified with the Broad 

Range reagents as detailed in 2.4.1. 
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2.4 DNA, RNA and Protein Quantification 

2.4.1 DNA Quantification 
 

The Qubit™ Fluorometer was used for DNA quantification. The DNA Broad 

Range Assay was used for plasmids and the High Sensitivity Assay was used for all 

other samples. These assays were used according to the manufacturers instructions. 

Briefly, the two DNA standards were brought to room temperature while the 

working solution was prepared. Working solution was prepared as a 1:200 dilution 

of the Broad Range/ High Sensitivity DNA Qubit™ Reagent in Broad Range/ 

High Sensitivity DNA Qubit™ Buffer. 200 µl of working solution was prepared per 

sample, including the standards. For the standards, 190 µl of working solution was 

added to a Qubit™ Assay Tube followed by 10 µl of the standard. For the sample, 

199 µl of working solution was added to a Qubit™ Assay Tube, followed by 1 µl 

sample. Once standard or sample was added to the working solution, tubes were 

vortexed briefly and incubated for 2 minutes at RT. Once incubated, the standards 

were first read by the Qubit™ 2.0 Fluorometer to create a standard curve. Once the 

standard curve was created, samples were read by the fluorometer and the dilution 

calculator was used to determine the stock concentration.  

 

2.4.2 RNA Quantification 
 

The Qubit™ Fluorometer and RNA High Sensitivity Assay was used for RNA 

quantification. The RNA High Sensitivity Assay was used according to the 

manufacturers instructions. The two RNA standards were brought to room 

temperature while the working solution was prepared. Working solution was 

prepared as a 1:200 dilution of the High Sensitivity RNA Qubit™ Reagent in High 

Sensitivity RNA Qubit™ Buffer. 200 µl of working solution was prepared per 

sample, including the standards. For the standards, 190 µl of working solution was 

added to a Qubit™ Assay Tube followed by 10 µl of the standard. For the sample, 

199 µl of working solution was added to a Qubit™ Assay Tube, followed by 1 µl 

sample. Once standard/sample was added to working solution, tubes were vortexed 

briefly and incubated for 2 minutes at RT. Once incubated, the standards were first 

read by the Qubit™ 2.0 Fluorometer to create a standard curve. Once the standard 

curve was created, samples were read by the fluorometer and the dilution calculator 
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was used to determine the stock concentration. As the RNA High Sensitivity Assay 

has a limited range, sometimes a dilution of the original sample was used. 

 

2.4.3 Protein Quantification 
 

The Qubit™ Fluorometer and Protein Assay was used for protein quantification. 

The Protein assay was used according to the manufacturers instructions. The two 

RNA standards were brought to RT while the working solution was prepared. 

Working solution was prepared as a 1:200 dilution of the Protein Assay Qubit™ 

Reagent in Protein Assay Qubit™ Buffer. 200 µl of working solution was prepared 

per sample, including the standards. For the standards, 190 µl of working solution 

was added to a Qubit™ Assay Tube followed by 10 µl of the standard. For the 

sample, 199 µl of working solution was added to a Qubit™ Assay Tube, followed 

by 1 µl sample. Once standard/sample was added to working solution, tubes were 

vortexed briefly and incubated for 2 minutes at RT. Once incubated, the standards 

were first read by the Qubit™ 2.0 Fluorometer to create a standard curve. Once the 

standard curve was created, samples were read by the fluorometer and the dilution 

calculator was used to determine the stock concentration. 

 

2.5 Transient Transfection 

2.5.1 Plasmids 
 

BCL64-tkLUC(1) Prof. Ari Melnick, Weill Cornell Medical College, NY, USA 

BCL6wt Prof. Ari Melnick, Weill Cornell Medical College, NY, USA 

pcDNA3-GFP Prof. Ari Melnick, Weill Cornell Medical College, NY, USA 

PGL3 Promega, USA 

 

2.5.2 LTX and Plus Transfection 
 

For initial transfections in the development of the luciferase assay, LTX and plus 

reagent was used, and the transfection media was prepared according to 

manufacturers instructions. Briefly, 7.5 × 104 cells were seeded into a 12 well plate 

24 hours before transfection. For transfection, 2.5 µg of plasmid DNA was mixed 
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with 2.5 µl PLUS reagent in 500 µl RPMI without serum per well. This was left to 

complex for 5 minutes, before 2.5µl LTX reagent was added to the mixture and 

allowed to complex for 20 minutes. The complex was then added to the cells in a 

final serum concentration of 1% (v/v) for 4 hours. After 4 hours the complex was 

removed and RPMI media with 5% (v/v) serum was added to the wells. 

 

2.5.3 Viafect Transfection 
 

For all transfections, Viafect reagent was used according to the manufacturers 

instructions. Briefly, cells were plated to achieve 70% confluence 24 hours after 

plating. Cells were transfected 24 hours after plating. For transfection, 2.5 µg of 

plasmid was mixed with 5 µl of Viafect reagent in 500 µl RPMI without serum per 

7.5 × 104 cells and allowed to complex for 20 minutes. The complex was then 

added to the media of the cells to be transfected. 4 hours later the media was 

replaced. In all experiments pcDNA-GFP was transfected as a control to assess 

transfection efficiency, which was checked via fluorescence imaging 24 hours after 

transfection. 

 

2.6 Luciferase Reporter Assay 

2.6.1 Buffers 
 

Cell Culture Lysis Reagent (CCLR): 25 mM tris-phosphate, 2 mM dithiothreitol, 2 

mM 1,2-diaminocyclohexane-N,N,N’,N,-tetraacetic acid, 10% (v/v) glycerol, 1% 

(v/v) Triton X-100 

 

2.6.2 Treatment after Transfection 
 

After the 4 hour incubation period with the transfection reagents, plates were either 

irradiated with 10 Gy and the media replaced or the media was replaced with RPMI 

containing 3 µM doxorubicin. Cells were harvested 48 hours after treatment. 
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2.6.3 Luciferase Reporter Assay 
 

The luciferase assay was measured using the Promega Luciferase Assay system. 

Forty-eight hours after transfection with BCL64-tkLUC or PGL3 or pcDNA-GFP 

plasmid and treatment, each well was photographed on the Olympus IX51 

microscope with the Olympus cellSens standard software at 10 x magnification and 

cells were harvested. Media was removed and cells were washed in 1 ml cold PBS. 

Three-hundred µl cell culture lysis reagent (CCLR) was added to each well before 

cells were lysed and lysate collected using the rubber bung of a 2 ml syringe as a 

scraper. Twenty µl of cell lysate of each sample was added to a 96 well solid white 

flat bottom plate. The luciferase assay reagent (LAR) was prepared according to 

manufacturers instructions. The plate was read with the Tecan Infinite M1000 Pro 

Plate Reader (Tecan, Switzerland), where the plate reader injected 100 µl of LAR 

into a well and then took readings every 5 seconds for a total of 20 seconds. This 

process was repeated for all wells. Light values were first normalised to cell number 

as counted from the well photographs to give a “luciferase per cell” value. These 

values were then normalised to the untreated, single transfected control equivalent 

(either BCL64-tkLUC or PGL3 plasmid) and plotted as a % relative activity for each 

treatment. 

  

2.7 Western Blot 

2.7.1 Buffers 
 

Crude Lysis Buffer: 70 mM NaCl, 20 mM tris, 0.1% (v/v) IGEPAL 

Lamelli Buffer: 20% (v/v) glycerol, 15 mg/ml Tris-Cl (pH 6.8), 0.01% (w/v) 

bromophenol blue, 20mM dithiothreitol, 40mg/ml SDS  

SDS Running Buffer: 120 mM glycine, 40 mM tris, 0.1%(w/v) sodium dodecyl 

sulphate 

Transfer Buffer: 120 mM glycine, 40 mM tris, 10/20% (v/v) methanol 

Ponceau Red: 0.2% (w/v) Ponceau S, 3% (v/v) acetic acid 

PBS-T: 137 mM NaCl, 2.68 mM KCl, 10.1 mM Na2HPO4, 1.76 mM KH2PO4, 0.1% 

(v/v) Tween-20 
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2.7.2 Gel composition 
 

6% resolving gel: 454 mM Tris-Cl (pH 8.8), 347 mM SDS, 6% (v/v) acrylamide 

solution, 2.2 mM ammonium persulphate, 0.05% (v/v) tetramethylethylenediamine 

4% stacking gel: 125 mM Tris-Cl (pH 6.8), 6.9 mM SDS, 4% (v/v) acrylamide 

solution, 2.2 mM ammonium persulphate, 0.05% (v/v) tetramethylethylenediamine 

 

2.7.3 Antibodies 
 

Antibody Supplier Concentration 

Goat anti-rabbit HRP 
Santa Cruz Biotechnology, 

USA 
1:7000 

Mouse monoclonal anti-Actin Sigma-Aldrich, NZ 1:1000 

Mouse monoclonal anti-BCL6 (D8) 
Santa Cruz Biotechnology, 

USA 
1:500 

Mouse monoclonal anti-BCOR Sigma-Aldrich, NZ 1:1000 

Mouse monoclonal anti-NCOR2 

(SMRT) 
Sigma-Aldrich, NZ 1:1000 

Mouse monoclonal anti-α tubulin Sigma-Aldrich, NZ 1:1000 

Rabbit anti-mouse HRP 
Santa Cruz Biotechnology, 

USA 
1:7000 

Rabbit polyclonal anti-NCOR1 

(ab24552) 
Abcam, UK 1:1000 

 

2.7.4 Protein Extraction 
 

Media was removed from cells and they were scraped off the tissue culture surface 

into cold Dulbecco’s PBS (DPBS). Cells were pelleted in a microcentrifuge and the 

supernatant removed. They were then resuspended in 40-500 µl Crude Lysis Buffer 

supplemented with complete protease inhibitor. The cells were left to lyse on ice for 

an hour, before centrifugation at top speed for 10 minutes. The supernatant was 

kept and a small amount was used for protein quantification. The remaining 

supernatant was heated in Laemelli Buffer added to a 1x concentration at 95°C for 5 

minutes. 
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2.7.5 Protein Quantification 
 

Protein was quantified by Qubit™ fluorometer as detailed in 2.4.3. 

 

2.7.6 SDS-Acrylamide Gel Preparation 
 

The plates of 1.5 mm gel cassettes were cleaned thoroughly with Kimwipes® and 

ddH2O followed by 100% isopropanol (2-Propanol) to remove any residues from 

previous use. The plates were installed into cassette holders and the bottom sealed 

with Parafilm® before they were installed into the gel casting rack. The resolving gel 

solution was prepared (2.7.2) and poured into the prepared gel cassettes, with room 

left for the stacking gel to be poured. 100% isopropanol was carefully poured on 

top of the gel solution in the cassette to remove bubbles and the gel was left for 

approximately 1 hour to set. Once set, a stacking gel solution was prepared (2.7.2) 

and isopropanol removed from the top of the resolving gel. The stacking gel was 

then poured on top of the resolving gel to fill the cassette, and a clean 1.5 mm 

comb was carefully inserted into the top of the gel cassette. The stacking gel was 

then left to set for approximately 1 hour. 

 

2.7.7 SDS- Polyacrylamide Gel Electrophoresis 
 

The gel cassettes were loaded into a BioRad mini PROTEAN® 3 cell gel tank and 

the tank was filled with chilled SDS Running Buffer. The combs of the gels were 

carefully removed to ensure the wells were straight. 5 µl of PageRuler™ Plus 

prestained protein ladder (Thermo Fisher, NZ) was loaded in lane 1, followed by 50 

µg of sample protein per well. Once all samples were loaded, the gel was run at 160 

V for 1 hour, or until sufficient separation was seen, using a Bio-Rad Powerpac 300. 

 

2.7.8 Western Blot 
 

Once the gel was run, PVDF membrane was cut to the correct size and hydrated in 

100% methanol. The transfer cassette was then assembled while submerged in cold 
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Transfer Buffer. A sponge soaked in transfer buffer was first placed on the plastic 

cassette, followed by filter paper, then the gel, then the PVDF membrane. At this 

point all bubbles were removed by using a roller to gently roll out any bubbles 

between the gel and membrane. The transfer cassette was completed by another 

piece of filter paper, followed by a transfer buffer soaked sponge. The transfer 

cassette was then placed into a BioRad mini PROTEAN® 3 cell gel tank and run at 

300 mA for 2 hours at 4 °C for blotting BCOR and BCL6, or at 20 V for 16 hours 

at 4 °C for blotting NCOR1 and NCOR2 (SMRT). Once the transfer was complete, 

the membrane was removed and stained with Ponceau Red to check for protein 

transfer. The stain was removed by washing with PBS-T for 5 minutes. Once the 

stain was removed, the membrane was blocked with 5% (w/v) BSA in PBS-T for 1 

hour at RT on a rocker. After the membrane was blocked, the primary antibody was 

diluted to the appropriate concentration (see 2.7.3) in blocking solution and 

incubated with the membrane on a rocker at 4°C overnight. 

 

After overnight incubation, the blot was washed in PBS-T for 5 minutes 3 times. 

Once washed, the appropriate HRP conjugated secondary antibody was diluted 

1:7000 and incubated with the blot for 1 hour at RT. After the secondary 

incubation, the blot was washed in PBS-T for 5 minutes 3 times. 

 

Once washed, chemiluminescent detection of the bands was performed using the 

Western Lightning Ultra ECL kit (PerkinElmer, USA). The reagents were mixed 1:1 

in a volume appropriate for the membrane size and pipetted onto the blot. Once 

even coverage of the blot was ensured, the blot was imaged using a CCD camera 

(Amersham Imager 600, GE Healthcare Life Sciences). After the blot was imaged it 

was then incubated with Restore Western Blot Stripping Buffer for 15 minutes at 

RT to remove primary and secondary antibodies. Once stripped, the membrane was 

blocked in BSA and the process repeated for all remaining proteins to be 

investigated. 
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2.8 Electrophoretic Mobility Shift Assay 

2.8.1 Buffers 
 

Buffer A: 10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM 

dithiothreitol 

Buffer B: 20 mM HEPES-KOH (pH 7.9), 420 mM NaCl, 1.5 mM MgCl2 0.2 mM 

EDTA, 0.5 mM dithiothreitol 

1x TBE: 80 mM tris, 90 mM boric acid, 2 mM EDTA 

Probe Buffer: 10mM tris-Cl, 10mM MgCl, 50mM NaCl, 1mM DTT 

Binding Buffer (10x): 100 mM tris, 500 mM KCl, 10 mM DTT 

 

2.8.2 Native gel composition 
 

6% native gel: 0.5x TBE, 6% (v/v) acrylamide solution, 2.2 mM ammonium 

persulphate, 0.05% (v/v) TEMED 

 

2.8.3 Probes 
 

Top Strand 5’-GAAAATTCCTAGAAAGCATA-3’ Integrated DNA Technologies, 

Singapore 

Bottom Strand 5’-TATGCTTTCTAGGAATTTTC-3’ Integrated DNA Technologies, 

Singapore 

Bold indicates BCL6 binding sequence, probes were biotinylated at the 3’ end 

 

2.8.4 Antibodies 
 

Antibody Supplier 

Goat polyclonal anti-BCOR (ab5276) Abcam, UK 

Mouse monoclonal anti-BCL6 (N3) Santa Cruz Biotechnology, USA 

Mouse monoclonal anti-SMRT GeneTex, USA 

Rabbit polyclonal anti-NCOR1 (ab24552) Abcam, UK 
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2.8.5 Cell preparation for EMSA 
 

Cells were transfected with wild-type BCL6 expression plasmid as a positive control 

(see 2.5.3) and harvested 24 hours after transfection. 

  

2.8.6 Protein Extraction 
 

Cells were washed with cold PBS and pelleted by centrifugation. Cells were 

resuspended in 400 µl cold Buffer A and allowed to swell on ice for 10 minutes. 

Cells were then vortexed for 10 seconds and centrifuged briefly to pellet the nuclei. 

The pellet was resuspended in 100 µl cold Buffer B and incubated on ice for 20 

minutes. The insoluble material was pelleted by centrifugation and the supernatant 

kept on ice. 

 

2.8.7 Protein Quantification 
 

Due to Buffer B interacting with the Qubit™ Protein Assay, protein for EMSA was 

quantified using the BioRad protein assay, according to the manufacturers 

instructions. Briefly, 4 BSA standards at 0, 0.25, 0.5 and 1 µg/ml were thawed while 

the Dye Reagent Concentrate was diluted 1:4 in ddH2O. The protein samples were 

diluted 1:20 (final volume 40 µl, 2 µl of sample used) in ddH2O before 10 µl of 

either standard or sample was pipetted in triplicate into a 96 well clear flat bottom 

plate. Once the sample was added, 200 µl of the Dye Reagent was added to each 

well. The plate was incubated at RT for 5 minutes before the absorbance was read 

at 595 nm. Once the plate was read, Microsoft Excel was used to calculate the 

equation of the line of the standards, which was then used to calculate the 

concentration of the samples.  

 

2.8.8 Native Acrylamide Gel Preparation 
 

The plates of 1.5 mm gel cassettes were cleaned thoroughly with Kimwipes® and 

ddH2O followed by 100% isopropanol (2-Propanol) to remove any residues from 

previous use. The plates were installed into cassette holders and the bottom sealed 

with Parafilm® before they were installed into the gel casting rack. The native gel 



 57 

solution was prepared (2.8.2) and poured into the prepared gel cassettes. Once 

filled, a clean 1.5 mm comb was carefully inserted into the top of the gel cassette. 

The gel was then left to set for approximately 1 hour. If the gel was stored for 

future use, the gel cassette was then wrapped in a damp paper towel and placed in a 

plastic bag with a small amount of 0.5x TBE in the cold room for up to a week 

before use. 

 

2.8.9 Labelled Probe and Unlabelled Competitor DNA Preparation 
 

Labelled probe was prepared by dilution of both the top and bottom strands to a 

concentration of 0.01 µM in a total volume of 50 µl Probe Buffer. Unlabelled 

competitor was prepared by dilution of bot the top and bottom strands to a 

concentration of 1 µM in a total volume of 50 µl Probe Buffer. Both solutions were 

heated to 95 °C to fully denature the strands and allowed to cool to RT in the heat 

block for the probes to anneal. 

 

2.8.10 Antibody and Probe Binding 
 

The LightShift Chemiluminescent EMSA kit was used for the binding reactions and 

detection of biotin-labelled DNA. For all binding reactions, 5 µg of nuclear extract 

was incubated with 20 fmol of biotin-labelled probe, 50 ng/µl poly-dIdC (in 10 mM 

tris and 1 mM EDTA, pH7.5), 2.5% (v/v) glycerol, 5 mM MgCl2, 0.05% (v/v) NP-

40 and 2 µl of 10x Binding Buffer in a total volume of 20 µl for 20 minutes at RT. 

For the competition assay, 4 pmol of unlabelled competitor DNA was added to this 

reaction. For the supershift assay, 2 µg of antibody was added. 

 

2.8.11 Gel Electrophoresis and Transfer 
 

The gel cassettes were loaded into a BioRad mini PROTEAN® 3 cell gel tank and 

the tank was filled with chilled 0.5x TBE. The combs of the gels were carefully 

removed to ensure the wells were straight. Once the wells were checked, 2 µl of 100 

bp DNA ladder was loaded in lane 1, EMSA samples were mixed with 2 µl EMSA 

loading dye and 20 µl of each sample was loaded in the following wells. Once all 

samples were loaded, the gel was run at 100 V for 60 minutes, or until sufficient 



 58 

separation was seen, using a Bio-Rad Powerpac 300. While the gel ran, nylon 

membrane cut to the correct size was soaked in 0.5x TBE. Once the gel had 

finished, it was sandwiched with the nylon membrane between two clean transfer 

sponges (not previously used for western blotting) and clean filter paper in cold 0.5x 

TBE. Transfer was performed in a clean transfer apparatus at 4 °C in 0.5x TBE, at 

380 mA for 40 minutes. 

 

2.8.12 Cross-linking and Detection of Biotin-labeled DNA 
 

After transfer, the membrane was carefully removed and allowed to dry briefly on a 

paper towel. The membrane was placed face down on a transilluminator set to 

“high, 302 nm” for 15 minutes to cross-link the DNA to the membrane. While the 

membrane was being cross-linked, the 4x Wash Buffer and Blocking Buffer 

components of the Lightshift Chemiluminescent EMSA Kit were heated to 37 °C 

or until all particulate dissolved into solution. After the membrane was cross-linked, 

it was blocked by incubation in 20 ml Blocking Buffer for 15 minutes with gentle 

shaking at RT. While it was being blocked, Conjugate/Blocking Buffer was 

prepared by the addition of 66.7 µl of stabilised strepdavidin-horseradish peroxidase 

conjugate to 20 ml Blocking Buffer. After the membrane was blocked, the Blocking 

Buffer was removed and replaced with Conjugate/Blocking Buffer, which was 

incubated for 15 minutes with gentle shaking at RT. Wash buffer was diluted to a 1x 

concentration, and once incubation with Conjugate/Blocking Blocking Buffer was 

complete, the membrane was washed 4 times for 5 minutes with 20 ml Wash Buffer 

and gentle shaking. After the wash steps, the membrane was incubated with 30 ml 

Substrate Equilibrium Buffer for 5 minutes at RT with gentle shaking. For imaging 

the membrane, Substrate Working Solution was prepared by the addition of 3 ml 

Luminol/Enhancer solution to 3 ml Stable Peroxide solution, and the membrane 

was incubated with this solution for 5 minutes with no shaking. The membrane was 

then imaged with a CCD camera (Amersham Imager 600, GE Healthcare Life 

Sciences). 
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2.9 Chromatin Immunoprecipitation 

2.9.1 Buffers 
 

Szak RIPA Buffer: 50 mM NaCl, 1% (v/v) IGEPAL, 0.5% (w/v) Na-DOC, 0.1% 

(w/v) SDS, 50 mM tris-Cl (pH 8.0), 5 mM EDTA (pH 8.0) 

Swelling Buffer: 50 mM Hepes-KOH (pH 7.5), 140 mM NaCl, 10% glycerol, 1 mM 

EDTA (pH 8.0), 0.5% (v/v) IGEPAL, 0.25% (v/v) Triton X-100 

Washing Buffer: 10 mM tris-Cl (pH 8.0), 200 mM NaCl, 1 mM EDTA (pH 8.0), 0.5 

mM EGTA (pH 8.0) 

Shearing Buffer: 50 mM tris-Cl (pH 8.1), 0.1% (w/v) SDS, 10 mM EDTA (pH 8.0) 

Dilution Buffer: 300 mM NaCl, 2% (v/v) IGEPAL, 1% (w/v) Na-DOC, 0.1% 

(v/v) SDS, 50 mM tris-Cl (pH 8.0) 

1x TAE: 40 mM tris, 2 mM EDTA (pH 8.0), 20 mM Acetic Acid 

6x Orange G loading dye: 10 mM tris-HCl (pH 7.6), 0.15% (w/v) orange G, 60% 

(v/v) glycerol, 60 mM EDTA 

Elution Buffer: 1% (w/v) SDS, 100 mM NaHCO3 

Low Salt Wash Buffer: 150 mM NaCl, 0.5% (w/v) Na-DOC, 0.1% (w/v) SDS, 1% 

(v/v) IGEPAL, 1 mM EDTA (pH 8.0), 50 mM tris-Cl (pH 8.0) 

High Salt Wash Buffer: 500 mM NaCl, 0.5% (w/v) Na-DOC, 0.1% (w/v) SDS, 1% 

(v/v) IGEPAL, 1 mM EDTA (pH 8.0), 50 mM tris-Cl (pH 8.0) 

Lithium Chloride Wash Buffer: 250mM LiCl, 0.5% (w/v) Na-DOC, 0.1% (w/v) 

SDS, 1% (v/v) IGEPAL, 1 mM EDTA (pH 8.0), 50 mM tris-Cl (pH 8.0) 

TE: 0.25 mM EDTA (pH 8.0), 10mM tris-Cl (pH 8.0) 

 

2.9.2 Antibodies 
 

Antibody Supplier 

Mouse monoclonal anti-RNA Polymerase II EMD-Millipore, USA 

Mouse monoclonal anti-β-actin Sigma-Aldrich, NZ 

Rabbit IgG Santa Cruz Biotechnology, USA 

Rabbit polyclonal anti-BCL6 (N3) Santa Cruz Biotechnology, USA 
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2.9.3 Cell Culture and Treatment 
 

LN18 were plated at 1 × 107 per 150 mm dish or 4 ×106 per 100mm dish and 

allowed to adhere for 24 hours. They were then treated with 3µM doxorubicin or 

10Gy radiation or left untreated. Treated cells were harvested 8 or 48 hours after 

treatment, untreated cells were harvested 72 hours after plating. 

 

2.9.4 Agarose Bead Preparation (Melnick Lab) 
 

Protein A agarose beads were used for all ChIP experiments conducted in the 

Melnick lab. In advance of the ChIP procedure, 1 ml of beads was centrifuged at 

10,000 rpm for 10 minutes at 4 °C and supernatant discarded. The beads were 

washed by rocking with 1 ml Szak RIPA Buffer for 5 minutes at 4 °C, followed by 

centrifugation at 10,000 rpm for 10 minutes at 4 °C and the supernatant was 

discarded. The beads were then resuspended in 1 ml Szak RIPA Buffer with 1 

mg/ml BSA and 1x protease inhibitor, and left to rock overnight at 4 °C. After the 

rocking overnight, the beads were centrifuged at 10,000 rpm for 10 minutes at 4 °C 

and supernatant discarded. The beads were then washed by rocking with 1 ml Szak 

RIPA Buffer for 5 minutes at 4 °C, repeated 3 times. After the final wash, Szak 

RIPA Buffer was added to a final volume of 1 ml and the beads were ready for use. 

 

2.9.5 Dynabead® Preparation (McConnell Lab) 
 

Protein G Dynabeads® were used for all ChIP experiments conducted in the 

McConnell lab with 1 mg of Protein G Dynabeads® used per antibody. The beads 

were placed on a magnet and the supernatant was removed. The beads were then 

washed in Szak RIPA Buffer twice, before being resuspended in 40 µl of Szak RIPA 

Buffer per antibody. 5 µg of antibody (either BCL6 (N3), RNA Polymerase II or β-

actin) was added to the beads and they were rotated at 4 °C while the cells were 

prepared for immunoprecipitation. 

 

 

 



 61 

2.9.6 Cell Fixation, Harvest and Nuclear Preparation 
 

For fixation, 37% Formaldehyde was added to each plate to a final concentration of 

1% and rocked for 10 minutes at RT. For quenching, glycine was added to a final 

concentration of 0.125M and rocked for 10 minutes at RT. Plates were then washed 

twice with cold PBS and scraped into cold PBS. Cells were collected into one tube 

per treatment and were pelleted by centrifugation at 500 xg for 10 minutes at 4°C. 

For nuclear preparation, cells were gently resuspended in 1ml Swelling Buffer 

supplemented with protease inhibitors per sample and rotated for 10 minutes at 

4°C. Nuclei were pelleted by centrifugation at 1700 xg for 5 minutes at 4°C, and 

supernatant was carefully aspirated to ensure nuclei were not disturbed. Nuclei were 

gently resuspended in 1 ml Wash Buffer supplemented with protease inhibitor per 

sample and rotated for 10 minutes at 4°C. Nuclei were pelleted by centrifugation at 

1700 g for 5 minutes at 4°C, and supernatant was carefully aspirated to ensure 

nuclei were not disturbed.  

 

2.9.7 Sonication (Melnick Lab) 
 

Shearing Buffer supplemented with protease inhibitor was carefully added to the 

tube without disturbing the nuclei and then aspirated. Nuclei were resuspended in 

975 µl Shearing Buffer supplemented with protease inhibitors and transferred to a 1 

ml AFA millitube. Each tube was added to the 24 well plate of the Covaris E220 

ultrasonicator and sonicated for 20 minutes per tube with the following conditions: 

200 cpb, 5% DF, 140 W, water level 1-5 mm below tube cap. Once sonicated, 

sonication efficiency was checked. 20 µl of the sonicated sample was taken and 20µl 

of Elution Buffer with 0.3M NaCl was added. The sample was heated to 95°C for 5 

minutes before DNA extraction with Qiagen minElute PCR purification kit. DNA 

extraction was completed according to the manufacturers instructions. Briefly, 

sample was diluted in 200 µl buffer PB and added to the column. The column was 

centrifuged at 13,000 g for 1 minute, the flow though was discarded and 750 µl 

buffer PE was added to the column. The column was centrifuged at 13,000 xg for 1 

minute, the flow through discarded and the column was centrifuged again for 

another minute to remove remaining buffer. 15 µl of buffer EB was added to the 
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column and it was left to stand for 5 minutes at RT. The column was then 

centrifuged at 13000 xg for 1 minute to elute DNA.  

 

2.9.8 Sonication (McConnell Lab) 
 

As in the Melnick lab, Shearing Buffer supplemented with protease inhibitor was 

carefully added to the tube without disturbing the nuclei and then aspirated. Nuclei 

were resuspended in Shearing Buffer supplemented with protease inhibitors and 

sonicated on ice (50% amplitude, 20 s pulse, 20 s rest, for 20 minutes on a 

SONOPULS mini20 ultrasonic homogeniser). Once sonicated, sonication efficiency 

was checked using the same protocol and kit as used in the Melnick lab. 

 

2.9.9 Gel Preparation and Sample Analysis 
 

For a 1% agarose gel, 0.3 g of agarose was mixed with 30 ml of 1x TAE Buffer and 

microwaved until completely dissolved. 10 µl of Sybr® Safe was added to the gel 

before pouring. Once the gel was set, samples were prepared by the addition of 3 µl 

of 6x Orange G loading dye to the 15 µl of sample before loading the entire sample 

into the well. 100 bp marker was used as a guide for fragment size. The gel was run 

at 100 V for 40 minutes in 1x TAE buffer. Once the run was complete, the gel was 

visualised under UV light on either the ChemiDoc MP (Melnick Lab) or on a 

transilluminator and images were captured using Point Grey software (McConnell 

Lab). 

 

2.9.10 Preclearing and Immunoprecipitation (Melnick Lab) 
 

Once sonication efficiency was determined, and before addition of antibody, the 

chromatin sample was precleared with the Protein A agarose beads. The chromatin 

sample was diluted 1:1 in Dilution Buffer and 40 µl of blocked beads was added per 

1 ml of chromatin sample. The samples were then rocked at 4 °C for 2 hours. The 

samples were centrifuged at 4000 xg for 1 minute at 4 °C and the supernatant was 

removed to be incubated with antibody overnight. An aliquot of 100 µl of the 

chromatin sample was taken for input (10% input sample), and the remainder of the 

chromatin was sample separated into 1 ml aliquots (equivalent of 1 × 107 cells). For 
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ChIP, 5 µg of each antibody (either BCL6(N3) or Rabbit IgG) was added per 1 ml 

chromatin sample and rocked overnight at 4 °C. After overnight rocking, 30 µl of 

blocked Protein A agarose beads were added to each tube and the samples were 

rocked for 2 hours at 4 °C. After rocking the samples were centrifuged at 4000 xg 

for 1 minute at 4 °C, the supernatant discarded and proceeded with washes. 

 

2.9.11 Immunoprecipitation (McConnell Lab) 
 

Once sonication efficiency was determined, samples were divided to give the 

equivalent of 1 × 107 cells per target antibody. Samples were then diluted 1:1 in 

Dilution Buffer and the antibody/Dynabead® combination prepared in 2.9.5 was 

added to the appropriate sample. Samples were then rotated overnight at 4 °C. 

 

2.9.12 Washes (Melnick Lab) 
 

Beads were washed in 1 ml Szak RIPA Buffer and rotated at 4 °C for 5 minutes. 

Beads were then centrifuged at 4000 g for 5 minutes at 4 °C. The supernatant was 

removed, and 1 ml of cold Low Salt Wash Buffer was added. Beads were rocked for 

5 minutes at 4 °C, and were then centrifuged at 4000 xg for 5 minutes at 4 °C and 

the supernatant was removed. This step was repeated once for a total of two washes 

with Low Salt Wash Buffer. Once this step was repeated, 1 ml of cold High Salt 

Wash Buffer was added to each sample. Beads were rocked for 5 minutes at 4 °C, 

and were then centrifuged at 4000 xg for 5 minutes at 4 °C and the supernatant was 

removed. This step was repeated once for a total of two washes with High Salt 

Wash Buffer. Once this step was repeated, 1 ml of cold Lithium Chloride Wash 

Buffer was added to each sample.  Beads were rocked for 5 minutes at 4 °C, and 

were then centrifuged at 4000 xg for 5 minutes at 4 °C and the supernatant was 

removed. This step was repeated once for a total of two washes with Lithium 

Chloride Wash Buffer. Once this step was repeated, 1 ml of cold TE was added to 

each sample. Beads were rocked for 5 minutes at 4 °C, and were then centrifuged at 

4000 xg for 5 minutes at 4 °C and the supernatant was removed. This step was 

repeated once for a total of two washes with TE. 
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2.9.13 Washes (McConnell Lab) 
 

After overnight incubation with the antibody/beads, sample tubes were placed on a 

magnet and the supernatant removed. Beads were then washed with Szak RIPA 

Buffer, Low Salt Wash Buffer, High Salt Wash Buffer, Lithium Chloride Wash 

Buffer and TE as detailed in Washes (Melnick Lab), with a magnet used instead of 

centrifugation. 

 

2.9.14 Reverse Cross-links and DNA Extraction 
 

Once the wash steps were completed, 100 µl of Elution Buffer was added to the 

beads. The beads were then vortexed for 30 seconds and heated at 65 °C for 1 hour. 

Once heated, the sample tubes were placed on a magnet and supernatant was 

removed and put into a fresh tube, the beads discarded. NaCl was added to a final 

concentration of 300 mM to the supernatants and 10% input sample. All samples 

were then heated to 65 °C overnight. After overnight incubation, DNA extraction 

was performed with the Qiagen PCR purification kit, according to the 

manufacturers instructions. Briefly, sample was diluted in 500 µl buffer PB and 

added to the column. The column was centrifuged at 13,000 xg for 1 minute, the 

flow though was discarded and 750 µl buffer PE was added to the column. The 

column was centrifuged at 13,000 xg for 1 minute, the flow through discarded and 

the column was centrifuged again for another minute to remove remaining buffer. 

100 µl of buffer EB was added to the column and it was left to stand for 5 minutes 

at RT. The column was then centrifuged at 13,000 xg for 1 minute to elute DNA. 

qPCR was then performed as detailed in 2.10.3 for genes BCL6 Exon 1, BCL6 

Intron 9, TARS, CCND2 and ATR. 
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2.10 PCR 

2.10.1 Primers 
 

 Forward Reverse 

ATR CAGGCTTGAGAACAGCAG

AG 

CAGGCTTGAGAACAGCAG

AG 

BCL6 Exon 1 GCAGTGGTAAAGTCCGAA

GC  

AGCAACAGCAATAATCACC

TG 

BCL6 Intron 

9 

AACCTGCAAAACATGGTT

ATTT  

AATTTGCCCAAACAGCAA

GT 

CCND2 GTTGTTCTGGTCCCTTTAA

TCG 

ACCTCGCATACCCAGAGAT

AAA 

TARS TATCTACGGTGTCCGGGA

AG 

CCTACTCTCCGCTGACCTT

G 

All primers for qChIP were purchased from Integrated DNA Technologies, 

Singapore 

 

Quantitect Primer Assays 

 

 

BCL6 Qiagen, NZ 

BCOR Qiagen, NZ 

HPRT1 Qiagen, NZ 

NCOR1 Qiagen, NZ 

NCOR2 (SMRT) Qiagen, NZ 

 

2.10.2 Reverse Transcription to produce cDNA 
 

Reverse transcription was performed using the iScript cDNA synthesis kit 

according to the manufacturers instructions. Briefly, 250 ng of RNA was diluted to 

a final volume of 15 µl in a PCR tube followed by 4 µl of 5x Reaction mix and 1 µl 

iScript Reverse Transcriptase. The tube was centrifuged briefly to ensure the entire 

mixture was at the bottom of the tube. The tube was then placed in a thermocycler 

and the following program was run: 
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1. 25 °C 5 minutes (priming) 

2. 42 °C 30 minutes (reverse transcription) 

3. 85 °C 5 minutes (inactivation of reverse transcriptase) 

4. 4 °C hold 

 

Once the reaction had finished, the cDNA was transferred to a 1.5 ml 

microcentrifuge tube and diluted to a final volume of 100 µl before proceeding with 

qPCR. 

 

2.10.3 Quantitative PCR (qPCR) 
 

Quantitative PCR was performed in a 10 µl reaction volume with the KAPA 

SYBR® FAST Universal One-Step qRT-PCR Kit in a 96 well 10 µl qPCR plate. 

Each well contained 5 µl 2x KAPA SYBR® FAST Master Mix, 0.4 µl of forward 

and reverse primers (200 nM final conc), 0.2 µl 50x ROX Low, 0.4 µl DEPC water 

and 5 µl DNA. 

 

For qChIP, the following protocol was used: 

1. 95 °C 3 minutes (activation of polymerase) 

2. 95 °C 1 second (denaturation) 

3. 60 °C 20 seconds (priming/extension) 

Steps 2-3 were repeated 40 times 

 

For q-RT-PCR with Qiagen primer assays, the following protocol was used: 

1. 94 °C 15 minutes (activation of polymerase) 

2. 94 °C 15 seconds (denaturation) 

3. 55 °C 30 seconds (priming) 

4. 72 °C 35 seconds (extension) 

Steps 2-4 were repeated 40 times. 

 

For qChIP data fold change values were generated with the ΔCt method. Average 

Ct values for each gene of interest were subtracted from the IgG control to generate 

a ΔCt. This ΔCt value was then put into the formula -2^(ΔCt) to generate a fold 

change value.  
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Fold change values for q-RT-PCR were calculated using the ΔΔCt method. Average 

Ct values for each gene of interest were subtracted from the HPRT housekeeping 

gene which gave a ΔCt, and then subtracted from the untreated or DMSO control, 

as appropriate to give a ΔΔCt. The ΔΔCt was then put into the formula -2^(ΔΔCt) 

to give a fold change value. 

  

2.11 RNA Sequencing 

2.11.1 Sample Preparation 
 

1 × 106 LN18 were plated on a 100 cm3 flask 24 hours before treatment. Cells were 

treated with either 3 µM doxorubicin or 10 Gy radiation or left untreated and 

harvested 24 hours later. For harvest, cells were trypsinised and washed in DPBS 

before RNA extraction. 

 

2.11.2 RNA Extraction 
 

RNA was extracted using the Zymo Quick RNA MiniPrep kit according to the 

manufacturers instructions. Briefly, cells were suspended in 600 µl RNA Lysis 

Buffer and added to a Spin-Away™ Filter to remove genomic DNA. The column 

was centrifuged at 13000 xg for 1 minute. 600 µl of 100% ethanol was added to the 

flow through, and then loaded onto the Zymo-Spin IIICG column. The column 

was centrifuged at 13000 xg for 1 minute and the flow through discarded. 400 µl of 

RNA Prep Buffer was added to the column and the column was centrifuged at 

13,000 xg for 1 minute. The flow through was discarded and 700 µl RNA Wash 

Buffer was added to the column. The column was centrifuged at 13,000 xg for 1 

minute and the flow through discarded. 400 µl of RNA was buffer was then added 

to the column and was centrifuged at 13,000 xg for 1 minute. The flow through was 

discarded and the column was centrifuged again at 13,000 xg to remove all 

remaining wash buffer. The column was transferred to a DNase/RNase free 

microtube and 50 µl of DNase/RNase free water was added to the column. The 

column was incubated at RT for 5 minutes before it was centrifuged at 13,000 xg 

for 1 minute to elute the RNA. Eluted RNA was stored at -80°C. 
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2.11.3 RNA Quality Check 
 

The Qubit™ fluorometer was used to determine RNA concentration and the 

procedure detailed in 2.4.2 was used. For RNA purity the NanoDrop 

spectrophotometer was used to determine the 260/280 and 260/230 absorption 

ratio. A ratio of 2 indicates uncontaminated RNA. To determine the level of 

degradation of the RNA, the Agilent Bioanalyzer 2100 was used with the Agilent 

RNA 6000 Nano kit according to the manufacturers instructions. Reagents were 

allowed to equilibrate to RT for 30 minutes, before the gel matrix was prepared. To 

prepare the gel matrix, 550 µl of Agilent RNA 6000 Nano gel matrix was added to 

the top of the spin filter, which was then centrifuged at 1500 xg for 10 minutes. 

Once the matrix was filtered, 65 µl of matrix was mixed with 1 µl of dye and 

vortexed to ensure it was properly mixed. The mixture was then centrifuged at 

13000 xg for 10 minutes. The chip to be loaded was removed from its packaging 

and installed in the chip priming station, and 9 µl of gel-dye mix was added to the 

bottom of the well marked “G”. To pressurise the chip, the syringe plunger was 

adjusted to 1 ml, before the chip priming station was closed. The plunger of the 

syringe was pushed down until it reached the clip and was held in this position for 

30 seconds. The plunger was then released, and then pulled back into the 1 ml 

position. A further 9 µl of gel-dye mix was then pipetted into the top-right well and 

the well below it. The RNA 6000 Nano marker was then loaded onto the chip, with 

5 µl pipetted into the bottom of each of the wells not loaded with the gel-dye mix. 

Before loading, the RNA sample to be loaded was heat denatured in a water bath at 

70 °C for 2 minutes. The chip was loaded with 1 µl heat denatured RNA ladder in 

the well with the ladder symbol (bottom right) and 1 µl of sample or water was 

loaded into each of the 12 sample lanes. The chip was then vortexed for 60 seconds 

at 2400 rpm before it was loaded into the 2100 Bioanalyzer. The Bioanalyzer 

program was run for the RNA 6000 Nano chip and the RNA Integrity Number 

(RIN) was used to determine the level of degradation of the RNA. The RIN has a 

range of 1-10, where 1 indicates highly degraded RNA and 10 indicates intact RNA. 

All RNA that was used for RNA sequencing had a RIN of 9.0 or above.  
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2.11.4 RNA Sequencing  
 

RNA was sent to New Zealand Genomics Limited (NZGL) for sequencing on the 

Illumina HiSeq platform, with TruSeq V2 stranded mRNA chemistry, run on a 

single lane. The average sequence length was 125 bp.  

 

2.11.5 RNA Sequencing Data Processing  
 

Processing of the raw data files, quality control, alignment, and quantification was 

completed by Samuel Lee, whose methods can be found at: 

https://doi.org/10.5281/zenodo.1022032 

 

Briefly, FastQC was used to examine the quality of the raw sequencing reads, both  

before and after trimming (188). Trimmomatic (v0.36) (189) was used for the 

filtering and trimming of the RNA-seq reads in the fastq format prior to alignment. 

Illumina adapter sequences were removed, and all reads under 35 bp were 

discarded. Kallisto (v0.43.1) (190) was used for pseudoalignment and quantification 

of the sequence reads, against the Ensembl Human reference cDNA transcriptome 

release 89 (191). The individual transcript abundances produced by Kallisto were 

collapsed to the gene level using the R package tximport (v1.4.0) (192). 

 

2.11.6 RNA Sequencing Analysis 
 

Principal component, differential expression and gene set enrichment analyses were 

also performed by Samuel Lee. 

 

DESeq2 (v1.16.1) (193) was used to perform principal component analysis (PCA) 

and differential expression analysis (DEA). Regular log transformation of count 

data was used for PCA. Condition comparisons for DEA were extracted using the 

Wald test, and reported p-values were then adjusted by the Benjamini-Hochberg 

method to correct for multiple testing. Gene set enrichment analysis (GSEA) was 

performed in Pre-Ranked mode (v3.0) with the classic enrichment statistic and 

1,000 permutations. Gene lists to test were processed using R and gene-sets 

downloaded from MSigDB (v6.1) for local access before enrichment testing 
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(194,195). Unless otherwise stated, gene lists were curated by filtering transcript 

level DESeq2 results for an adjusted p-value (padj) <0.05 and a log2 fold change 

(log2fc) <-1.5 and >1.5, and ranks calculated by the following formula: sign(log2fc) 

*-log10(padj).   

 

  



 71 

3 Expression and Activity of BCL6 in Glioblastoma 
 

3.1 Introduction 
 

Glioblastoma is a disease that is remarkably difficult to treat. Standard treatment has 

barely changed in the past 30 years and offers limited extension of life after 

diagnosis (20,85,111). Glioblastoma is highly resistant to treatment, and current 

treatments for GBM rely on the DNA damage response to induce death of GBM 

cells. In this study GBM cell lines LN18 and U87-MG were treated with the 

chemotherapeutic drug doxorubicin, or radiation, and BCL6 expression was 

investigated as a new potential mechanism of therapy resistance. BCL6 is known to 

function as a transcriptional repressor (196) and survival factor in response to DNA 

damage, specifically in the context of B-cell maturation (151). This function is 

important in the context of glioblastoma, as BCL6 may be the reason for GBM’s 

resistance to DNA damage induced cell death. In order to determine if BCL6 is 

important in GBM, the first thing to examine is whether BCL6 is present and active 

in GBM. This has important implications for the treatment of GBM, as BCL6 

inhibitors could be a promising mode of treatment for this notoriously difficult to 

treat disease. 

 

Experiments in this thesis were only conducted in an in vitro setting, i.e. in cell lines, 

as opposed to an in vivo setting, i.e. in animal models. In vivo and in vitro models are 

fundamentally different experimental systems, which mean that drugs or other 

treatments that are fine to use in vivo may not work in the in vitro setting. 

Subsequently, in order to perform experiments in vitro that mimic treatments that 

occur in patients, adaptations must be made. For the experiments conducted in this 

thesis, a whole blood irradiator (Gammacell 3000 Elan, Theratronics, Ottawa, 

Canada) was used to irradiate the culture plates, irradiation was performed without 

media, and fresh warm media was put on the cells after irradiation. This is different 

to targeted treatment that is used on patients, which may not hit all GBM cells 

equally.   

 

TMZ is the chemotherapeutic drug used to treat GBM patients in the clinic, 

however it was not used in the experiments conducted in this thesis. Experiments 
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conducted before the commencement of this thesis (See Appendix: Fabre, Jones, et 

al., in revision) showed that BCL6 upregulation caused by TMZ dissolved in DMSO 

was difficult to distinguish from DMSO alone. TMZ is not particularly soluble in 

PBS, and other experiments done for this work found that when TMZ was 

dissolved in PBS, multiple doses were required to see an upregulation of BCL6. 

Consequently doxorubicin was chosen to be the chemotherapeutic used for this 

work instead as it is soluble in media and causes strong BCL6 upregulation with one 

dose, which meant it reduced the timeline for experiments and allowed for the 

extensive optimisation required for these techniques. Doxorubicin’s primary 

mechanism of action is to intercalate DNA and inhibit topoisomerase II (96), which 

leads to breaks in the DNA that are difficult for the cell to repair, and when enough 

damage is done this results in cell death. Doxorubicin is used to treat a number of 

different cancers (90), but does not easily cross the blood-brain barrier alone so is 

not used to treat GBM, though there has been a number of approaches to 

formulate doxorubicin and deliver it across the blood brain barrier (91–94). 

Doxorubicin has a different mechanism of action to temozolomide, however the 

final result is the same, with both treatments leading to breaks in the DNA and 

subsequent cell death. 

 

In order to function as a transcriptional repressor, BCL6 needs to recruit co-

repressors BCOR, NCOR, and SMRT (157,197). These co-repressors are recruited 

to the BTB domain of BCL6 to form a complex that ultimately recruits HDAC3 to 

deacetylate the histone and shut down gene expression (158). It is this interaction 

with co-repressors that is targeted by most BCL6 inhibitors (198–200), which bind 

to this BTB site in BCL6 and prevent co-repressor recruitment.  

 

The most recent, and most effective inhibitor of this interaction is called FX1, 

which was developed by the Melnick lab and first published in 2016 (179). FX1 has 

been shown to have high affinity for the BTB domain and prevent the recruitment 

of co-repressors. Lymphoma cells that are BCL6 dependent are sensitive to FX1, 

with an average IC50 of 36 µM, as compared with BCL6 independent lymphomas, 

which have an IC50 value of >125 µM (179). While FX1 is one of the most specific 

inhibitors of interaction with co-repressors to BCL6, there are limitations for its use. 

It has been shown that FX1 does inhibit non-target kinases at a concentration of 10 
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µM (179), so it is possible that when used above this concentration, effects seen are 

not necessarily just related to BCL6 inhibition, and this effect may contribute to the 

IC50 value seen for BCL6 dependent lymphomas. Work in our lab on a panel of 

GBM cell lines has shown that GBM cells are similarly sensitive to FX1 treatment, 

with an IC50 of 40 µM (See appendix: Fabre, Jones, et al., in revision) for LN18 cells. 

In this study FX1 was used to establish if BTB targeted inhibition affected the 

ability of BCL6 to function as a transcriptional repressor in GBM. 

 

3.2 Aims 
 

The aims of this chapter are to establish the presence of BCL6 and co-repressors 

BCOR, NCOR, and SMRT in GBM cells, and to determine if BCL6 is able to act as 

a transcriptional repressor when expressed in GBM cells.  

 

3.3 Results 

3.3.1 Expression of BCL6 and co-repressors in glioblastoma cells LN18 and 
U87-MG 
 

To establish whether BCL6 and co-repressors BCOR, NCOR, and SMRT were 

expressed in GBM cells, mRNA was examined for BCL6, BCOR, NCOR, and 

SMRT transcripts in both LN18 and U87-MG cells under treated and untreated 

conditions. Cells were treated with 3 µM doxorubicin, 10 Gy radiation or 25 µM 

FX1 plus DMSO and untreated controls, and were harvested 48 hours after 

treatment. This long treatment time may mean that effects on transcript seen may 

be due to factors unrelated to treatment, such as different cells being at different 

stages of the cell cycle. When harvested, half of the sample was processed for RNA, 

the other half for protein. RNA was converted to cDNA and qPCR was run for 

BCL6, BCOR, NCOR, and SMRT, alongside the housekeeping gene HPRT. HPRT 

has been previously established in our lab as the least affected by cytotoxic 

treatment (201). Delta Ct (ΔCt) values were calculated in relation to HPRT 

expression in each sample, and these have been plotted as 1/ΔCt to give a positive 

correlation with expression level.  
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In Table 3.1 Ct values of qPCR for HPRT, BCL6, BCOR, NCOR, and SMRT are 

shown for LN18 cells. All of these values were below 30 cycles, which indicated 

transcript for all of these proteins was present regardless of treatment. In Figure 3.1 

transcript of BCL6, BCOR, NCOR, and SMRT were measured in LN18 cells. 

Untreated LN18 cells did have detectable BCL6 transcript, which indicated that 

there was endogenous expression of BCL6 in LN18 cells. Doxorubicin treated cells 

had a higher transcript level of BCL6 as compared to untreated LN18 cells, which 

indicated that BCL6 expression is upregulated by doxorubicin treatment, even after 

48 hours. Radiation treated cells had a similar level of BCL6 mRNA to the 

untreated cells, which indicated that radiation treatment did not affect BCL6 

expression in LN18, but it is possible that transcript was increased at an earlier time 

point after radiation. FX1 treated cells also had a similar level of BCL6 mRNA to 

the DMSO treated cells, which indicated that FX1 did not have an effect additional 

to DMSO on BCL6 expression in LN18. DMSO control cells had a similar level of 

BCL6 transcript to the untreated cells, which indicated that DMSO did not have an 

effect on BCL6 expression in LN18. BCOR, NCOR, and SMRT expression were 

similar for doxorubicin, radiation, and FX1 treated cells, as compared to the 

untreated and DMSO controls, which indicated that co-repressor expression was 

not affected by these treatments. 

 

RNA from K562 and Raji cells was harvested at the same time as LN18 cells to 

provide negative and positive controls for BCL6 expression. K562 is a chronic 

myelogenous leukaemia cell line that is BCL6 negative, and Raji is a Burkitt’s 

lymphoma cell line that is BCL6 positive (202). In Figure 3.1 transcript of BCL6, 

BCOR, NCOR, and SMRT were measured in K562 and Raji cells. As expected, Raji 

cells had a much higher expression of BCL6 than K562 cells, but transcript for 

BCL6 was still detected in K562 cells. K562 appeared to have a much higher 

expression of BCOR than the Raji cells, and expression of NCOR and SMRT was 

similar between the two lines. 
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Table 3.1: Average Ct values for BCL6 and co-repressors in LN18 cells. LN18 
cells were treated with either 3 µM doxorubicin, 10 Gy irradiation, 25 µM FX1, 
volume equivalent DMSO or left untreated and harvested 48 hours after treatment. 
Average Ct values are shown, ± standard deviation, of at least 2 independent 
experiments.  
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Figure 3.1: q-RT-PCR shows expression of BCL6 and co-repressors BCOR, 
NCOR, and SMRT in LN18 cells. LN18 cells were treated with either 3 µM 
doxorubicin, 10 Gy irradiation, 25 µM FX1, volume equivalent DMSO or left 
untreated and harvested 48 hours after treatment. K562 (BCL6 negative), and Raji 
(BCL6 positive) cells were harvested at the same time to serve as controls for BCL6 
expression. Expression is shown as 1/DCt, where DCt represents Ct value 
subtracted from the housekeeping gene HPRT. Bars represent the mean of at least 2 
independent experiments and error bars represent ± standard deviation. * p<0.05, 
*** p<0.005, **** p<0.001 Student’s t-test. 

 

  



 77 

In Table 3.2 Ct values of qPCR for HPRT, BCL6, BCOR, NCOR, and SMRT are 

shown for U87-MG cells treated with doxorubicin, radiation, and FX1 with 

accompanying controls. Doxorubicin treatment had a significant effect on the 

mRNA of U87-MG, as housekeeping gene HPRT had a much higher Ct value (26.6 

± 0.89) as compared to the untreated control (23.9 ± 0.44). The Ct values for 

BCL6, BCOR, NCOR, and SMRT were all above 30 cycles in doxorubicin treated 

cells, and this low level of transcript can be explained by the doxorubicin effect seen 

on HPRT as compared to untreated cells. For all other treatment samples, Ct values 

were below 30 cycles, so we could be confident that transcript was present. 

 

In Figure 3.2 transcript of BCL6, BCOR, NCOR, and SMRT was measured in 

U87-MG cells. Untreated U87-MG cells did appear to have a slightly higher level of 

BCL6 transcript as compared to K562 cells, which indicated that there was 

endogenous expression of BCL6 in U87-MG cells. Radiation treated cells had a 

similar level of mRNA to untreated cells, which indicated that BCL6 expression 

levels were not altered by radiation in U87-MG, but may have been altered at an 

earlier time point, as mentioned earlier. FX1 treated cells had a similar level of 

BCL6 mRNA to the DMSO treated cells, which indicated that FX1 did not have an 

effect on BCL6 expression additional to DMSO in U87-MG. DMSO control cells 

had a similar level of BCL6 expression as compared to untreated cells, which 

indicated that BCL6 expression was not affected by DMSO. BCOR, NCOR, and 

SMRT expression was similar between radiation and FX1 treated cells, as compared 

to the untreated and DMSO controls, which indicated that the expression of these 

co-repressors was not affected by these treatments.  
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Table 3.2: Average Ct values for BCL6 and co-repressors in U87-MG cells. U87-
MG cells were treated with either 3 µM doxorubicin, 10 Gy irradiation, 25 µM FX1, 
volume equivalent DMSO or left untreated and harvested 48 hours after treatment. 
Average Ct values are shown, ± standard deviation, of at least 2 independent 
experiments. 
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Figure 3.2: q-RT-PCR shows expression of BCL6 and co-repressors BCOR, 
NCOR, and SMRT in U87-MG cells. U87-MG cells were treated with either 3 
µM doxorubicin, 10 Gy irradiation, 25 µM FX1, volume equivalent DMSO or left 
untreated and harvested 48 hours after treatment. K562 (BCL6 negative) and Raji 
(BCL6 positive) cells were harvested at the same time to serve as controls for BCL6 
expression. Expression is shown as 1/DCt, where DCt represents Ct value 
subtracted from the housekeeping gene HPRT. Bars represent the mean of at least 2 
independent experiments and error bars represent ± standard deviation. * p<0.05, 
**** p<0.001 Student’s t-test. 
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To see if transcript levels observed in LN18 and U87-MG cells reflected protein 

levels, BCL6, BCOR, NCOR, and SMRT proteins were assessed by western blot. 

The other half of the same samples harvested for RNA in Figure 3.1 and Figure 

3.2 were processed for protein and blotted for BCL6, BCOR, NCOR, and SMRT as 

detailed in Section 2.7. Both α-tubulin and β-actin proteins were used as loading 

controls due to potential differences in expression between the adherent GBM cell 

lines and the non-adherent K562 and Raji cells and the potential for alteration in 

protein level with drug treatment. 

 

BCL6 protein was observed in all LN18 samples, with an increase in expression in 

cells treated with doxorubicin (Figure 3.3). These results were consistent with the 

RNA levels of BCL6 shown in Figure 3.1, and indicated that doxorubicin treatment 

lead to increased expression of BCL6 transcript and protein in LN18 cells. 

 

BCL6 protein was observed in U87-MG cells treated with radiation, FX1 and 

DMSO, and untreated cells (Figure 3.4). However, unlike LN18, BCL6 protein was 

not observed in U87-MG cells treated with doxorubicin. This result was observed in 

3 independent experiments and was consistent with the transcript levels of BCL6 

(Figure 3.2) and indicated that BCL6 was not expressed and possibly 

downregulated in U87-MG cells in response to doxorubicin. 
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Figure 3.3: BCL6 is up-regulated in response to doxorubicin in LN18 cells. 
Western Blot was performed for BCL6, β-actin and α-tubulin. LN18 cells were 
treated with either 3 µM doxorubicin (Dox), 10 Gy irradiation (IR), 25 µM FX1 
(FX1), volume equivalent DMSO (D) or left untreated (Unt) and harvested for 
protein 48 hours after treatment. K562 (BCL6 negative) and Raji (BCL6 positive) 
cells were harvested at the same time to serve as controls for BCL6 expression. 
Both β-actin and α-tubulin are shown as loading controls. M indicates size marker. 
Blot shown is representative of 3 independent experiments. 

 

  



 82 

 

Figure 3.4: BCL6 is not up-regulated in response to treatment in U87-MG 
cells. Western Blot was performed for BCL6, β-actin and α-tubulin. U87-MG cells 
were treated with either 3 µM doxorubicin (Dox), 10 Gy irradiation (IR), 25 µM 
FX1 (FX1), volume equivalent DMSO (D) or left untreated (Unt) and harvested for 
protein 48 hours after treatment. K562 (BCL6 negative) and Raji (BCL6 positive) 
cells were harvested at the same time to serve as controls for BCL6 expression. 
Both β-actin and α-tubulin are shown as loading controls. M indicates size marker. 
Blot shown is representative of 3 independent experiments. 
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Protein expression of BCOR, NCOR, and SMRT was observed in LN18 cells under 

all treatment conditions except for doxorubicin treatment (Figure 3.5). Cells treated 

with doxorubicin appeared to have reduced or no expression of all three co-

repressors. This was unusual as transcript levels for all three co-repressors in 

doxorubicin treated cells were at a similar level to the other treatments, which 

indicated that something had prevented the translation of these transcripts.  

 

In Figure 3.6, protein expression of BCOR, NCOR, and SMRT was observed in 

U87-MG cells. U87-MG cells had a slight reduction in expression of all co-

repressors with doxorubicin treatment, similar to what was observed with LN18 

cells. U87-MG cells seemed to have lower expression of the BCOR and SMRT co-

repressors across all treatment groups compared to NCOR expression, which 

reflected the slightly lower transcript observed in Figure 3.2 for these co-

repressors.  
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Figure 3.5: The co-repressors BCOR, NCOR, and SMRT are present in 
LN18 cells. Western Blot was performed for BCOR, NCOR, SMRT, β-actin and 
α-tubulin. LN18 cells were treated with either 3 µM doxorubicin (Dox), 10 Gy 
irradiation (IR), 25 µM FX1 (FX1), volume equivalent DMSO (D) or left untreated 
(Unt) and harvested for protein 48 hours after treatment. K562 (BCL6 negative) 
and Raji (BCL6 positive) cells were harvested at the same time to serve as controls 
for BCL6 expression. Both β-actin and α-tubulin are shown as loading controls. M 
indicates size marker. Blot shown is representative of 3 independent experiments. 
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Figure 3.6: The co-repressors BCOR, NCOR, and SMRT are present in U87-
MG cells. Western Blot was performed for BCOR, NCOR, SMRT, β-actin and α-
tubulin. U87-MG cells were treated with either 3 µM doxorubicin (Dox), 10 Gy 
irradiation (IR), 25 µM FX1 (FX1), volume equivalent DMSO (D) or left untreated 
(Unt) and harvested 48 hours after treatment. K562 (BCL6 negative) and Raji 
(BCL6 positive) cells were harvested at the same time to serve as controls for BCL6 
expression. Both β-actin and α-tubulin are shown as loading controls. M indicates 
size marker. Blot shown is representative of 3 independent experiments. 
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3.3.2 Transcriptional Activity of BCL6 in LN18 cells 
 

Once presence of BCL6 and its co-repressors was established in LN18 cells, 

transcriptional activity of BCL6 was assessed by luciferase assay. This required the 

transfection of GBM cells with a BCL6 linked luciferase plasmid (BCL64-tkLUC) 

(196). This plasmid has 4 BCL6 consensus binding sites that are upstream of the 

thymidine kinase (TK) promoter, which initiates luciferase expression. If BCL6 was 

present and active as a transcriptional repressor it shut down expression of this 

plasmid, which lead to a reduction in luciferase expression. This reduced expression 

was observed as less light emitted in the reaction with luciferin as compared to a 

control where BCL6 was not present. Initially, experiments were conducted with the 

BCL64-tkLUC plasmid alongside a GFP control for transfection efficiency, however 

it was found that doxorubicin and irradiation treatment decreased the expression of 

GFP, so the reduction in luciferase initially observed may not have been due to 

BCL6 expression. As a result of this, a control luciferase plasmid was used and the 

experiments were repeated side-by-side. The control luciferase plasmid used for this 

assay was the pGL3-Control plasmid (PGL3) (Promega, USA), which has no BCL6 

consensus binding sequences, and a Simian Virus 40 (SV-40) promoter for 

luciferase expression. 

 

In the past, transfection of GBM cells has been proven to be quite difficult, as 

transfection reagents can have a profound effect on cell health. In Figure 3.7, a 

comparison between Thermo Fisher’s LTX and Plus and Promega’s Viafect is 

shown. In (Figure 3.7A) pictures of GFP, BCL64-tkLUC, and PGL3 transfected 

LN18 cells are shown for both reagents. With LTX and Plus there were many 

floating cells and the cells that were attached did not appear to be healthy. However, 

with Viafect there were hardly any floating cells and the cells appeared to be healthy. 

In (Figure 3.7B) transfection efficiency with both reagents was assessed by flow 

cytometry for GFP positive cells. Cells were first gated to exclude debris and then 

transfection efficiency was determined by percent positive GFP positive cells. The 

non-fluorescent cells transfected with Viafect have considerably more debris than 

the non-transfected cells exposed to LTX and Plus as they have been transfected 

with a BCL6 dominant negative plasmid which negatively affects the cells. LTX and 

Plus gave a transfection efficiency of 37.7%, whereas Viafect gave a transfection 

efficiency of 83.6%, with much less debris seen compared to the non-fluorescent 
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control. Given the improved cell health and high transfection efficiency with the 

Viafect reagent, all transfections with LN18 cells were conducted with Viafect 

reagent.  
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Figure 3.7: Effect of transfection of LN18 with LTX and Plus versus Viafect. 
(A) LN18 cells transfected with GFP (merge of bright field and fluorescence 
images), BCL64-tkLUC or PGL3 plasmids using either LTX and Plus or Viafect. 
Scale bars represent 100 µm. (B) LN18 cells transfected with GFP with LTX and 
Plus or Viafect as indicated were analysed by flow cytometry to determine the 
transfection efficiency. Scatter plots show whole population of cells recorded, 
histograms show percent GFP+ cells as compared to a non-transfected or non-
fluorescent plasmid (N.F) control.  
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To determine if BCL6 was capable of acting as a transcriptional repressor in LN18, 

cells were co-transfected with a BCL6 overexpression plasmid with a CMV 

promoter (BCL6wt) and the BCL64-tkLUC vector (Figure 3.8 A). 

 

Expression of BCL6 in co-transfected LN18 cells was able to repress expression of 

the BCL64-tkLUC as seen by a significant reduction in luminescence (Figure 3.8 

B).This was shown to be BCL6 specific as co-transfection of BCL6wt with PGL3 

did not show the same reduction in light. 

 

To determine if the endogenous BCL6 observed in LN18 (Figure 3.3) was also a 

transcriptional repressor, cells transfected with the BCL64-tkLUC plasmid were 

treated with the BCL6 inhibitor FX1 (Figure 3.9). Compared to the non-specific 

PGL3 plasmid, luciferase activity with the BCL64-tkLUC plasmid was reduced with 

FX1 treatment, but not to the same extent as seen with overexpressed BCL6. FX1 

prevents the binding of co-repressors to BCL6, so it would be expected that 

treatment with FX1 would inhibit the transcriptional repressor activity of BCL6. As 

a result, BCL6 would not be able to shut down luciferase expression and an increase 

in luciferase would be observed with FX1 treatment. Instead, a slight reduction in 

activity was observed as compared to the untreated control, which indicated that 

endogenous BCL6 was acting differently to the overexpressed BCL6.  
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Figure 3.8: Overexpressed BCL6 is a transcriptional repressor in LN18 cells. 
(A) Western Blot for BCL6 of LN18 transfected with pcDNA-BCL6 (BCL6wt), 
pcDNA3-GFP (GFP) and non-transfected cells (N.T) alongside K562 (BCL6 
positive) and Raji (BCL6 negative) cell lysate. (B) Luciferase assay was performed on 
LN18 cells co-transfected with either BCL64-tkLUC and pcDNA-BCL6 or PGL3 
and pcDNA-BCL6 harvested 48 hours after transfection. Luciferase values were 
normalised to cell number and then compared to single transfected luciferase (either 
BCL64-tkLUC or PGL3) control, as indicated by the dotted line on the graph. Bars 
represent the mean of 2 independent experiments and error bars represent ± 
standard deviation. * p<0.05, Student’s t-test. 
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Figure 3.9: Endogenous BCL6 is not transcriptionally active in LN18 cells. 
Luciferase assay was performed on LN18 cells transfected with either BCL64-
tkLUC or PGL3 and treated with 25 µM FX1 for 48 hours. Luciferase values were 
normalised to cell number and then compared to equivalent volume DMSO treated 
and transfected luciferase (either BCL64-tkLUC or PGL3) control, as indicated by 
the dotted line. Bars represent the mean of 2 independent experiments and error 
bars represent ± standard deviation. ns= not significant, Student’s t-test. 
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As seen in Figure 3.3, BCL6 expression was increased by doxorubicin treatment in 

LN18 cells. To determine if this therapy induced BCL6 was able to act as a 

transcriptional repressor, LN18 cells were transfected with BCL64-tkLUC and 

treated with doxorubicin (Figure 3.10). 

 

Doses of 50 nM, 100 nM, and 200 nM doxorubicin were used so that the cells were 

not killed by the combination of doxorubicin and transfection. Doxorubicin 

treatment of transfected LN18 cells led to a slight but not significant increase in 

luciferase activity as compared to the non-specific PGL3 control, which may have 

indicated that BCL6 induced by doxorubicin in LN18 could be a transcriptional 

activator. 

 

Cells transfected with BCL64-tkLUC and treated with radiation saw a significant 3-

fold increase in luciferase activity compared to non-specific PGL3 control plasmid 

(Figure 3.11). This increase occurred even though no increase in BCL6 expression 

was seen with radiation in LN18 (Figure 3.1 and Figure 3.3), and provided 

stronger evidence that BCL6 in LN18 could be a transcriptional activator. 
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Figure 3.10: Therapy induced BCL6 is not a transcriptional repressor in LN18 
cells. Luciferase assay was performed on LN18 cells transfected with either BCL64-
tkLUC or PGL3 and treated with 50 nM, 100 nM or 200 nM doxorubicin for 48 
hours. Luciferase values were normalised to cell number and then compared to 
untreated transfected luciferase (either BCL64-tkLUC or PGL3) control. Bars 
represent the mean of 2 independent experiments and error bars represent ± 
standard deviation. n.s.= not significant, Student’s t-test.  



 94 

 

 

Figure 3.11: Radiation treatment leads to an increase in BCL64-tkLUC 
activity. Luciferase assay was performed on LN18 cells transfected with either 
BCL64-tkLUC or PGL3 and treated with 10 Gy ionising radiation and harvested 48 
hours after treatment. Luciferase values were normalised to cell number and then 
compared to untreated transfected luciferase (either BCL64-tkLUC or PGL3) 
control. Bars represent the mean of 2 independent experiments and error bars 
represent ± standard deviation. * p<0.05, Student’s t-test. 
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3.3.3  Transcriptional Activity of BCL6 in U87-MG cells 
 

To determine if BCL6 was able to act as a transcriptional repressor in U87-MG 

cells, BCL6 transcriptional activity was investigated with the BCL64-tkLUC plasmid. 

As in Figure 3.7, transfection in U87-MG was assessed with both LTX and Plus 

and Viafect (Figure 3.12). In Figure 3.12A pictures of U87-MG cells transfected 

with either LTX and Plus or Viafect are shown. Like with LN18 cells, U87-MG 

cells seemed quite unhealthy with LTX and Plus, with many floating cells. With 

Viafect the cells were much more adherent, and seemed much healthier. 

Transfection efficiency was assessed in U87-MG cells transfected with LTX and 

Plus by flow cytometry for GFP positive cells in Figure 3.12B, which showed a 

transfection efficiency of 27.5%. U87-MG cells transfected with Viafect were 

assessed for transfection efficiency by visual inspection of GFP (Figure 3.12A), 

which showed an increase in GFP positive cells, to ~40%. Overall, Viafect was a far 

superior transfection reagent to LTX and Plus and was used in all transfections with 

U87-MG. 
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Figure 3.12: Effect of transfection on U87-MG cells with LTX and Plus versus 
Viafect. (A) U87-MG cells transfected with GFP (merge of bright field and 
fluorescence images), BCL64-tkLUC or PGL3 plasmids using either LTX and Plus 
or Viafect. Scale bars represent 100 µm. (B) U87-MG cells transfected with GFP 
with LTX and Plus were analysed by flow cytometry to determine the transfection 
efficiency. Scatter plot shows whole population of cells recorded, gated to exclude 
debris. Histogram shows percent GFP+ cells as compared to the non-transfected 
control. 
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To determine if BCL6 was capable of acting as a transcriptional repressor in U87-

MG, cells were co-transfected with a BCL6 overexpression plasmid (BCL6wt) and 

the BCL64-tkLUC vector. Co-transfected U87-MG cells were not able to repress 

expression of the BCL64-tkLUC as shown by no reduction in light (Figure 3.13B) 

similar to the non-specific PGL3 control plasmid. This would indicate that even 

when large amounts of BCL6 was present in U87-MG cells (Figure 3.13A) it was 

unable to affect transcription in a meaningful way, and subsequently was not a 

useful model for the study of the transcriptional activity of BCL6 in glioblastoma. 
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Figure 3.13: Overexpressed BCL6 is not a transcriptional repressor in U87-
MG cells. (A) Western Blot for BCL6 of U87-MG transfected with pcDNA-BCL6 
(BCL6wt), pcDNA3-GFP (GFP) and non-transfected cells (N.T) alongside K562 
(BCL6 positive) and Raji (BCL6 negative) cell lysate. (B) Luciferase assay was 
performed on U87-MG cells co-transfected with either BCL64-tkLUC and BCL6 or 
PGL3 and BCL6 harvested 48 hours after transfection. Luciferase values were 
normalised to cell number and then compared to single transfected luciferase (either 
BCL64-tkLUC or PGL3) control. Bars represent the mean of 2 independent 
experiments and error bars represent ± standard deviation. n.s.= not significant, 
Student’s t-test.   
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3.4 Summary 
 

BCL6 plays an important role in prevention of cell death in response to DNA 

damage and therapy for glioblastoma relies on this response to DNA damage to 

induce cell death. Consequently, expression of BCL6 is a good candidate for a 

mechanism of therapy resistance in glioblastoma. BCL6 is generally described as a 

transcriptional repressor that operates by the recruitment of co-repressor proteins in 

order to shut down DNA damage response genes (151). Based on this known 

mechanism, it would be expected that if BCL6 expression were a mechanism of 

therapy resistance in glioblastoma it would act as a transcriptional repressor. 

 

The results presented in this chapter have shown that BCL6 levels were increased in 

LN18 in response to doxorubicin, but not radiation induced DNA damage, which 

indicated a different response to these two types of therapies. It is unclear whether 

this increase observed in LN18 is due to an increase in transcription or simply a 

decrease in mRNA/protein turnover, as a small increase in transcription of BCL6 

was observed with doxorubicin treatment, but this doesn’t seem to match the large 

increase in protein observed. Conversely, BCL6 levels were not increased by 

doxorubicin treatment in U87-MG cells, but U87-MG maintained endogenous 

BCL6 expression in all other treatment groups. Co-repressors BCOR, NCOR, and 

SMRT were all expressed in both LN18 and U87-MG under all treatment 

conditions, with the exception of doxorubicin treated LN18 cells, which had 

reduced expression of the co-repressors. It seems unlikely that the reduced 

expression of the co-repressors in doxorubicin treated LN18 cells is related to the 

increased BCL6 expression in LN18 cells with doxorubicin treatment, but this may 

partially explain why no transcriptional repressor activity was seen with doxorubcin 

treatment in LN18 cells; they don’t have the machinery.  

 

Overexpressed BCL6 in LN18 cells operated effectively as a transcriptional 

repressor, but this was not the case in U87-MG cells, despite expression of co-

repressors being similar in both cell lines. These differences reflect the heterogeneity 

of GBM tumours. BCL6 expression has been observed in a number of different 

GBM cell lines (187) (See Appendix: Fabre, Jones, et al., in revision), but whether this 

translates into transcriptionally active BCL6 has yet to be determined for many of 
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these cell lines. BCL6 expression has been shown to vary widely in primary tumours 

(See Appendix: Fabre, Jones, et al., in revision), so it is likely that BCL6 activity will 

also vary widely.  

 

When BCL6 was overexpressed in LN18 cells it was able to act as a transcriptional 

repressor, however this was not the case with BCL6 in doxorubicin or radiation 

treated cells. In fact a significant increase in transcriptional activity of the reporter 

was seen with radiation, and there appeared to be an increase in transcriptional 

activity seen with doxorubicin treatment, though this was not significant. These 

results indicated that endogenous BCL6 has the potential to act as a transcriptional 

activator in treated LN18 cells, even when no increase in transcript or protein was 

seen with treatment. This result is contrary to the hypothesis that BCL6 acts as a 

transcriptional repressor in GBM, but it is important to note that this is only a single 

result on one cell line with one treatment, and it is not yet clear whether an increase 

in transcriptional activity would be seen with this assay in other cells or with other 

treatments.  

 

As discussed earlier, BCL6 was not present with doxorubicin treatment in U87-MG 

cells, but was present at a basal level with other treatments and was not 

transcriptionally active when overexpressed in U87-MG cells. These results 

indicated that U87-MG is not a good model for the study of the BCL6 mechanism 

in glioblastoma. Accordingly, the remaining chapters of this thesis will focus on the 

cell line LN18. 
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4 DNA Binding of BCL6 in Glioblastoma 
 

4.1 Introduction 
 

BCL6 binds to its consensus binding sequence (TTCCTAGAA) directly through its 

6 zinc fingers (141), and acts as a transcriptional repressor by the recruitment of co-

repressors BCOR/NCOR/SMRT to its BTB domain while bound to DNA (164). 

The co-repressors then recruit HDAC3, which de-acetylates the histone and shuts 

down gene expression. This mechanism of action has been established in primary 

B-cells (164), T-follicular helper cells (203), and lymphoma (204). In the context of 

GBM, it is not known whether BCL6 is able to bind its consensus binding sequence 

and recruit co-repressors.  

 

BCL6 has a number of target genes that are well described in lymphoma, which 

include CCND2 (150), ATR (146), TP53 (145), and CHEK1 (147). BCL6 is also 

autoregulatory, and prevents expression of itself by binding to the promoter of 

BCL6 Exon 1 (204). When ChIP seq for BCL6 was performed on breast cancer 

cells and compared to lymphoma, it was found that breast cancer had vastly 

different target genes for BCL6, with 1079 unique targets identified (180). More 

recently, studies on T-follicular helper cells have shown that BCL6 has different 

target genes in these cells, as compared to lymphoma (205). Subsequently it is likely 

that BCL6 will have different target genes in GBM as compared to lymphoma.  

 

In Chapter 3 it was established that in most conditions co-repressors BCOR, 

NCOR, and SMRT are present in GBM cells and when BCL6 is overexpressed, it is 

able to act as a transcriptional repressor. BCL6 was shown to be present in both 

untreated and treated GBM cells (with doxorubicin and radiation), and it was also 

was shown that treatment of LN18 with doxorubicin and radiation lead to an 

increase in reporter activity, which suggested that it may be a transcriptional 

activator. This result conflicted with BCL6’s traditional role of transcriptional 

repression. To determine if BCL6 is a DNA binding protein in GBM, the DNA 

binding and target genes of BCL6 were investigated in LN18. 
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4.2 Aims 
 

The aims of this chapter are to investigate the ability of BCL6 to bind DNA and 

interact with co-repressors while bound, as well as to see if BCL6 is bound to well-

known BCL6 target genes. 

 

4.3 Results 

4.3.1  BCL6 interaction with DNA binding motif 
 

In order to act as a transcriptional repressor, BCL6 needs to bind DNA and its co-

repressors BCOR, NCOR, and SMRT. In chapter 3 it was established that co-

repressors are present in LN18 cells, except when treated with doxorubicin. It was 

also shown that when BCL6 was overexpressed it was able to act as a transcriptional 

repressor, but endogenous BCL6 was not. The electrophoretic mobility shift assay 

(EMSA) technique was used to investigate whether overexpressed/endogenous 

BCL6 is able to bind its consensus binding sequence and recruit co-repressors to 

this complex.  

 

As the EMSA technique had not been established in our lab, a control system was 

set up first with the Lightshift Chemiluminescent EMSA kit (Thermo Fisher, NZ). 

This kit employed the Epstein-Barr virus nuclear antigen (EBNA) and had included 

components for producing a shift and competition assay to show that it was 

specific. In Figure 4.1 this is shown, in lane 1 there was no EBNA protein, and no 

shift of the probe was seen. In lane 2 there was EBNA protein and a clear shifted 

band was seen. In lane 3, additional probe that was not labelled with biotin was 

added in excess to the mix and this competition eliminated the shifted band, as the 

EBNA protein was bound to the unlabelled probe. This shows that the kit and 

protocol used was working correctly and that EMSAs with the protein of interest 

could be performed. 
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Figure 4.1: Establishment of Electrophoretic Mobility Shift Assay (EMSA) 
with control from kit. Electrophoretic Mobility Shift Assay with EBNA control 
system provided in Lightshift Chemiluminescent EMSA kit.  
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In chapter 3, BCL6 was shown to be a transcriptional repressor in LN18 cells when 

overexpressed (Figure 3.8). To show that this repression was caused by the 

recruitment of co-repressors to BCL6, EMSA on BCL6wt transfected cells was 

performed. Cells were harvested 24 hours after transfection and a nuclear 

preparation was made of the cells before incubation with a biotin labelled probe 

containing the BCL6 consensus binding sequence (206). EMSA was performed in 

the same manner as Figure 4.1, and control reactions were run alongside every 

EMSA reaction.  

 

In Figure 4.2 EMSA of BCL6wt transfected LN18 cells is shown. In lane 1, no 

nuclear extract was added to the probe, and no complexes were seen. In lane 2 

nuclear extract was added and 3 distinct complexes were seen (a, b and c). In lane 3 

unlabelled probe was added in excess to the reaction and successfully competed out 

the complexes seen in lane 2, which showed that these bands were bound to the 

sequence specifically. In lane 4, BCL6 antibody was added and complexes a and c 

were disrupted, which indicated that BCL6 was likely present in these complexes. In 

lane 5 BCOR antibody was added and complexes a and b were disrupted, which 

indicated that BCOR was likely present in these complexes. In lane 6 NCOR 

antibody was added, and complex a was shifted and complex b was disrupted, 

which indicated that NCOR was likely present in these complexes. In lane 7 SMRT 

antibody was added and complexes b and c were disrupted, which indicated that 

SMRT was likely present in these complexes. In lanes 8 and 9 GFP transfected 

nuclear preparation was added to complex with the BCL6 consensus sequence and 

no complexes were seen. Overall, complex a appeared to contain BCL6, BCOR and 

NCOR, complex b appeared to contain BCOR, NCOR, and SMRT and complex c 

appeared to contain BCL6 and SMRT. This showed that BCL6 was able to recruit 

co-repressors when overexpressed, and this was likely the mechanism of the 

transcriptional repression seen in Figure 3.8. 

 

To investigate the ability of endogenous BCL6 in GBM to bind the consensus 

sequence, EMSA was performed on nuclear extracts of untreated and doxorubicin 

treated LN18. Cells were treated with 0.05 µM, 0.1 µM, 0.2 µM, and 3 µM 
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doxorubicin or left untreated, and EMSA was performed 48 hours after treatment, 

as BCL6 protein level was increased at this time-point post doxorubicin treatment. 

 

In Figure 4.3 EMSA of doxorubicin treated LN18 cells is shown. In lane 1, no 

nuclear extract was added with the probe, and no complexes were seen. In lanes 2-

6, nuclear extract of cells untreated, or treated with 0.05 µM, 0.1 µM, 0.2 µM or 3 

µM doxorubicin, respectively were incubated with the BCL6 specific probe and no 

complexes were seen. This result indicated that both endogenous and doxorubicin-

induced BCL6 in LN18 cells was unable to bind its consensus binding sequence. 
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Figure 4.2: Overexpressed BCL6 forms distinct complexes with co-
repressors. Electrophoretic mobility shift assay (EMSA) of LN18 nuclear lysate 
transfected with pcDNA-BCL6 (lanes 2-7) or pcDNA3-GFP (lanes 8 & 9). 
Complexes were formed with nuclear lysate and biotin labelled probe alone (lanes 2 
and 8), with unlabelled competitor DNA (lanes 3 and 9), with BCL6 antibody (B1) 
(lane 4), with BCOR antibody (B2) (lane 5), with NCOR antibody (N) (lane 6), and 
with SMRT antibody (S) (lane 7). (a) indicates complex formed with BCL6, BCOR, 
and NCOR. (b) indicates complex formed with BCOR and NCOR. (c) indicates 
complex formed with BCL6, BCOR and SMRT. Blot shown is representative of 2 
independent experiments. 
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Figure 4.3: Natively expressed BCL6 does not form complexes with BCL6 
binding consensus sequence. EMSA of LN18 nuclear lysate treated with 0.05, 
0.1, 0.2 and 3 µM doxorubicin (lanes 2-6). Blot shown is representative of 2 
independent experiments. 

 

  



 108 

4.3.2 Establishment of chromatin immunoprecipitation in LN18 
 

Chromatin immunoprecipitation (ChIP) is used to investigate the binding of 

transcription factors or the occurrence of histone alterations along the genome. It 

involves cross-linking of protein to the DNA followed by immunoprecipitation for 

the protein of interest and then isolation of the associated DNA for further analysis. 

ChIP for BCL6 has been well established in lymphoma and BCL6 target genes have 

been validated using this technique. ChIP had not been done in our lab previously, 

so every aspect of this technique required optimisation, starting with sonication. 

Sonication is used to break up the DNA into small fragments after fixing and 

performing a nuclear preparation on the cells. The fragments need to be around 300 

bp in length for optimal resolution, as this is equivalent to 1-2 nucleosomes and is 

an ideal length for accurate sequencing. Many machines exist to perform sonication, 

which vary in efficiency, so sonication needs to be optimised for every machine 

used. 

 

In Figure 4.4 sonication optimisation for LN18 cells is shown. Sonicated DNA is 

fragmented and able to move freely in an agarose gel, as compared to unsonicated 

DNA, which cannot move much through an agarose gel. In Figure 4.4A 

unsonicated DNA is shown (U.S) which had not migrated through the agarose gel. 

In Figure 4.4B an optimisation of probe sonication with 10, 15 and 20 cycles of 

20s on/ 20s off at 50% amplitude is shown. Sonication efficiency increased with 

every increase in cycles, with the majority band around 300 bp for 20 cycles. In 

Figure 4.4C and D, representative samples of sonication on untreated, doxorubicin 

treated and radiation treated LN18 cells are shown (30 cycles of 20s on/ 20s off). 

Sonication efficiency was not affected by treatment of the cells, as seen by the 

majority band consistently around 300 bp. Sonication efficiency was checked in 

every ChIP experiment before proceeding with immunoprecipitation.    
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Figure 4.4: Optimisation of sonication protocol for Chromatin 
Immunoprecipitation (ChIP). LN18 samples were fixed, quenched and had 
undergone nuclear preparation before sonication. (A) 2% agarose gel with samples 
treated with waterbath sonication. S indicates various sonicated samples, U.S 
indicates unsonicated DNA sample. (B) 2% agarose gel of samples treated with 10, 
15, and 20 cycles of 20s on/20s off sonication at 50% amplitude with SONOPULS 
probe sonicator. (C) 1% agarose gel showing sonication efficiency of representative 
samples from 3 µM doxorubicin (Dox) and untreated (Unt) samples used for ChIP, 
sonicated for 20 minutes (20s on/20s off, 50% amplitude). (D) 1% agarose gel 
showing sonication efficiency of representative sample from a 10 Gy irradiation (IR) 
sample used for ChIP, sonicated in the same manner as (C). 
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4.3.3 qChIP on Doxorubicin treated LN18 cells 
 

ChIP experiments were completed at two different sites, with initial ChIP 

experiments completed in the Melnick lab, under the supervision of Dr. Katerina 

Hatzi (164,205). The preliminary qChIP (quantitative ChIP) experiments completed 

in the Melnick lab were used to establish the control genes and investigate potential 

target genes for BCL6 in LN18. LN18 cells were plated, treated after 24 h with 3 

µM doxorubicin, and harvested 48 h after treatment. Four experiments were 

completed, with multiple samples taken from each experiment for testing. Different 

genes were tested in each independent experiment, as detailed in the figure legend. 

qPCR was completed for target genes on BCL6 and rabbit IgG ChIP samples, ΔCt 

was calculated against the IgG sample and fold change was calculated using the -2ΔCt 

method (207). 

 

In Figure 4.5, the result of qPCR performed on LN18 ChIP samples generated in 

the Melnick lab is shown. In Figure 4.5A fold change values for positive control 

BCL6 exon 1 and negative control BCL6 intron 9 are shown. BCL6 appeared to be 

bound at BCL6 exon 1 with some variation, and not bound at BCL6 intron 9 which 

validated these as good positive and negative controls for BCL6 ChIP in LN18. In 

Figure 4.5B fold change values for potential target genes TARS, CCND2, ATR, 

TP53, PTEN, and CHK1 are shown. BCL6 appeared to be bound at TARS, 

CCND2, and ATR, though this varied between experiments. BCL6 did not appear 

to be bound at TP53, PTEN, and CHK1. From these experiments, BCL6 exon 1, 

BCL6 intron 9, TARS, CCND2 and ATR were chosen to use for experiments 

conducted back in the McConnell lab at Victoria University of Wellington. 
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Figure 4.5: Establishment of BCL6 ChIP assay in Melnick Lab at Weill 
Cornell Medical College, New York City. BCL6 ChIP of LN18 cells treated with 
3 µM doxorubicin and harvested 48 hours after treatment. (A) qPCR for positive 
control (BCL6 Exon 1) and negative control (BCL6 intron 9). 3 independent 
experiments were completed for each. (B) qPCR for known BCL6 target genes 
TARS, CCND2, ATR, TP53, PTEN, and CHK1. For CCND2 3 independent 
experiments were completed. For TARS and ATR 2 independent experiments were 
completed. For TP53, PTEN, and CHK1 1 independent experiment was completed. 
Fold change values calculated using ΔCt method with rabbit IgG as control. Long 
horizontal lines represent mean ± standard deviation. 
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Once back in New Zealand, the experimental procedure learned in the Melnick lab 

was adapted to our laboratory. Some changes were made to the protocol- the 

sonication was with a different machine, but had already been optimised as 

demonstrated in Figure 4.4, an RNA polymerase II ChIP was performed alongside 

BCL6 ChIP as a positive control, and a β-actin antibody was used as the negative 

control ChIP. LN18 cells were either treated with doxorubicin and harvested 8 

hours or 48 hours after treatment, or left untreated and harvested 72 hours after 

plating. 

 

In Figure 4.6 BCL6 ChIP and RNA polymerase II ChIP qPCR for BCL6 Exon 1 

and BCL6 intron 9 are shown. In Figure 4.6A BCL6 ChIP showed binding of 

BCL6 to BCL6 Exon 1 to be similar across untreated, 8 h and 48 h doxorubicin 

samples (3.71±2.79, 2.17±1.68 and 1.57±0.728 fold respectively) though this was at 

a much lower fold change than that seen in the Melnick lab experiments. It 

appeared that no binding was seen at BCL6 Intron 9 for all untreated cells and both 

doxorubicin time-points, which was consistent with results seen in the Melnick lab, 

and indicated this was a good negative control. In Figure 4.6B there is more 

binding of RNA polymerase II at BCL6 Exon 1 in untreated cells compared to 8 h 

and 48 h doxorubicin treated cells (127±66.4, 34.3±12.3, and 43.6±26.3 fold 

respectively). No binding was seen at BCL6 Intron 9 with RNA polymerase II ChIP 

in all samples, which indicated that it was a good negative control. 
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Figure 4.6: BCL6 and RNA Polymerase II ChIP on doxorubicin treated cells 
shows reproducible positive and negative controls. LN18 cells were treated 
with 3 µM doxorubicin and harvested 8 or 48 hours after treatment, or left 
untreated, before ChIP was performed. qPCR was performed for all samples for 
BCL6 Exon 1 (positive control) and BCL6 intron 9 (negative control) (A) qPCR for 
BCL6 ChIP. (B) pPCR for RNA polymerase II ChIP. Fold change values calculated 
using ΔCt method with β-actin as control. Long horizontal lines represent mean ± 
standard deviation of at least 4 independent experiments. 
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In Figure 4.7 BCL6 and RNA polymerase II ChIP on doxorubicin treated LN18 

cells is shown for candidate BCL6 target genes TARS, CCND2, and ATR, which 

were identified as candidates in the preliminary experiments conducted in the 

Melnick lab. In Figure 4.7A BCL6 was bound to TARS in untreated cells to a 

greater degree than in either the 8 h or 48 h doxorubicin treated time-points 

(2.21±1.22 fold vs. 1.89±1.67 and 1.25±0.853 fold respectively). BCL6 binding of 

CCND2 and ATR was low for untreated and the two doxorubicin treatment time-

points. In Figure 4.7B, RNA polymerase II was highly bound (86.0±40.6 fold) to 

TARS in untreated LN18 cells. RNA polymerase II binding to TARS seemed to 

have dropped with both 8 and 48 hours doxorubicin treatment (20.9±7.31 and 

19.6±16.5 fold respectively). RNA polymerase II was not bound to CCND2 in 

untreated and 8 and 48 hours doxorubicin treated cells. RNA polymerase II was 

highly bound to ATR in untreated cells (103±78.4 fold), and binding seemed to 

have dropped with 8 and 48 hours doxorubicin treatment (28.1±13.3 and 21.3±16.4 

fold respectively). 
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Figure 4.7: Binding of BCL6 at BCL6 Target Genes does not significantly 
change with doxorubicin treatment. LN18 cells were treated with 3 µM 
doxorubicin and harvested 8 or 48 hours after treatment, or left untreated, before 
ChIP was performed. qPCR was performed for all samples for TARS, CCND2, and 
ATR. (A) qPCR for BCL6 ChIP. (B) qPCR for RNA Polymerase II ChIP. Fold 
change values calculated using ΔCt method with β-actin as control. Long horizontal 
lines represent mean ± standard deviation of at least 4 independent experiments. 
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4.3.4 qChIP on Radiation treated LN18 cells 
 

Irradiation appeared to have an effect on BCL6 activity, so we wanted to investigate 

if BCL6 was binding to the target genes investigated with doxorubicin treated cells. 

LN18 cells were treated with 10 Gy ionising radiation and harvested either 8 hours 

or 48 hours after treatment. The untreated data is the same as presented alongside 

the doxorubicin data in the previous two figures. 

 

In Figure 4.8 BCL6 ChIP and RNA polymerase II ChIP on LN18 cells treated 

with 10 Gy irradiation and harvested either 8 or 48 hours after treatment is shown. 

In Figure 4.8A BCL6 appeared to be bound to BCL6 Exon 1 fairly consistently in 

both time-points of irradiated cells (8 h 2.30±1.55 fold and 48 h 2.65±0.525 fold) 

and to a similar level as in untreated cells (3.71±2.79 fold). BCL6 Intron 9 worked 

well as a negative control, with no binding seen in the irradiated cells. In Figure 

4.8B RNA polymerase II binding with both 8 and 48 hours post-irradiation 

(65.7±41.2 and 83.5±11.4 fold respectively) was high and similar to the untreated 

cells (127±66.4 fold). RNA polymerase II was not bound to BCL6 Intron 9 in 

irradiated cells, which further validated this as a negative control. 
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Figure 4.8: BCL6 and RNA Polymerase II ChIP on radiation treated cells 
shows reproducible positive and negative controls. LN18 cells were treated 
with 10 Gy irradiation and harvested 8 or 48 hours after treatment, or left untreated, 
before ChIP was performed. qPCR was performed for all samples for BCL6 Exon 1 
(positive control) and BCL6 intron 9 (negative control) (A) qPCR for BCL6 ChIP. 
(B) pPCR for RNA polymerase II ChIP. Fold change values calculated using ΔCt 
method with β-actin as control. Long horizontal lines represent mean ± standard 
deviation of at least 3 independent experiments. 
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In Figure 4.9 BCL6 and RNA polymerase II ChIP is shown for candidate BCL6 

target genes TARS, CCND2, and ATR on irradiation treated LN18 cells. In Figure 

4.9A BCL6 appears to be bound to TARS in both 8 and 48 hours post-irradiation 

cells (2.19±2.13 and 2.14±0.828 fold respectively) to a similar level as seen in the 

untreated cells (2.21±1.22 fold). BCL6 binding of CCND2 and ATR was low in 

both 8 and 48 hours post-irradiation cells and similar to the untreated cells. In 

Figure 4.9B RNA polymerase II was highly bound to TARS in both 8 and 48 h 

post irradiation cells (95.1±71.5 and 61.1±28.7 fold respectively) and to a similar 

level seen in untreated cells (86.0±40.6 fold). RNA polymerase II was not bound to 

CCND2 in 8 or 48 h post-irradiation cells. RNA polymerase II was highly bound to 

ATR in both 8 and 48 h post-irradiation samples (121±86.2 and 85.4±38.5 fold 

respectively) and to a similar level as untreated cells (103±78.4 fold). 
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Figure 4.9: Binding of BCL6 at BCL6 Target Genes does not significantly 
change with radiation treatment. LN18 cells were treated with 10 Gy irradiation 
and harvested 8 or 48 hours after treatment, or left untreated, before ChIP was 
performed. qPCR was performed for all samples for TARS, CCND2, and ATR. (A) 
qPCR for BCL6 ChIP. (B) qPCR for RNA Polymerase II ChIP. Fold change values 
calculated using ΔCt method with β-actin as control. Long horizontal lines 
represent mean ± standard deviation of at least 3 independent experiments. 
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4.4 Summary 
 

BCL6 is a transcriptional repressor that exerts this activity by binding to DNA and 

recruiting co-repressors and HDAC3 to shut down gene expression. Work 

completed in Chapter 3 showed that BCL6 may not in fact be a transcriptional 

repressor in GBM and subsequently in this chapter it was investigated if BCL6 was 

able to bind DNA, and specifically well-known BCL6 target genes. 

 

When BCL6 is overexpressed in LN18 cells it is able to bind an isolated single 

consensus sequence and form complexes with its co repressors BCOR, NCOR, and 

SMRT as expected. However, when looking at endogenous or doxorubicin induced 

BCL6, it was unable to bind its consensus sequence. This may be because there was 

only one BCL6 binding sequence on a short oligonucleotide, which would have 

reduced the chances of endogenous BCL6 interacting with its binding site, whereas 

when BCL6 was overexpressed there was an excess of BCL6 so it is more likely it 

would interact with the one binding site that was on the oligonucleotide. Given the 

results seen with the ChIP experiments, it is probable that endogenous BCL6 in 

LN18 cells interacts with its binding site, but the oligonucleotide used to assess this 

in the EMSA needed to have multiple copies of the binding site for this to be seen. 

 

This work was followed up with a ChIP assay to further investigate if BCL6 was 

bound to well known target genes under different treatment conditions. The ChIP 

experiments were performed initially in the Melnick lab in order to establish the 

ChIP technique in LN18, and due to differing technologies being available, a 

number of adaptations had to be made to be able to do the technique in the 

McConnell lab. One of the adaptations was the sonication. In the Melnick lab the 

sonication was completed with the Covaris E220 ultrasonicator, which is designed 

for DNA shearing and produces very accurate and consistent shearing of the DNA. 

In the McConnell lab the sonication was completed with a SONOPULS mini20 

ultrasonic homogeniser, which is not designed specifically for DNA shearing, and 

much optimisation was required to shear the DNA accurately and consistently with 

this machine. The difference between these machines has likely introduced some 

differences between the experiments completed in the two laboratories. 
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Another potentially major change that was made to the protocol was changing the 

control antibody from a polyclonal non-specific rabbit IgG to a monoclonal mouse 

β-actin. This was done as it was believed to be a better control to use, since actin is 

predominantly cytoplasmic, and this control would also match well with the RNA 

polymerase II antibody used, as this was also a mouse monoclonal antibody. Since 

the completion of these experiments research came to light that shows that actin 

can be a nuclear protein, and in fact appears to co-localise with RNA polymerase II 

(208–210). The β-actin precipitation was intended as a control with no binding to 

DNA.  If actin was bound to DNA, subtracting this from the BCL6 signal would 

inappropriately decrease the apparent level of BCL6 binding. This may explain why 

the results from BCL6 ChIP experiments in the Melnick lab were on a different 

scale to the experiments completed in the McConnell lab: 5-23 fold enrichment in 

the Melnick lab versus 1-5 fold enrichment in the McConnell lab.  

 

However, considering that actin has been shown to co-localise with RNA pol II, it 

would be expected that if there were significant amounts of actin cross-linked to 

DNA, subtracting the actin ChIP signal from the RNA pol II ChIP would show 

little or no enrichment. This was not the case, as massive enrichment of binding was 

found with RNA pol II ChIP on most loci investigated. The use of actin as a 

negative control does not completely explain why significant enrichment at CCND2 

and ATR was not seen with BCL6 ChIP, and it is more likely that BCL6 has low 

binding of these genes in LN18 cells.  

 

In the McConnell lab, it was observed that BCL6 was bound to BCL6 Exon 1 and 

TARS in untreated LN18 cells, and this pattern was similar in radiation treated cells. 

Doxorubicin treated cells had reduced BCL6 binding of BCL6 Exon 1 compared to 

untreated, with 1.5 fold enrichment with doxorubicin versus 3.7 fold enrichment in 

untreated cells. Similar binding was seen at TARS with doxorubicin compared to 

untreated, with 1.2 fold enrichment with doxorubicin versus 2.2 fold enrichment in 

untreated cells. Given that radiation treated cells have similar levels of BCL6 

expression to untreated cells, it made sense that the binding of BCL6 would be 

similar across all genes for both radiation treated and untreated cells. It is interesting 

that a decrease in binding of BCL6 Exon 1 was seen with doxorubicin, as there was 

an increase in BCL6 protein with this treatment. This may indicate that BCL6 DNA 
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binding changes with treatment, and has perhaps has moved to different target 

genes not investigated in this study. ChIP sequencing would reveal what these 

targets would be. 

 

RNA polymerase II was bound to BCL6 Exon 1, TARS, and ATR in untreated 

cells, and this binding was reduced by doxorubicin, but not by radiation, which 

further showed the difference between these two treatments. This could indicate 

that there is some kind of non-specific “dox effect” on RNA polymerase II binding, 

rather than a BCL6 specific effect on transcription of these genes in the 

doxorubicin treated cells.  
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5 Effect of BCL6 on Gene Expression in Glioblastoma 
 

5.1 Introduction 
 

BCL6 is a transcription factor, and affects the transcription of genes. In most 

settings, it is known as a transcriptional repressor, which means it shuts down the 

expression of genes. It does this through the recruitment of the co-repressor 

proteins BCOR, NCOR, and SMRT, which then recruits HDAC3. HDAC3 de-

acetylates the histones that the DNA is attached to. This reduces DNA availability 

for transcription by RNA pol II, shutting down gene expression.  

 

Transcriptional repressor activity is essential for BCL6 function in B-cells. During 

maturation of germinal centre B-cells, their genome undergoes somatic 

hypermutation and class switch recombination to create cell-unique specific 

antibody genes. This is crucial for the development of a wide immune repertoire. 

While the DNA breaks and is reorganised, BCL6 represses a whole host of DNA 

damage response and cell cycle checkpoint genes, to allow the cell to survive this 

process. This is a key part in the development of lymphoma, where translocations 

of other anti-apoptotic genes like BCL2 in combination with BCL6 expression lead 

to the over proliferation of GC B-cells, resulting in lymphoma. However, BCL6 is 

not always a transcriptional repressor, and has been shown in other settings to 

activate gene expression (187,206).   

 

BCL6 is expressed in response to DNA damage in GBM, but it is not clear what 

effect BCL6 has on gene expression in GBM. Earlier results presented in this thesis 

suggest that BCL6 can bind DNA in GBM and therapy-induced BCL6 is not a 

transcriptional repressor in response to DNA damage, but may be a transcriptional 

activator. 

 

It is not yet clear whether BCL6 expression is important to the DNA damage 

response and subsequent therapy resistance in GBM. If BCL6 plays an important 

role in GBM cells, BCL6 expression is likely to have a whole host of effects on the 

transcriptional profile of the cells. In order to take a broad look at the 

transcriptional effect of BCL6 in GBM cells, RNA sequencing was undertaken on 
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cells that had been treated with BCL6 inhibitor FX1, alongside the vehicle control. 

RNA sequencing is an unbiased approach to look at the transcriptome of cells, and 

changes in the transcriptome seen with FX1 treatment will allow the identification 

of genes that are affected by BCL6 in GBM cells, but it is also likely it will identify 

changes related to off-target effects of FX1. 

 

RNA sequencing was also completed on GBM cells treated with DNA damaging 

therapies doxorubicin and IR, alongside the untreated control. Changes in 

transcription seen with these DNA damaging agents will show the transcriptional 

program used by GBM cells in response to these agents, and should highlight 

differences and similarities between these two treatments. 

 

Comparison between the cells that have sustained DNA damage and the cells that 

have been treated with BCL6 inhibitor FX1 should expose how the genes and 

pathways affected by BCL6 are also altered in response to DNA damage, but this 

may also include pathways that are not related to BCL6, due to the potential off-

target effects of FX1.  

 

5.2 Aims 
 

The aims of this chapter are to observe global gene expression changes in LN18 

cells in response to BCL6 inhibition, and compare to treatment with doxorubicin or 

ionising radiation. 

 

5.3 Results 

5.3.1 Planning and preparation of RNA samples for sequencing 
 

RNA sequencing can be used to sequence all types of RNA that exist within a cell. 

The most common use of RNA sequencing is to sequence all of the mRNA 

transcripts expressed within a pool of cells, which produces a snapshot in time of 

the global gene expression of that group of cells. RNA sequencing projects must be 

carefully planned in order to produce data that is accurate and useful to the 

researcher.  



 125 

 

For this project, the most useful information would come from the comparison 

between the DNA damaging agents doxorubicin and IR and the BCL6 inhibitor 

FX1. Doxorubicin and IR treatment lead to increased expression of BCL6 as well as 

increased transcriptional activity in a BCL6-specific luciferase assay, and irradiation 

lead to a 3-fold increase in transcriptional activity in a BCL6-specific luciferase assay 

(Chapter 3, and Appendix: Fabre, Jones, et al., in revision). FX1 is a highly specific 

BCL6 inhibitor as it prevents the interaction between BCL6 and its co-repressors 

(179). FX1 has a similar IC50 in GBM cells compared to BCL6 dependent 

lymphoma lines (See Appendix: Fabre, Jones, et al., in revision). The comparison 

between the gene expression of cells treated with DNA damaging agents and FX1 

would indicate genes and pathways that BCL6 affected in these cells, but it is 

important to approach this with caution, as it is also likely it will identify changes 

related to off-target effects of FX1. This information could lead future research into 

BCL6 in GBM, as it would give an indication of important genes/pathways to focus 

on, to start to determine the transcriptional function of BCL6 in GBM. 

Doxorubicin was used at a concentration of 3 µM and ionising radiation at a dose of 

10 Gy, as these induce BCL6 expression and/or increase transcriptional activity of 

BCL6, as seen in chapter 3. While the IC50 of FX1 for LN18 cells was 40 µM (See 

Appendix: Fabre, Jones, et al., in revision), treatment at this concentration led to poor 

quality RNA. Instead, FX1 was used at a concentration of 25 µM. As noted in 

Chapter 3, FX1 can inhibit other kinases above a concentration of 10 µM- 

particularly FAK, FGFR1 and SYK (179), which may mean that effects of FX1 seen 

are not necessarily related to BCL6 inhibition. All cells were collected for RNA 

extraction 24 hours after treatment, as this time point has been shown to capture 

changes in the transcription of BCL6 target genes caused by FX1 treatment in 

lymphoma cells (179). 

 

RNA sequencing is highly sensitive and accurate, but can only be truly reflective of 

gene expression if high quality RNA is used for sequencing. RNA extraction was 

completed using the Zymo Quick RNA MiniPrep kit, and 3 different checks were 

used to determine RNA quality and quantity. First, RNA was quantified using the 

Qubit™ fluorometer, which uses dyes that fluoresce when they bind RNA, and the 

fluorescence can be measured relative to a set of standards that give accurate 
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quantification. The purity of the RNA was determined by absorbance using the 

NanoDrop spectrophotometer, using the ratio of absorbance of the RNA at 

260/280 nm and secondarily the ratio of 260/230. A 260/280 ratio of 2.0 and 

260/230 of 2.0-2.2 for RNA is considered to be pure. The integrity of the RNA was 

determined by Agilent Bioanalyzer RNA 6000 Nano chip, which calculated an RNA 

Integrity Number (RIN) based on how intact or degraded the RNA is. RIN is 

valued from 1-10 where 10 indicated completely intact RNA. All of these 

parameters needed to be within an acceptable range to give good quality sequencing 

data:  

 

Concentration >100 ng/µl 

Absorbance (260/280) >1.8 

Absorbance (260/230) >1.5 

RNA Integrity Number >7 

 

In Table 5.1 RNA quality values are shown for the samples sent for library 

preparation and sequencing. All of these values are well above the limits set by 

NZGL, and close to the values that would indicate high concentration, pure, and 

intact RNA. In Figure 5.1 pictures of the cells harvested for RNA are shown. The 

three treatments (doxorubicin, IR and FX1) have an effect on the morphology or 

division of the cells as compared to their respective controls. Doxorubicin appears 

to have reduced the division of the cells as compared to the untreated control and 

the cells were flatter and larger. Despite this effect of doxorubicin on overall cell 

health, good quality RNA was obtained from these samples (Table 5.1). Irradiation 

did not affected cell division very much, but the cells were morphologically 

changed, appearing flat and elongated compared to the untreated control. The FX1 

treated cells are flatter and larger compared to the DMSO control, but there was not 

any obvious effect on cell division.  



 127 

 

Table 5.1 RNA quality of samples used for sequencing. Sample names reflect 
sample numbers used, 4 replicates were produced for each treatment and the 3 best 
samples were chosen for sequencing. Concentration was measured using the Qubit 
fluorometer, absorbance was measured using the Nanodrop spectrophtometer and 
RNA Integrity Number (RIN) was calculated by the Agilent Bioanalyzer 2100. 

 
  

ng/µl A (260/280) A (260/230) RIN
Untreated 1 1264 2.05 2.1 8.7
Untreated 2 1420 2.04 2.02 9.3
Untreated 3 1624 2.03 2 8.4
3 µM Doxorubicin 2 1252 2.04 2.15 10
3 µM Doxorubicin 3 956 2.05 2.11 10
3 µM Doxorubicin 4 1848 2.05 2.13 10
10 Gy Irradiation 2 1784 2.05 2.15 10
10 Gy Irradiation 3 1908 2.05 1.94 9.9
10 Gy Irradiation 4 2640 2.05 1.76 10
25 µM FX1 2 122 2.03 2.22 9.2
25 µM FX1 3 336 2.04 2.25 9.3
25 µM FX1 4 370 2.1 2.23 9.6
DMSO 1 682 2.03 2.22 9.4
DMSO 2 526 2.02 2.17 9.4
DMSO 3 750 1.98 2.11 9.2
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Figure 5.1 Pictures of LN18 cells used for RNA sequencing just before 
harvest for RNA. (A) Untreated cells. (B) Cells treated with volume equivalent 
DMSO to FX1 treated cells. (C) Cells treated with 25 µM FX1. (D) Cells treated 
with 3 µM doxorubicin. (E) Cells treated with 10 Gy irradiation. Scale bars on all 
pictures indicate 100 µm.   
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5.3.2 Quality of RNA Sequencing 
 

The library preparation and sequencing was completed by NZGL, and Dinindu 

Senanayake completed initial quality control (QC), mapping and differential 

expression on the data received. Samuel Lee performed the entire pipeline from 

initial QC through to differential expression and produced the graphs presented for 

analysis under the guidance of Nicole Jones. 

 

FastQC was used to examine the quality of the raw sequencing reads by producing a 

series of statistics that allow researchers to quickly identify any problems with the 

raw sequencing data (188). Trimmomatic was used to remove overly represented 

adapter sequences and low quality reads (189). Once the data had been trimmed and 

passed the FastQC tests it was pseudoaligned and quantified with Kallisto (190), 

and the individual transcript abundances produced by Kallisto were collapsed to the 

gene level using the R package tximport (192). These gene level abundances were 

used for all downstream analysis presented in this thesis.  
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5.3.3 Principal Component Analysis  
 

Principal component analysis (PCA) is used to reduce the dimensionality of 

multidimensional data-sets to allow for visualisation of the variance between data-

sets, without categorical information. In the case of PCA for RNA-sequencing data, 

each gene in a data-set is a dimension, which means there are thousands of 

dimensions in any one data-set. It makes sense to try to reduce this dimensionality 

to start to visualise the data. The PCA will also inform whether there are differences 

between different experimental conditions. In a PCA, clustering of samples together 

indicates they are similar, and the further apart a data point is from others, the more 

dissimilar it is. The first few components are usually the only ones considered for 

PCA, as they account for the majority of the variance of a data-set.  

 

In Figure 5.2, PCA plots are shown for the first three principal components of the 

RNA sequencing data-set. Each point represents one RNA sample, and as every 

treatment/control was performed in triplicate, this results in a total of 15 sets of 

sequencing data. In Figure 5.2A it can be observed that PC1 on the x-axis accounts 

for 91% of the variance of the samples, with the doxorubicin treated data points 

clustering together tightly, but as an outlier far from the other treatments and 

controls. This highlights that the effect of doxorubicin on the cells was vastly 

different to that of the other treatments used. The IR, FX1, untreated and DMSO 

data points all cluster together nicely within each treatment group, but generally are 

similar for PC1. PC2 along the y-axis of Figure 5.2A accounts for 5% of the 

variance between the data points and shows that each treatment group is different, 

with the untreated and DMSO controls clustering together in the middle, and the 

FX1 and IR groups being quite distant from each other along this axis. DMSO and 

FX1 are close together as are the untreated and IR data points, which makes sense 

as these are their respective controls. In Figure 5.2B PC2 and PC3 are shown on 

the x- and y-axis respectively. The doxorubicin data points cluster tightly in the 

middle of PC2, almost exactly between the FX1 and IR data points, which further 

demonstrates the difference between each of these treatments. PC3 accounts for 

2% of the total variance, and along PC3 (y-axis) the treatments and controls seem to 

separate further, with doxorubicin, IR and FX1 clustering at the lower half of PC3 

and untreated and DMSO clustering at the upper half of PC3. The FX1 data points 

seem to vary the most compared to the other treatments and controls, but they still 
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cluster together, and there is no overlap between any of the clusters for each 

treatment or control data points. Together, these two plots in Figure 5.2 account 

for 98% of the variance of the data points, and overall they show good clustering of 

each of the 3 data points for each treatment/control, which indicates that the 

treatment/control replicates are more similar to each other than to other 

treatment/control groups. These plots indicate that there is only a small amount of 

variation between the replicates and subsequently these are likely to be good 

representations of what is happening within the cells. The variation observed 

between groups is most likely due to the different treatments used. 
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Figure 5.2: Principal Component Analysis of the RNA sequencing data-set. 
(A) Principal component 1 (x-axis) v principal component 2 (y-axis). (B) Principal 
component 2 (x-axis) v principal component 3 (y-axis). Scale for both graphs is 
indicative of variance, and % variance is the total amount of variation of the data set 
that can be explained by the principal component. For both graphs, (Dox) 
doxorubicin and (IR) ionising radiation. 
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5.3.4 Differential Expression Analysis 
 

Differential expression analysis (DEA) was performed on the three treatment data-

sets, which is where the treatments are compared to their respective controls- 

DMSO for FX1, and untreated for doxorubicin and IR. This gives a final result of 

up- and down-regulated genes as compared to the controls. DEA was performed 

using the DESeq2 method (211), and a gene was defined as differentially expressed 

if it had a log2 fold change (log2fc) <-1.5, >1.5 and a Benjamini Hochberg adjusted 

p-value <0.05 (padj). One of the most common plots to use to examine this kind of 

data from a “birds eye view” is a volcano plot. Volcano plots show the relationship 

between the padj and log2fc, as they present the data as the –log10 of padj on the y-

axis, and the log2fc on the x-axis. The data points (in this case the genes) are 

represented as dots, and the most statistically significant genes with the largest fold 

change values will be located in the top left- and right-hand corners of this type of 

plot. The left-hand side of the plot indicates down-regulated genes, the right-hand 

side of the plot indicates up-regulated genes. As a result, volcano plots can give an 

idea of whether treatment caused an overall increase or decrease in global gene 

expression. 

 

In Figure 5.3 volcano plots of the FX1 vs. DMSO, doxorubicin vs. untreated, and 

ionising radiation vs. untreated are shown. Figure 5.3A shows the volcano plot for 

the FX1 vs. DMSO genes, and the genes that reach the significance cut-offs are 

represented as yellow dots. There may be a slight skew towards overall decrease in 

gene expression with FX1 treatment (42 up, 64 down).  

 

Figure 5.3B shows the volcano plot for the doxorubicin vs. untreated genes, and 

the genes that reach the significance cut-offs are represented as dark green dots. 

Doxorubicin had a profound effect on gene expression with large numbers of genes 

both up and down-regulated in response to treatment, and there are more 

significantly up-regulated genes than down-regulated (3228 up, 934 down). This 

massive effect of doxorubicin on gene expression is unsurprising, given how vastly 

different the doxorubicin data was shown to be in the principal component analysis 

(Figure 5.2). 
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Figure 5.3C shows the volcano plot for the ionising radiation vs. untreated genes, 

and the genes that reach the significance cut-offs are represented as turquoise dots. 

The dramatic changes in gene expression seen with doxorubicin are not seen with 

ionising radiation, which highlights the differences in cellular response to these two 

DNA-damaging agents. Though the padj and log2fc values observed are overall 

smaller than those observed in the doxorubicin data, there are more genes 

significantly up-regulated than down-regulated (103 up, 28 down).  
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Figure 5.3 Volcano plots of differential expression. Volcano plots with log2 fold 
change on the x-axis and –log10 Benjamini Hochberg adjusted p-value on the y-axis 
of differential expression for three treatment groups as compared to their respective 
controls. (A) FX1 treated cells as compared to DMSO treated cells. (B) 
Doxorubicin treated cells as compared to untreated cells. (C) Ionising radiation 
treated cells as compared to untreated cells. For all graphs, grey dots represent genes 
that don’t meet the significance threshold and coloured dots represent genes that 
do. The significance threshold used here is log2 fold change <-1.5, >1.5 and a 
Benjamini Hochberg adjusted p-value <0.05. 
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Another way of visualising the differential expression analysis is to look at how 

many genes each data-set has in common. This can be done using a Venn diagram. 

Figure 5.4A is a 3-way Venn diagram that shows the number of genes that have 

reached the significance cut-offs used for DEA for each data-set and the number of 

genes in common between these data-sets.  

 

FX1 and IR treated data-sets have similar numbers of unique genes (54 and 53 

respectively), whereas there are a high number of unique genes in the doxorubicin 

data-set (4036). The high number of unique genes in the doxorubicin data-set 

further reflects the dramatic effect that doxorubicin has on global gene expression 

as shown by the PCA (Figure 5.2) and volcano plot (Figure 5.3A).  

 

Nearly half of the total significant genes in the FX1 data-set are also found in 

common with the doxorubicin data-set (51 out of 106 total).  This is not the case 

with IR, as only ~3% of the significant genes (3 out of 106) in the FX1 data-set are 

in common with the IR data-set. The IR and doxorubicin data-sets have more in 

common (77 genes) than FX1 and IR (3 genes), which is likely related to the fact 

that doxorubicin and IR both cause DNA damage. There are 2 genes that are 

differentially expressed in all conditions, which are naked cuticle homolog 1 

(NKD1) and yippee like 1 (YPEL1). NKD1 is a member of the NKD (naked 

cuticle) family of genes, which regulate the Wnt signalling pathway (212,213). NKD1 

is up-regulated with doxorubicin treatment and down regulated with FX1 and IR. 

The function of YPEL1 has yet to be fully elucidated, but it has been shown to 

induce an epithelial-like transition in NIH3T3 cells (214). YPEL1 is up-regulated 

with both doxorubicin and IR, and down-regulated with FX1 treatment.  

 

To begin to understand the interaction between BCL6 inhibition and BCL6 

induction by doxorubicin treatment, the intersection between FX1 and doxorubicin 

was looked at in more detail. In Figure 5.4B a heatmap is shown of the 

differentially expressed genes in the intersection between FX1 and doxorubicin. 

Around half of the genes in the intersection between FX1 and doxorubicin were 

going in opposite directions (24 out of 51), with 20 genes up-regulated in the 

doxorubicin data-set and down-regulated in the FX1 data-set, and 4 genes down-

regulated in the doxorubicin data-set and up-regulated in the FX1 data-set. This was 
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an interesting finding as it indicated that BCL6 may be involved in the regulation of 

these differentially expressed genes. Further interpretation of this data is complex, 

as it is possible that a proportion of these genes in common are related to the 

potential off-target effects of FX1, and the other half of the genes in common 

between FX1 and doxorubicin were going in the same direction. 
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Figure 5.4: Significant differentially expressed genes between data-sets. (A) 
Venn diagram of significantly differentially expressed genes showing intersects 
between FX1, doxorubicin and IR data-sets. (B) Heatmap showing log2fc of the 
differentially expressed genes in common between the FX1 and doxorubicin data-
sets. Shades from light red to maroon indicate a log2fc between 5-10, light blue to 
navy blue represents between 0 and -5, white indicates no expression data. 
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5.3.5 BCL6 Target Genes 
 

One of the key questions to investigate was: does BCL6 inhibition with FX1 lead to 

the up-regulation of known BCL6 target genes? If an up-regulation of these genes 

were seen with FX1 treatment, it would indicate that BCL6 was acting as a 

transcriptional repressor on these genes in GBM cells, which was not shown by 

earlier experiments. If no change is seen in these genes, then it backs up what has 

been observed in previous experiments- that BCL6 is not a transcriptional repressor 

in GBM cells. A list of BCL6 target genes was created based on the ChIP work 

completed in this thesis (CCND2, ATR, TARS) and genes that were shown to be 

de-repressed in lymphoma cells treated with FX1 (CD69, CASP8, CXCR4, 

CDK1NA, DUSP5)(179) and breast cancer cells (KLF6, PRDM1, SH3PXD2B, 

HERC5, MED24) (180) and their expression determined. 

 

In Figure 5.5 a heatmap shows z-scores for every replicate of each treatment for 

each of the BCL6 target genes from the Cardenas et al. (179) and Walker et al. (180) 

papers, with the BCL6 target genes tested in this thesis (CCND2, ATR, TARS) 

included in the Cardenas et al. list. The Cardenas et al. genes are a selection of BCL6 

target genes previously identified and validated in lymphoma that are de-repressed 

by FX1. The Walker et al. genes are BCL6 target genes in breast cancer that have 

been validated by both ChIP and BCL6 inhibition. The z-score describes how many 

standard deviations away a sample is from the mean expression for a particular gene 

across all of the samples. In the case of this heatmap, if a sample has high 

expression of a gene compared to the mean expression of that gene across all 

samples it will have a positive z-score, represented by shades of the colour red. If a 

sample has low expression of a gene compared to the mean expression of that gene 

across all samples it will have a negative z-score, represented by shades of the colour 

blue.  

 

Up-regulation of the BCL6 target genes TARS and KLF6 was seen in the FX1 

treated cells. For the remainder of the target genes investigated a slight decrease or 

no change in transcript was observed in GBM, unlike what has been observed with 

FX1 treatment in lymphoma cells (179).  
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Doxorubicin treatment led to strong up-regulation of most of the BCL6 target 

genes investigated, with the exception of TARS, KLF6, and PRDM1 which were 

strongly down-regulated, and ATR, which is slightly up-regulated in one sample and 

slightly down-regulated in the other two. The strong up-regulation of the remainder 

of these may not be related to BCL6 expression directly, as doxorubicin tended to 

increase gene expression overall (Figure 5.3).  

 

In combination with the ChIP data presented in chapter 4 (Figure 4.7), which 

showed some BCL6 binding to TARS with doxorubicin treatment, this data would 

suggest that BCL6 acts as a transcriptional repressor on the TARS gene. Though 

not investigated with ChIP, KLF6 shows a similar pattern to TARS so it seems 

likely that KLF6 is targeted in the same way by BCL6. The ChIP data presented in 

Figure 4.7 also showed that BCL6 is not bound to ATR or CCND2 in doxorubicin 

treated cells, which is further evidence that the changes seen here with doxorubicin 

treatment are unlikely to be regulated by doxorubicin-induced BCL6.  

 

IR treatment lead to strong up-regulation of SH3PXD2B and a slight up-regulation 

was also seen with doxorubicin treatment. This was accompanied by a slight down-

regulation of SH3PXD2B with FX1 treatment, which may indicate that BCL6 is 

acting as a transcriptional activator in this context. Slight down-regulation of TARS 

was seen with IR treatment, though this pattern was not as strong as that seen with 

doxorubicin, and this also reflected the ChIP data presented in Figure 4.9, which 

showed some BCL6 binding to the TARS gene after irradiation. Overall, few 

changes were seen in the expression of BCL6 target genes with IR treatment, with 

most genes slightly decreased in expression, similar to what was observed with the 

FX1 treated samples. Variability between replicates was seen with the ATR, CD69, 

and PRDM1 genes, ATR had one strongly and one slightly up-regulated sample, 

and the third sample slightly down-regulated, CD69 had one sample up-regulated, 

one sample slightly down-regulated and one sample not changed, and PRDM1 had 

one sample up-regulated, one sample slightly down-regulated and one sample 

unchanged. Given that BCL6 was not bound to ATR with BCL6 ChIP, it is unlikely 

that this variability seen was due to BCL6 regulation of gene expression. 

  



 141 

 
 

 

Figure 5.5: Heatmap of BCL6 target gene expression in RNA seq data-sets. 
BCL6 target genes are listed on the y-axis, with target genes from the Cardenas et al. 
paper (179) (lymphoma) in the top half and target genes from the Walker et al. paper 
(180) (breast cancer) in the bottom half. Each set of genes are clustered 
hierarchically using Ward’s method. Each replicate of each treatment group is 
represented on the x-axis. The values represented are z-scores, based on the 
standard deviation across all treatments per gene. Shades from light red to maroon 
indicate a z-score between 2-4, and light blue to navy blue represents between 0 and 
-2. 
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5.3.6 Gene Set Enrichment Analysis 
 

Technologies like RNA sequencing give researchers large amounts of information 

about the gene expression of a cell population under particular conditions. This 

information usually comprises of large lists of genes, and after DEA is completed, 

fold change and p-values for these genes. It is extremely difficult to interpret this 

data in this form, primarily due to the sheer volume of it, and a lack of 

contextualisation: an increase or decrease in expression of any one gene is unlikely 

to translate into a meaningful effect on the cells. Gene set enrichment analysis 

(GSEA) is a tool that was developed by the Broad Institute to address this problem 

(194). GSEA works by comparing a gene list to others that have been curated and 

placed in the molecular signatures database (MSigDB), which has over 10,000 gene-

sets that have known functions (195). A list is submitted to GSEA that has been 

ranked (usually by p-value) to be compared to one (or all) of the databases within 

the MSigDB and the GSEA software will then calculate an enrichment score (ES), 

which describes how much of any gene-set that it has been compared against 

appears at the top or bottom of the list. The ES is normalised based on gene-set 

size to give a normalised enrichment score (NES). The higher the NES, the more 

genes at the top of the list are found in that gene-set. Significance of each gene-set 

is assigned based on the false discovery rate (FDR), which is the estimated 

probability that a gene-set that is assigned an NES is a false positive, and an FDR ≤ 

0.25 is the accepted cut-off to reduce false positives without losing true positives. 

FDR is then used to rank each gene-set within the data-set, and as each gene-set is 

related to a cellular function or pathway, this gives information about which of 

these are significantly enriched in the data-set. From here, you now have an idea of 

the biological consequences of your gene expression data and can start to build 

hypotheses based on this information.  

 

GSEA is an incredibly powerful tool, and running samples against every gene-set in 

the MSigDB provides researchers with a large amount of functional information 

about their data-set. Many of the gene-sets in the MSigDB have functional or gene 

overlap, which may lead to an overrepresentation of certain gene-sets. This may 

effectively hide other gene-sets that are significant, as they end up much further 

down the list of significant gene-sets. As a way of addressing this problem, the 

Hallmark gene-set collection was developed (215). The Hallmarks collection is a 
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collection of 50 gene-sets that were first identified by finding all of the sets in the 

MSigDB that had genes in common, and experts then manually collated these into 

biological themes, with a limit of 200 genes per gene-set. The “raw” Hallmark lists 

were then validated on biological data-sets with known signatures, and from this 

information the 50 gene-sets were finalised. The Hallmarks collection allows 

researchers to effectively identify different biological processes represented in their 

data, without losing information from overrepresentation of a few biological 

processes.  

 

GSEA was carried out on our RNA seq data using the Hallmarks collection, to get 

an idea of the biological processes affected by FX1, doxorubicin and IR treatment 

in GBM cells. Figure 5.6 shows a dot plot representing the results of the GSEA for 

each treatment compared to the Hallmarks collection. The cut-offs used for the 

differentially expressed RNAseq data were padj<0.05, log2fc>0.5, <-0.5. All 

Hallmark gene-sets shown had a FDR ≤ 0.25. For this plot, the RNA seq data put 

into the GSEA was ranked by padj, with the most significant genes at the top of the 

list, regardless of log2fc. The list shown is ranked by gene ratio, which is the 

number of genes in the data-set also in the Hallmark gene-set/total number of 

genes in the Hallmark gene-set. The Hallmarks on the left hand side are ranked in 

order of gene ratio first based on the FX1, then doxorubicin, then IR, then 

FX1_Dox data. The size of the dot represents the NES, the larger it is the higher 

the NES. The colour of the dot represents the FDR, red represents the most 

significant (~0), pink (~0.1), purple (~0.15) and blue (~0.2) represents the least 

significant that are still ≤0.25. 

 

In the FX1 column of Figure 5.6, 17 Hallmark gene-sets reached the significance 

cut-off, and the majority of these were also found with at least one of the other 

treatments. The ‘Myogenesis’ and ‘Coagulation’ Hallmarks were the only ones 

unique to the FX1 data. The ‘Coagulation’ gene-set had both a relatively high FDR 

(0.2) and low NES (1.28) meaning that while it still met the FDR cut-off it is one of 

the least significant and lowest enriched gene-sets presented. FX1-treated cells had 

14 gene-sets in common with the doxorubicin treated cells, 7 gene-sets in common 

with both doxorubicin and IR, and one gene-set in common with just IR and not 

doxorubicin (‘KRAS Signaling Up’). Many of the gene-sets that were significant 
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between just doxorubicin and FX1 were unexpected, particularly the metabolic 

pathways ‘Cholesterol Homeostasis’ and ‘Fatty Acid Metabolism’ and signalling 

pathways ‘Estrogen Response Early’ and ‘Estrogen Response Late’, as it is not clear 

how these pathways would relate directly to doxorubicin or FX1 treatment, but 

these may be related to the off target effects of FX1. The ‘MTORC1 pathway’ 

hallmark was the most interesting one to be shared between the FX1 and 

doxorubicin datasets, as the MTOR pathway plays a key role in cell survival and 

MTOR related proteins frequently have activating mutations in GBM. 

 

Doxorubicin had the most hits for significant Hallmark gene-sets, with 37 in total. 

Nearly half of these were unique to doxorubicin (17/37, 46%), which further 

reflected the unique effect that doxorubicin had on these cells. Importantly, the 

doxorubicin data had many Hallmarks in common with both the FX1 and IR data 

sets (15 and 12, respectively), which shows that doxorubicin treatment has effects 

on GBM cells in common with these treatments.  

 

In the IR data-set, 16 Hallmark gene-sets reached the significance cut-off, which is a 

similar number of Hallmarks seen with FX1 treatment. Also similar to FX1, only 

two of these are unique to the IR column: ‘IL2 STAT5 Signaling’ and ‘Inflammatory 

Response’. The majority of the Hallmarks that reached significance in the IR 

column are in common with doxorubicin (12/15). ‘E2F Targets’ and ‘G2M 

Checkpoint’ are both cell cycle related gene-sets and are both significant in just the 

doxorubicin and IR data-sets. This makes sense as both treatments cause DNA 

damage, which results in cell cycle arrest. 

 

The FX1_Dox column has 7 Hallmark gene-sets that reached the significance cut-

off, with 4 Hallmarks that were also significant in FX1, Dox, and IR columns. The 

‘MTORC1 Signaling’ and ‘Estrogen Response Late’ Hallmarks were significant in 

the FX1_Dox column and in the FX1 and Dox columns. The ‘KRAS Signaling Up’ 

Hallmark was significant in the FX1_Dox column and in the FX1 and IR columns. 

 

Figure 5.7 shows a dot plot representing the results of the GSEA for each 

treatment compared to the Hallmarks collection, this time with the analysis taking 
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into account the direction of the fold change values from DEA. For this plot, the 

RNA seq DEA data put into the GSEA was ranked by padj, with the sign of the 

log2fc added (i.e. + if up-regulated, - if down-regulated). The padj and log2fc cut-

offs are the same as in Figure 5.6. The split for up- and down-regulated Hallmarks 

in this plot was based on NES, if the NES was positive the Hallmark was up-

regulated, if the NES was negative then the Hallmark was down-regulated, and the 

negative NES values were then converted to positive numbers. The Hallmarks on 

the left hand side are ranked in the same order as Figure 5.6 (gene ratio 

FX1>Dox>IR). The FX1_Dox intersect is not included in this plot as none of the 

Hallmarks reached the FDR cut-off once this list was adjusted for direction of 

change. When the data has been adjusted for direction, almost the same list of 

Hallmarks gene-sets are significant, with the exception of new Hallmarks ‘Notch 

Signaling’, ‘Apical Surface’, ‘Pancreas Beta Cells’, and ‘KRAS Signaling Dn’. All of 

these are found in the up-regulated category of the Dox data, and ‘KRAS Signaling 

Dn’ was also found to be up-regulated with IR. Only one Hallmark was lost 

completely- the ‘Reactive Oxygen Species Pathway’, which was only found in the 

doxorubicin column of Figure 5.6.  

 

In the FX1 column of Figure 5.7 13 gene-sets were significant with directional 

analysis with 8 up-regulated and 5 down-regulated. The FX1 column did not gain 

any new gene-sets as compared to Figure 5.6 and lost 4 gene-sets: ‘Adipogenesis”, 

‘Coagulation’, ‘Estrogen Response Early’, and ‘Estrogen Response Late’. 

‘Coagulation’ was the only one that the FX1 data-set didn’t have in common with 

the Doxorubicin data-set with the non-directional analysis. The FX1 column had no 

unique gene-sets, and had 6 in common with both doxorubicin and IR, and 7 in 

common with just doxorubicin.  

 

Doxorubicin had the most hits with the directional analysis (45 gene-sets), with 26 

up-regulated and 19 down-regulated. The doxorubicin column gained a total of 9 

new gene-sets as compared to Figure 5.6: ‘Apical Surface’, ‘Coagulation’, ‘IL2 

STAT5 Signaling’, ‘Inflammatory Response’, ‘KRAS Signaling Dn’, ‘KRAS 

Signaling Up’, ‘Myogenesis’, ‘Notch Signaling’, and ‘Pancreas Beta Cells’, and losing 

one: ‘Reactive Oxygen Species Pathway’, as mentioned earlier. The doxorubicin 
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column had 22 unique gene-sets, and is the only treatment that had unique gene-

sets. 

 

The IR column had a total of 15 significant gene sets with directional analysis, with 

10 up-regulated and 5 down-regulated. The IR column gained 3 new gene-sets as 

compared to Figure 5.6: ‘Coagulation’, ‘Estrogen Response Late’, and ‘KRAS 

Signaling Dn’, and lost 4 gene-sets: ‘Apoptosis’, ‘IL2 STAT Signaling’, 

‘Inflammatory Response’ and ‘Xenobiotic Metabolism’. The IR column had no 

unique gene-sets, and had 6 in common with both FX1 and doxorubicin, and 9 in 

common with just Doxorubicin.  

 

The 6 genesets in common between FX1, doxorubicin and IR in the directional 

analysis were almost entirely the same as those observed with non-directional 

analysis. With non-directional analysis these gene-sets were (in alphabetical order): 

‘Apoptosis’, ‘Epithelial Mesenchymal Transition’, ‘Glycolysis’, ‘Hypoxia’, ‘P53 

Pathway’, ‘TNFA Signaling Via NFKB’, and ‘Xenobiotic Metabolism’. With 

directional analysis these gene-sets were: ‘Epithelial Mesenchymal Transition’, 

‘Glycolysis’, ‘Hypoxia’, ‘KRAS Signaling Up’, ‘P53 Pathway’, and ‘TNFA Signaling 

Via NFKB’.  

 

Adding directionality into the analysis was useful for looking at differences in 

overall expression of different pathways between treatments. It must be noted that 

this directional analysis does not necessarily directly translate to activation or 

deactivation of a pathway, it simply reflects the overall changes in transcript for 

components of this pathway, which may reflect an activation or deactivation of that 

pathway. Of the gene-sets that all three treatments had significant hits for, ‘TNFA 

Signaling Via NFKB’ was ranked highest by gene ratio. This geneset was up-

regulated in both the FX1 and doxorubicin data, and down-regulated in the IR data. 

Tumour necrosis factor α (TNFα) can be produced in low levels by cancer cells, 

which can act in an autocrine way to encourage cell survival via the transcription 

factor nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) (216). 

Up-regulation of this pathway could have indicated a survival response by the cells 

to BCL6 inhibition (FX1 treatment) and doxorubicin treatment, and could have 
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indicated that these treatments may have had a similar effect on the cells, despite 

their different mechanism of action. An alternative explanation may be that this 

survival response may reflect some off-target effects of FX1 on other kinases being 

similar to the effects of doxorubicin. Almost all of the gene-sets (with the exception 

of ‘Myogenesis’ and ‘Xenobiotic Metabolism’) that are significant for both FX1 and 

doxorubicin treated cells were going in the same direction. Ionising radiation 

appears to be acting differently to FX1 and doxorubicin with regards to the ‘TNFA 

Signaling Via NFKB’ gene-set by down-regulating it. However, almost all of the 

other gene-sets that are significant for both doxorubicin and IR are going in the 

same direction, with the exception of the ‘TNFA Signaling Via NFKB’ gene-set and 

the ‘Glycolysis’ gene-set.  

  

Of the gene-sets that the FX1 and doxorubicin data-sets had in common, 

‘MTORC1 Signaling’ was the highest ranked by gene ratio, and was down-regulated 

with both treatments. This geneset refers to the signalling downstream of 

mammalian target of rapamycin complex 1 (MTORC1). GBM is well known to 

have mutations in the PI3K/AKT/MTOR pathway, which leads to activation of 

downstream signalling (28). Signalling downstream of MTORC1 is pro-survival as it 

leads to amino acid and lipid synthesis as well as autophagy which encourages 

tumour cell proliferation and growth (217). It seems unusual that GBM cells would 

down-regulate a pro-survival pathway in response to both BCL6 inhibition and 

doxorubicin, especially considering both data-sets have up-regulation of other 

survival pathways. However, with the complex effect of both of these treatments 

have on cells, it is possible that these cells are prioritising certain pathways over 

others in the face of BCL6 inhibition or doxorubicin.  
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Figure 5.6: Significant GSEA Hallmarks Data-sets. Dotplot showing 
normalised false discovery rate (FDR), normalised enrichment score (NES), and 
gene ratio for the Hallmark collection gene-sets in the RNA seq data lists for FX1 v 
DMSO (FX1), doxorubicin v untreated (Dox), irradiation v untreated (IR) and the 
FX1/doxorubicin intersection (FX1_Dox, see Figure 5.4A). FDR is represented by 
colour, red representing the most significant (~0), pink (~0.1), purple (~0.15) and 
blue (~0.2) representing the least significant that still are ≤0.25. NES is represented 
by size of the dot, the larger the dot the higher the NES. Gene ratio= number of 
genes in our data-set also in the gene-set/total number of genes in each hallmark 
gene-set. 
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Figure 5.7: Up- and Down-regulated GSEA Hallmarks data-sets. Dotplot 
showing NES, FDR and gene ratio for the up-regulated and down-regulated (by 
positive or negative NES) Hallmark collection gene-sets for FX1 v DMSO (FX1), 
doxorubicin v untreated (Dox), and irradiation v untreated (IR). FDR is represented 
by colour, red representing the most significant (~0), pink (~0.1), purple (~0.15) 
and blue (~0.2) representing the least significant that still are ≤0.25. NES is 
represented by size of the dot, the larger the dot the higher the NES. Gene ratio= 
number of genes in our data-set also in the gene-set/total number of genes in each 
hallmark gene-set. 
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5.4 Summary 
 

The RNA sequencing project was designed to look at the effect of FX1, 

doxorubicin and ionising radiation on LN18 cells. The RNA obtained from these 

different treatments was good quality. The lowest abundances were from the FX1 

treated cells, but these were still well within the parameters required by NZGL. 

There is no obvious reason why there would be less RNA with FX1 treatment; the 

cells seemed generally healthy at harvest based on appearance, but this information 

does suggest that FX1 had a larger effect on the cells than was obviously apparent. 

 

PCA analysis showed that the replicates were similar, and the treatments were 

different, particularly doxorubicin treatment. DEA showed doxorubicin was very 

different, with thousands of differentially expressed genes, making comparison to 

the other treatments difficult, as this had to be taken into account throughout the 

analysis. The FX1 and IR differential expression data-sets had similar numbers of 

differentially expressed genes.  

 

BCL6 inhibition with FX1 treatment had little effect on previously described BCL6 

target gene expression, and the majority of the BCL6 target genes investigated had 

some degree of reduced expression. This was further evidence towards the 

hypothesis that BCL6 has a novel function in the context of GBM and may even be 

primarily acting as a transcriptional activator.  

 

Doxorubicin had a massive effect on gene expression, which has affected this 

analysis- a strict log2fc threshold was used to reduce the number of genes that were 

dealt with in the initial DEA, but these had to be applied to all data-sets equally to 

be able to compare between them. This means that the number of genes that passed 

the threshold in both the FX1 and IR data-sets was low (106 and 131 respectively). 

Using this low number of genes was not very informative in the GSEA analysis, 

which is why this log2fc threshold had to be changed. This does mean that the 

number of pathway “hits” with GSEA on the doxorubicin treatment data may not 

be at all relevant to the BCL6 pathway- even those that were in common with FX1 

treatment. 
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In terms of genes in common, FX1 and IR were almost completely distinct data-

sets, both had similar numbers in common with doxorubicin, but had only 3 genes 

in common between them. GSEA showed that FX1 and IR were more similar than 

it first seemed, with 7 gene-sets in common in the non-directional analysis and 6 in 

common in the directional analysis. This highlights the importance of gene set 

enrichment analysis; these two treatments have pathways/processes in common, 

even if they don’t regulate the same specific genes. 

 

When looking at differentially expressed genes, the majority of doxorubicin and 

FX1 genes in common were going in opposite directions. In particular, when the 

log2fc of FX1 was down the log2fc of doxorubicin was up, and this could be 

further indication that BCL6 is an activator in the context of doxorubicin.  

 

However, this was contrasted by the directional GSEA results, which showed that 

almost all of the pathways involved were going in the same direction between FX1 

and doxorubicin (except for ‘Myogenesis’ and ‘Xenobiotic Metabolism’). This could 

mean that these treatments were having similar effects on the cells, and considering 

doxorubicin also has a strong effect on a whole host of other transcription factors, 

this may mean effects in common between FX1 and doxorubicin are not necessarily 

due to BCL6 inhibition. It could also mean that the GSEA analysis has not gone 

deep enough to really tease out the differences between these two data-sets. It may 

be difficult to tease out these differences as it is a relatively short list of genes in 

common between these two data-sets (678 genes), and it is possible that the 

directional analysis didn’t produce significant results because of this short list.  

 

This sequencing was only completed on LN18 cells, which limits the interpretation 

of the results produced from this analysis. Further investigation of the pathways 

identified here will need to include many more GBM cell lines as well as primary 

tissue. 

 

It is important to note that FX1 has had a dramatic effect on the cells 

transcriptional profile, regardless of whether you look at the gene level or GSEA 

data. FX1 is a specific inhibitor of BCL6, a protein with very little history in GBM. 

This result, coupled with the information that FX1 has an IC50 in multiple GBM cell 
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lines that is very similar to the IC50 in BCL6-dependent lymphomas, indicates that 

BCL6 plays a vital role in the survival of GBM cells, even if this role is still not 

completely clear. 
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6 General Discussion 
 

6.1 Introduction 
 

This thesis set out to evaluate what role BCL6 plays in GBM, and the effect of 

therapy on BCL6 activity. This work showed that BCL6 was expressed at a basal 

level in both LN18 and U87-MG cell lines and further expression was induced by 

DNA damaging treatment in LN18. In addition, the three main co-repressors 

BCOR, NCOR, and SMRT were expressed at a basal level in both LN18 and U87-

MG cell lines. This suggested BCL6 would act as a transcriptional repressor, as it 

does in lymphoma (151). However, while BCL6 did have the machinery to be a 

transcriptional repressor, it did not act as predicted - it seemed to activate 

transcription instead. Endogenous BCL6 could bind DNA, and was found bound 

to positive control loci within exon 1 of the BCL6 gene and the TARS gene in 

untreated, doxorubicin treated, and irradiated LN18 cells. There was very little 

binding at the other previously described BCL6 target genes investigated, in both 

untreated cells, and cells treated with either treatment.  

 

RNA sequencing was carried out to examine the transcriptional profile of GBM 

cells in response to BCL6 inhibition and DNA damage. This revealed that BCL6 

inhibition with the small molecule inhibitor FX1 had a slight down-regulation effect 

on total transcription, and had little effect on previously described BCL6 target 

genes, which could be evidence that BCL6 had a novel function in LN18. 

Doxorubicin treatment caused opposing expression of a subset of FX1 regulated 

genes, perhaps consistent with increased BCL6 expression, as these genes went up 

with doxorubcin and down with FX1. GSEA revealed that the pathways in 

common between the FX1 and doxorubcin data-sets were related to cell survival. 

While irradiation and doxorubicin both induced DNA damage related pathways, as 

would be predicted, there was little in common between genes or pathways 

regulated by IR and FX1 treatments. This was also consistent with the lack of BCL6 

up-regulation in LN18 or U87-MG treated with irradiation, despite previous 

observations of BCL6 up-regulation with IR treatment. 
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Overall, the primary aims of this thesis to determine the presence and 

transcriptional activity of BCL6, to evaluate BCL6 binding of target genes and to 

look at transcriptional changes in response to BCL6 inhibition all in the context of 

GBM were evaluated successfully, but there were multiple interesting findings and 

limitations of the work that will be discussed in more detail. 

  

6.2 Determine that BCL6 is present and transcriptionally active 
in GBM cells 
 

In Chapter 3 of this thesis, the GBM cell lines LN18 and U87-MG were used to 

investigate the presence of BCL6 in response to therapy and its transcriptional 

activity. The presence of BCL6 and co-repressors BCOR, NCOR, and SMRT was 

assessed at transcript and protein level with doxorubicin, irradiation, and FX1 

treatments, and showed that BCL6 was present without treatment in both cell lines 

and was up-regulated with doxorubicin treatment. The co-repressors were also 

present in both cell lines, untreated and with treatment. The transcriptional activity 

of BCL6 was assessed by BCL6-specific luciferase assay, which showed that over-

expressed BCL6 acted as a repressor, but endogenous BCL6 induced by treatment 

seemed to act as an activator. BCL6 did not appear to be transcriptionally active in 

U87-MG. 

 

6.2.1 BCL6 is transcriptionally active in GBM cells, but it behaves 
differently than expected 
 

BCL6 was present in two GBM cell lines LN18 and U87-MG. In these cell lines, 

there was the necessary machinery, i.e. co-repressors, to be a transcriptional 

repressor. BCL6 was transcriptionally active in LN18 cells, but did not appear to 

have transcriptional activity in U87-MG cells. BCL6 was a transcriptional repressor 

when overexpressed in LN18, but endogenous BCL6 was not a repressor and even 

appeared to activate transcription with doxorubicin and irradiation treatments. This 

led to the hypothesis that BCL6 is a transcriptional activator in LN18, which was 

investigated further by RNA sequencing with BCL6 inhibitor FX1. The RNA 

sequencing showed that FX1 and doxorubicin treatments had a subset of 

differentially expressed genes that were down-regulated with FX1 and up-regulated 
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with doxorubicin, which indicated that expression of these genes may be activated 

by BCL6. BCL6 target gene SH3PX2B was up-regulated with IR treatment and 

down-regulated with doxorubicin, which may indicate that expression of this gene is 

activated by BCL6 in LN18. These results are further supported by BCL6 being 

shown to be a transcriptional activator in GBM (187) and in human kidney cells 

(206). 

 

6.2.2 Choice of chemotherapy 
 

Temozolomide is the primary chemotherapeutic used to treat GBM, however it was 

not used for the experiments conducted for this thesis. This was because TMZ is 

highly insoluble, and previous experiments conducted in the McConnell lab found 

that to achieve the effective concentration of TMZ in vitro multiple doses of TMZ 

were required over a series of days in order to induce BCL6 expression (See 

Appendix: Fabre, Jones, et al., in revision). The McConnell lab has observed that 

multiple doses of DMSO, the vehicle required to dissolve TMZ at high 

concentration, can upregulate BCL6 expression in GBM cells, which can make it 

difficult to distinguish from TMZ. Doxorubicin is highly soluble and is not 

dissolved in DMSO, so it was much easier to work with in vitro, as a simpler dosing 

regimen could be used for these experiments. Doxorubicin reliably induced BCL6 

expression in LN18 cells with one dose, which made experiments much shorter 

than they would have been with TMZ, which allowed more time for optimisation of 

experiments. Doxorubicin cannot get past the blood brain barrier, which is why it is 

not currently used to treat GBM. Much work is currently being done to formulate 

doxorubicin to get it past the blood brain barrier, and we hope to see a trial of this 

in the future (91–94). Experiments conducted with doxorubicin in this thesis are 

currently being repeated with TMZ in the McConnell lab. 

 

6.2.3 Use of cell lines 
 

One of the major limitations of this work is that after the luciferase assays were 

completed, the remainder of this study was conducted in one established GBM cell 

line, LN18. As discussed in the introduction of this thesis, the modelling of GBM is 

very difficult as it is a highly heterogeneous disease, both within and between 
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tumours, and as such, data from one cell line is not going to be reflective of the 

entire disease. The original plan was to complete all of the experiments in this thesis 

on 4 cell lines: LN18 and U87-MG from ATCC, and NZG-0906 and NZG-1003, 

which are primary tumour cell lines developed in the McConnell lab. These lines 

were chosen based on the initial work done before this project commenced, which 

looked at the presence of BCL6 with and without therapy in multiple GBM cell 

lines, which included LN18, U87-MG, NZG-0906, and NZG-1003, as well as in 

primary tissue (See Appendix: Fabre, Jones, et al., in revision). Alongside the issues 

with the transcriptional activity of BCL6 in U87-MG, it became clear early on that 

there was not going to be enough time to complete all of these experiments on all 4 

cell lines to the same depth explored in just LN18. This work needs to be repeated 

in these cell lines and others to establish if the transcriptional activity of BCL6 is the 

same across many subtypes of GBM.  

 

6.2.4 Limitations of the Luciferase Assay 
 

A limitation of the luciferase assay used to assess the transcriptional activity of 

BCL6 was that the plasmid used for this had no map available and did not express 

an internal control luciferase, e.g. renilla luciferase, to account for transfection 

efficiency. This was addressed in multiple ways, where transfection efficiency was 

assessed in every experiment with GFP transfection, and the plasmid PGL3 was 

also  used, which does not have a BCL6 binding motif. GFP transfection does not 

necessarily reflect transfection efficiency with other plasmids, but as the BCL64-

tkLUC plasmid does not express an internal renilla luciferase control, GFP was the 

best proxy for transfection efficiency that could be used. Transfection with the 

PGL3 plasmid was not a perfect comparison as it does not have the same promoter 

as BCL64-tkLUC, however as no map of this plasmid was available, we were unable 

to produce an equivalent of this plasmid without the BCL6 binding sites. Also, 

luciferase values were normalised to cell numbers, which is not a standard analysis 

of luciferase assay results. This type of analysis was used as it had been observed 

that different treatments, particularly doxorubicin, had a substantial effect on cell 

health and may have interfered with the interpretation of the luciferase results. In 

the future, these experiments need to be repeated with a plasmid where the map is 

known, so proper controls can be used.  
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6.3 Investigate BCL6 binding to DNA and BCL6 target genes 
in GBM cells 
 

Once transcriptional activity had been shown in Chapter 3, Chapter 4 of this thesis 

investigated the DNA binding ability of BCL6 and potential target genes of BCL6 

in GBM. DNA binding ability was assessed by EMSA, and showed that 

overexpressed BCL6 bound DNA in complex with its co-repressors. Endogenous 

or induced BCL6 did not appear to bind DNA by EMSA, but BCL6 ChIP did show 

binding to BCL6 target genes BCL6 Exon 1 and TARS. BCL6 did not appear to 

bind to the other target genes investigated- CCND2 and ATR. 

  

6.3.1 Endogenous BCL6 did not bind its consensus sequence in LN18 
 

When BCL6 was overexpressed in LN18 cells it was able to bind a single consensus 

sequence, and formed complexes with the known co-repressors BCOR, NCOR, 

and SMRT, shown by EMSA. Endogenous BCL6, with or without doxorubicin 

treatment, was unable to bind this same consensus sequence. This may have been 

due to the probe only containing one copy of the short binding sequence, and these 

experiments could be repeated with a probe with multiple BCL6 binding motifs. 

The ChIP assays showed that endogenous BCL6 can bind DNA, as BCL6 was able 

to bind to BCL6 Exon 1 and TARS, which both contain known BCL6 binding 

sequences. 

 

6.3.2 Endogenous BCL6 does act as a transcriptional repressor at the 
TARS  locus 
 

BCL6 did not appear to be bound to any of the BCL6 target genes investigated by 

qChIP in LN18 cells, with the exception of TARS. RNA sequencing revealed that 

BCL6 is acting as a transcriptional repressor at the TARS locus, as it was strongly 

upregulated with BCL6 inhibition and down regulated with doxorubicin treatment. 

TARS encodes for threonyl-tRNA synthetase, a member of the aminoacyl tRNA 

synthetases which catalyse the aminoacylation of their respective amino acid (218). 

It was discovered to be a BCL6 target gene by ChIPseq in DLBCL cells (219), and 

as BCL6 is consistently bound to this locus, it is now used as a positive control in 
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BCL6 ChIP assays (Dr. Katerina Hatzi, personal communication). The aminoacyl tRNA 

synthetases are highly evolutionarily conserved and are crucial for protein synthesis, 

so it is not clear why BCL6 would inhibit expression of this seemingly crucial 

enzyme (218). 

 

6.3.3 Variation in chromatin immunoprecipitation protocols 
 

When qChIP for BCL6 was performed on LN18 cells treated with doxorubicin in 

Prof. Ari Melnick’s lab at Weill Cornell Medical College, NYC, BCL6 appeared to 

be bound to the well-known target genes TARS, CCND2, and ATR as well as the 

control BCL6 Exon 1 sequence. BCL6 was not bound to the negative control 

sequence BCL6 Intron 9. When these experiments were repeated in Dr. Melanie 

McConnell’s lab at Victoria University of Wellington, New Zealand, the exact same 

results were not seen. Many modifications were made to these experiments to adapt 

them to the McConnell lab (sonication with probe sonicator) and to improve the 

specificity (Dynabeads® and β-actin control). All of these are likely to have made a 

difference to the final outcomes of the experiments. The key to successful 

chromatin IP is the preparation of chromatin, and the sonicator in the McConnell 

lab was not designed to shear DNA and wore down over time. Another key issue is 

that that actin can be found in the nucleus, and has been shown to co-localise with 

RNA pol II, which may have affected the magnitude of binding seen (208–210). To 

determine if the results were affected by these modifications, these experiments 

need to be repeated with the sonicator and negative control used initially in the 

Melnick lab. 

 

6.3.4 BCL6 ChIP sequencing 
 

With the exception of TARS, the qChIP experiments did not find known BCL6 

target genes in LN18, neither endogenous BCL6 or in response to doxorubicin or 

radiation. The best way to find the BCL6 target genes in GBM would be to 

complete sequencing after ChIP was performed. ChIP sequencing (ChIPseq) 

experiments performed on breast cancer cells revealed that BCL6 target genes were 

quite different in breast cancer as compared to the well-known targets in lymphoma 

(180). As a result, it would be fair to hypothesise that BCL6 would have different 
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targets in GBM. GBM ChIP sequencing was originally planned to be part of this 

project, but sonication with the probe sonicator became less efficient after multiple 

years of use, and could no longer produce fragments of the size required for ChIP 

sequencing when these experiments were attempted. To be able to give a 

comprehensive map of BCL6 target genes in GBM in response to doxorubicin and 

radiation treatment, this work needs to be completed with a sonicator designed for 

the purpose of DNA shearing. 

 

6.4 Investigate the effect of BCL6 inhibition on global 
transcription in GBM cells 
 

In Chapter 5, to further investigate the effect of BCL6 on transcription in GBM, 

RNA sequencing was performed on LN18 cells treated with BCL6 inhibitor FX1, 

doxorubicin and irradiation. Principal component, differential expression and gene-

set enrichment analyses were performed on the data, which produced a wealth of 

information about the effect of BCL6 inhibition as well as doxorubicin and 

irradiation on LN18. 

 

6.4.1 BCL6 inhibition had no effect on AXL kinase 
 

A report in 2017 suggested that BCL6 was bound to and activated transcription of 

receptor tyrosine kinase AXL (187). If AXL is a BCL6 target gene in GBM that is 

activated by BCL6, it would be expected that inhibition of BCL6 would lead to 

down-regulation of AXL expression. The AXL transcript was not significantly up- 

or down-regulated in the LN18 differential expression analysis in the FX1 data-set, 

and when looked at by z-score expression of AXL did not seem to have changed 

with FX1 treatment. Further investigation is required to confirm the published 

report that AXL is a BCL6 target gene in GBM. 
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6.4.2 BCL6 inhibition had a profound effect on gene expression 
 

RNA Sequencing revealed that BCL6 inhibition with FX1 had a significant effect on 

gene expression in LN18 cells, which was interesting considering FX1 is designed to 

specifically bind the BTB domain of BCL6. Considering this specificity of FX1, the 

changes seen are more than would be expected if BCL6 did not play much of a role 

in GBM, and suggested that BCL6 does play a significant role in GBM. 

Clonogenicity assays conducted in the McConnell lab add further evidence to this.  

These were performed on a range of GBM cell lines treated with FX1, and it was 

found that FX1 treatment dramatically reduced clonogenicity, at 40 µM no colonies 

were seen with all cell lines, and at 25 µM a 50-70% decrease in colony formation 

was seen with FX1 treatment (See Appendix: Fabre, Jones, et al., in revision). 

 

It was originally planned to create BCL6 somatic cell knockout lines using a zinc 

finger nuclease (ZFN) for BCL6, which would have been useful for determining the 

role of BCL6 in GBM. These experiments were attempted in multiple GBM cell 

lines but a BCL6 knockout cell was not isolated. It was discovered that any cells that 

had a successful BCL6 knockout had died, as successful BCL6 knockout was only 

detected in the dead cell fraction by PCR (Matthew Rowe, personal communication). 

The BCL6 knockout was detected in HEK293 cells, as the knockout was found in 

the live cell fraction by PCR, which showed that the construct was working. A ZFN 

was then obstained for ADP-dependent glucokinase (ADP-GPK) and this gene was 

successfully knocked out in the GBM cells previously used for the BCL6 knockout. 

The knockout was found in the live cell fraction by PCR, which showed that the 

transfection itself was not harming the cells. Overall, these experiments provided 

further evidence that BCL6 played an important role in these cells, since the loss of 

BCL6 seemed to cause these cells to die.  

 

6.4.3 Limited relationship between BCL6 inhibition and ionising radiation  
 

Ionising radiation led to a 3-fold increase in BCL6 reporter luciferase activity, which 

indicated that irradiation had led to a large increase in transcriptional activity of 

BCL6 in LN18. This was a much more dramatic increase in transcriptional activity 

as compared to doxorubicin. This finding provided strong evidence that BCL6 
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induced by irradiation of LN18 was acting as a transcriptional activator. 

Experiments were continued with irradiation after this result, since there seemed to 

be something specific to irradiation that activated BCL6.  

 

Differential expression analysis on the RNA sequencing data showed that the FX1 

and IR data-sets had only three differentially expressed genes in common. 

Irradiation did seem to up-regulate BCL6 target gene SH3PXD2B alongside a slight 

down-regulation of the same gene with FX1 treatment, which may indicate that this 

is a BCL6 target gene in GBM, and this needs to be validated by ChIP and qPCR. 

When the GSEA was performed against the Hallmarks collection with the 

differentially expressed data, FX1 and IR did have some gene-sets in common, but 

these were usually also in common with doxorubicin, which may indicate that these 

gene-sets are more fundamental responses to stress caused by treatment than 

directly related to the treatments themselves. This continued a pattern of irradiation 

having a different effect on GBM cells compared to the other treatments. 

Experiments previously completed in the McConnell lab indicated that IR did cause 

up-regulation of BCL6 protein in a range of GBM cell lines including LN18 and 

U87-MG (See Appendix: Fabre, Jones, et al., in revision), but this was not seen in the 

experiments presented in this thesis for both LN18 and U87-MG cell lines, 

although BCL6 up-regulation was seen with doxorubicin, which had been observed 

before. Following the result that irradiation led to increased transcription via BCL6, 

it was interesting that the effect of BCL6 inhibition (FX1 treatment) on LN18 was 

almost completely distinct from irradiation. This finding needs to be investigated 

further, possibly by using the other databases in the MSigDB which cover a range of 

different things, including chromosomal position and motifs, as these may give 

further insight into commonalities between these two data-sets. 

 

RNA sequencing may have revealed new potential target genes for BCL6 in GBM, 

and these need to be validated and investigated further in multiple cell lines. It also 

revealed pathways that could be targeted in combination with BCL6 inhibition in 

GBM and would be interesting to investigate in both in vitro and in vivo models. 
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6.5 Future Directions 
 

In the future, experiments need to be done to determine the efficacy of FX1 on in 

vivo models of glioblastoma, ideally ones that accurately reflect human disease, 

alongside standard chemotherapy and radiation treatment. It has yet to be 

determined whether certain types of glioblastoma or possibly glioma (i.e. MGMT 

+/- or IDH1 +/-) are more likely to respond to FX1 treatment, so further 

investigation into the transcriptional activity of BCL6 in different GBM tumours or 

cell lines will help inform if FX1 treatment should be favourable for certain patients. 

 

6.6 Summary 
 

BCL6 is a highly characterised driver of lymphoma and based on its involvement in 

preventing cell death in response to DNA damage, the McConnell lab decided to 

investigate if it had any role to play in therapy resistance of GBM. This thesis has 

expanded on the initial results that indicated BCL6 was up-regulated in response to 

therapy. The results presented in this thesis showed that BCL6 does seem to play an 

important role in GBM cells, though that role is not yet completely clear.  
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Abstract 

The prognosis for people with the high-grade brain tumor glioblastoma is very 

poor, due largely to poor cell death in response to therapy.  The transcription factor 

BCL6 was identified as a transcription factor mediating survival in glioblastoma.  

Expression was observed in glioblastoma tumour specimens and cell lines. 

Treatment with ionizing radiation, temozolomide or doxorubicin induced 

endogenous BCL6 expression, which was shown to be able to bind DNA and was 

transcriptionally active.  BCL6 expression and activity were reduced by siRNA, 

peptide inhibitor, small molecule inhibitor or dominant negative BCL6 mutant in a 

panel of glioblastoma cell lines. This caused a small increase in apoptosis, but a 

profound loss in proliferative ability. Both transcriptional and pro-survival activity 

were blocked by inhibitors of protein-protein interaction in the BTB/POZ domain 

of BCL6, but co-repressor expression was not required for BCL6 activity in 

glioblastoma. Instead it appears that BCL6 induced by therapy could activate 

transcription.  Together these data demonstrate that BCL6 is an active transcription 

factor in glioblastoma, that it drives survival of cells, and that levels of BCL6 

increased after DNA damage, potentially increasing the survival rate of therapy-

treated cells.  This makes BCL6 an excellent therapeutic target in glioblastoma.  By 

increasing sensitivity to standard DNA damaging therapy, BCL6 inhibitors have real 

potential to improve the outcome for people with this terrible disease, who 

currently have no effective options for therapy.  
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1. Introduction 

The prognosis for people diagnosed with the WHO grade IV brain tumor 

glioblastoma is very poor, due largely to the lack of response to therapy.  The gold-

standard therapy for glioblastoma is surgery to debulk the tumor, followed by 

fractionated radiation and temozolomide chemotherapy [1].  This aims to induce 

significant DNA damage to the remaining, non-resected tumor - both single and 

double-stranded DNA breaks from radiation-induced radical species, and alkylation 

of purine residues by temozolomide.  The expected cellular response to this DNA 

damage should be apoptosis.  In glioblastoma, this does not occur – there is little or 

no apoptosis in response to therapy [2], so damaged cells continue to proliferate, 

exacerbating the mutagenic and genome instability effects of DNA damaging 

therapy.   New approaches in glioblastoma such as targeted therapy and 

immunotherapy continue to be developed, but these are expensive, experimental, 

and have had very limited success [3].  If the block to cell death could be identified, 

glioblastoma could be sensitized to DNA damage induced by standard therapies, 

which would have an immediate impact on patient outcome.   

 

Cell death blockade in response to DNA damage is observed during B-cell 

maturation, driven by the transcription factor BCL6.  BCL6 dimers bind DNA 

using six zinc fingers at the C-terminus, and recruit co-repressors and chromatin 

remodeling machinery via the BTB domain to target gene loci.  BCL6 is normally 

expressed in germinal center B-cells during class switch recombination and somatic 

hyper-mutation, where it represses expression of cell cycle checkpoint and apoptosis 

genes. This prevents the usual cellular response to double-stranded breaks, allowing 

cells to successfully break and rearrange immune genes to generate unique immune 

receptors.  Due to this anti-apoptotic activity BCL6 is a strong oncogene, with 

ectopic expression in B-cells a key driver event in lymphoma [4, 5].  

 

Increasingly BCL6 has been found expressed in solid malignancies, including 

squamous cell carcinoma [6] colorectal [7] gallbladder [8], and breast cancer [9].  In 

most cases, BCL6 expression is associated with poor prognosis and worse outcome, 

although not always – BCL6 can suppress tumorigenesis in medulloblastoma [10] 

and is associated with a better prognosis in a subset of gastric lymphoma [11].  A 

recent publication showed that the BCL6 locus was translocated and expressed in a 
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subset of glioblastoma with IDH1 expression [12] and very recently, BCL6 

expression was observed in glioblastoma where it correlated with increased 

expression of the Axl kinase [13].   

Apoptotic and cell death defects are critical in survival of glioblastoma and 

resistance to treatment, and these defects could be driven by BCL6.  Apoptosis 

induced by chemotherapeutic agents was prevented by BCL6 over-expression in 

lymphoma cell lines, in part through enhancement of the antioxidant defense 

systems [14]. BCL6 is central to a receptor tyrosine kinase inhibitor (TKI) drug-

resistance pathway, and BCL6 inhibition eradicated drug-resistant leukemia-

initiating cells [15].  In GBM, BCL6 expression can be found associated with defects 

in apoptosis – for example, BCL6 and the BCL6 target gene EP300 [16] are among 

anti-apoptosis genes in a signature of survival in primary glioblastoma [17].  

 

Here, we confirmed that glioblastoma express BCL6, and further demonstrated that 

DNA damaging therapy up-regulated BCL6 expression in vitro and in intra-cranial 

tumor model in vivo.   BCL6 was transcriptionally active, and inhibition of BCL6 

activity in a panel of glioblastoma cells showed that it was essential for proliferation 

and survival of glioblastoma.  

 

2. Material and methods 

2.1 Tumour immunohistochemistry:  Sixty-two glioblastomas were obtained from 

neurosurgical units in Dunedin, New Zealand. The study had National ethics 

approval (MEC/08/02/016/AM01) and all patients provided written informed 

consent. Tumors had mutations in TP53 identified by sequencing DNA extracted 

from frozen material.   Tissue sections from paraffin-embedded material were 

subjected to heat-mediated antigen retrieval. BCL6 staining used the PG-B6p 

primary antibody (Dako, Glostrup, Denmark).  MGMT staining used the MT3.1 

primary antibody (Abcam, Cambridge, UK).  Positive cells were identified using 

EDL (Dako) and DAB. Positive cells were counted in at least 10-high-powered 

fields (x400 magnification) using the Aperio Scancope CS digital pathology system 

(Aperio, Vista, CA, USA) and the percentage of positive cells per total cells 

measured. MGMT positive tumours had >30% positive tumor cells.  
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2.2 Cell lines:  Human GBM lines LN18, U87-MG and T98G were obtained from 

ATCC and used within 20 passages. NZG-1003 and NZ-G0906 primary GBM cell 

lines were previously derived from primary tumors in our laboratory [18, 19]. Raji 

cells were a gift from Ian Morison, University of Otago, New Zealand.  All cells 

were maintained at 37°C/5% CO2 and cultured in RPMI-1640 with 10% FBS 

without antibiotics. Regular PCR testing (e-Myco, Intron BioTechnology, Korea) 

showed cultures were mycoplasma free.  

 

2.3  Intra-cranial tumors:  Male C57/Bl6 mice, 8 weeks old, weighing 25-30 g, were 

injected intra-cranially with 25,000 viable GL261 cells as previously described, then 

exposed to 10Gy of whole-brain ionizing radiation, with 7Gy delivered to the brain 

[20] at the onset of symptoms (at least two consecutive days of weight loss).  They 

were culled by CO2 inhalation either 24 or 48 hours after treatment and cardiac 

perfusion of saline performed before collection of brain tissue.  Untreated tumor 

bearing mice were used as controls.  All procedures were approved by the Victoria 

University of Wellington Animal Ethics committee, approval 2012R7M. Brain were 

then frozen and kept at -80C until sectioning. 

2.4 Drugs:  Doxorubicin (Merck, Billercia, USA) was dissolved at 10mM in PBS.  

Cells were treated with 1-3 mM and harvested at 1-3 days. TMZ was dissolved in 

PBS at 0.33 mg/mL, and cells treated with 10 µM TMZ every 2 days for 7 

treatments. Cells were harvested 2 days after the last treatment.  Cells received 

ionizing radiation from a cesium-137 source (Gammacell 3000 Elan, Theratronics, 

Ottowa, CA).  After irradiation, cells were incubated for 24 hours before harvest.  

The peptide mimetic inhibitor RI-BPI[21] was dissolved in sterile pre-gassed water 

pH6.2, at 50oC and used at 2 mM. The small molecule inhibitor FX1[22] was 

dissolved in DMSO at 25 mM. 

 

2.5 Antibodies:  Mouse monoclonal anti Bcl-6 D8, anti-mouse IgG-HRP and anti-

rabbit IgG-HRP were from Santa Cruz Biotechnology, (Santa Cruz, CA); mouse 

monoclonal anti-α-Tubulin Clone B-5-1-2 from Sigma-Aldrich (Auckland, NZ), 

goat anti-mouse Alexa 488 from Invitrogen (ThermoFisher Scientific, Auckland, 

NZ); FITC anti-active Caspase3 and annexinV-APC (BD Pharmingen, Auckland, 

NZ); mouse monoclonal anti-BCOR, mouse monoclonal anti-NCOR2 (SMRT), 

and mouse monoclonal anti-β-actin were from Sigma-Aldrich (Auckland, NZ); goat 
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polyclonal anti-BCOR and rabbit polyclonal anti-NCOR were from Abcam 

(Cambridge, UK); mouse monoclonal anti-SMRT from GeneTex (Irvine, CA); 

mouse monoclonal anti-RNA polymerase II from EMD-Millipore (Auckland, NZ) 

2.6 Western Blotting:  Soluble protein was extracted into lysis buffer (140 mM NaCl, 

50 mM Tris pH 7.5–8, 1% triton, protease inhibitor (Complete EDTA free, Roche, 

Auckland NZ)) and quantified using the DC assay (Bio-Rad, Auckland NZ). Forty 

microgram of protein was electrophoresed through 10% SDS PAGE and 

transferred to PVDF membrane (Bio-Rad, Auckland, NZ). After blocking in 3% 

skim milk at room temperature, upper part of the membrane was incubated with 

1:500 (3% skim milk) of anti-BCl6 monoclonal antibody D8 and lower part with 

1:2,000 (3% skim milk) of anti-tubulin. Goat anti-mouse IgG HRP secondary 

antibody was used at 1:10,000 (3% skim milk). Detection by enhanced 

chemiluminescence (Ultrasignal ECL kit, Pierce) was imaged with Gel Logic 4000 

PRO Imaging System (Carestream, Rochester, NY USA).  Raji lysate was a positive 

control for BCL6 expression.  Corepressor blots were done as above, but whole cell 

lysate electrophoresed through 6% acrylamide gels, and blocked in 5% BSA.  All co-

repressor primary antibodies were used at 1:1000 dilution.  ECL detection used 

Western Lightning Pro (Perkin Elmer, Waltham MA), imaged on the Amersham 

Imager 600 (GE Healthcare Life Sciences, Auckland, NZ). 

 

2.7 Immunofluorescence: Cells grown on sterile glass coverslips were fixed 15 minutes 

in 4% paraformaldehyde, then permeabilized 15 minutes on ice in 0.1% Triton X-

100 in PBS. Samples were blocked in 3% BSA in PBS 1 hour then anti-BCL6 

antibody (1:50) was added and incubated 4°C overnight. Coverslips were washed in 

PBS then incubated 1:500 anti-mouse Alexa 488 secondary antibody, 3% BSA in 

PBS, room temperature 1 hour. After washing, samples were mounted by inversion 

onto mounting medium on glass slides. Images were acquired using a BX51 

compound microscope (Olympus, Auckland NZ).  For analysis of tumors, slides 

were thawed at room temperature for 10 minutes then rehydrated in PBS for 10 

minutes. Non-specific binding was prevented by blocking antigenic sites for 30 

minutes in PBS containing 1% FBS. A mouse monoclonal anti- BCL-6 antibody 

(Dako PG B6p at 1/20 or D8, at 1/50) was diluted in incubation buffer (PBS 

containing 1%FBS and 3% triton X-100) and applied overnight at 4C.  Slides were 

then washed 3x 15 minutes in PBS. A goat anti mouse IgG labelled with AF488 (A-
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11029, 1/250 dilution) was used as a secondary antibody and incubated for 1 hour 

at room temperature. After 3 washes in PBS, slides were mounted using ProLong™ 

Gold Antifade Mount (ThermoFisher Scientific, Auckland, NZ). 

 

2.8 Transfection: pcDNA3-hBCL6DZNF, pcDNA3-GFP BCL64-tkLUC, and pGL3 

control plasmids were purified using PureLink® HiPure Plasmid Filter Maxiprep 

Kit (Invitrogen, Auckland NZ).  All cells were transfected using Viafect (Promega, 

Auckland NZ) at 70% confluence following manufacturers instructions, and cells 

were harvested at 24-48 hrs.  siRNA against BCL6 and control (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) were used according to the manufacturers 

siRNA gene silencing protocol.  For hypoxic transfection, cells were pre-incubated 

in 0.5% oxygen for 24 hours, then transfected and replaced into 0.5% oxygen for an 

additional 24 hours.   

 

2.9 Clonogenic assay: Transfected cells were flow sorted according to GFP status 

(Influx, BD Biosciences) then  400, 200 and 100 GFP positive or negative cells were 

seeded into 10 cm dishes and incubated for 2 weeks. Colonies were washed twice 

with PBS followed by fixation with neutral buffered formalin, 6% v/v for 30 

minutes followed by overnight staining with 0.5% methylene blue, on a rocking 

platform. Plates were washed in cold tap water until the water ran clear, drained and 

allowed to dry. Plates were scanned (GE ImageScanner III) and colonies >50 cells 

were counted using Fiji (ImageJ2) software. Plating efficiency and surviving 

fractions were calculated as follows: Plating efficiency (PE) = number of colonies 

counted / number of colonies plated.  Surviving fraction (SF) = PE sample / PE 

control. 

 

2.10 Cell death and apoptosis:  Cells were washed in PBS+1% BSA with 50 ng/mL PI, 

and PI positive cells were identified by standard flow cytometry techniques using 

the LSRII flow cytometer with FACSDiva 6.2 acquisition software (BD 

Biosciences, Auckland, NZ).  Data were analysed using FlowJo software (FlowJo, 

Ashland, OR, USA).  Annexin V positive cells were detected using either AnxV-

FITC or AnxV-APC (ThermoFisher Scientific, Auckland NZ).  For Caspase3 

activation, cells were trypsinised, washed in PBS then fixed and permeabilised using 

the FoxP3 Fixation/Permeabilisation Concentrate and Diluent Reagent (e-
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Biosciences, San Diego, CA). Fixed-permeabilised cells were stained overnight with 

FITC anti-Active Caspase3 apoptosis kit (BD Pharmingen, Auckland NZ) then 

washed and analysed.   

 

2.11 Luciferase reporter assay: Luciferase activity was assessed with the Promega 

Luciferase Assay System (Madison, WI). Cells were washed in PBS and then lysed 

and scraped in cell culture lysis reagent (25 mM Tris-phosphate, 2 mM 

Dithiothreitol, 2 mM 1,2-diaminocyclohexane-N,N,N’,N,-tetraacetic acid, 10% 

(v/v) glycerol, 1% (v/v) Triton X-100). Lysate was added to a 96 well solid white 

flat bottom plate (Corning, NY). Luciferase assay reagent (LAR) was prepared 

according to the manufacturer’s instructions. LAR was injected into the plate and 

read by the Tecan Infinite M1000 Pro Plate Reader (Männedorf, Switzerland). Light 

values were normalized to cell counts (luciferase value/number of cells) taken 

before lysis of the cells and then relative change (double transfection or treated 

value/single transfected untreated value) value in light compared to untreated 

single-transfected control was calculated. 

 

2.12 Quantitative Reverse Transcriptase PCR( q-RT-PCR): RNA was extracted using the 

Zymo Quick RNA MiniPrep kit (Zymo Research, Irvine, CA) according to the 

manufacturer’s instructions. RNA was quantified with the Qubit RNA high 

sensitivity assay (Life Technologies, Auckland, NZ) according to the manufacturer’s 

instructions. Reverse transcription was performed using the iScript cDNA synthesis 

kit (BioRad, Auckland, NZ) according to the manufacturer’s instructions, with 250 

ng of RNA in each reaction. qPCR was performed with KAPA SYBR® FAST 

Universal One-Step qRT-PCR Kit (KAPA Biosystems, Wilmington, MA) and 

Qiagen Quantitect Primer assays (Qiagen, Hilden, Germany) for BCL6, BCOR, 

HPRT, NCOR1, and NCOR2 (SMRT) with 4 µl cDNA per reaction. DCt was 

calculated relative to HPRT. 

 

2.13 Nuclear Extract preparation and Electrophoretic Mobility Shift Assay (EMSA): Nuclear 

extracts were prepared from cells with the Buffer A and Buffer B system[23] (Buffer 

A:10 mM HEPES-KOH (pH 7.9); 1.5 mM MgCl2;10 mM KCl;  0.5 mM 

Dithiothreitol).  Buffer B: 20 mM HEPES-KOH (pH 7.9), 420 mM NaCl, 1.5 mM 

MgCl2 0.2 mM EDTA, 0.5 mM Dithiothreitol) and were prepared fresh for each 
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EMSA performed. For EMSA, sequence-specific 3’-biotin labeled oligonucleotides 

with the native binding site for BCL6[24] were purchase from Integrated DNA 

Technologies (Singapore): 5’-GAAAATTCCTAGAAAGCATA-3’. EMSA 

procedure was done using the Lightshift Chemiluminescent EMSA Kit (Thermo 

Scientific, Auckland, NZ) according to the manufacturer’s recommendation. In 

brief, 4 µg of nuclear extract was incubated with 20 fmol of biotin-labeled probe, 50 

ng/µl poly dI.dC (in 10mM Tris and 1 mM EDTA, pH 7.5), 2.5% glycerol, 5 mM 

MgCl2, 0.05% NP-40 and 2 µl of 10x Binding Buffer in a total volume of 20 µl for 

20 min at room temperature. For the competition assay, 4 pmol of identical 

unlabeled competitor DNA was added to this reaction. For the supershift assay, 2 

µg of antibody was added. After incubation, probes were loaded onto a 6% native 

polyacrylamide gel, electrophoresed at 100V until the bromophenol blue dye had 

migrated approximately two-thirds to three-quarters down the gel and further 

blotted crosslinked on a positively charged nylon membrane (Sigma Aldrich, 

Auckland, NZ). Lastly, biotin-labeled DNA protein complexes were detected by 

chemiluminescence on Amersham Imager 600 (GE Healthcare Life Sciences, 

Auckland, NZ), using the Lightshift Chemiluminescent EMSA Kit reagents 

(Thermo Fisher, Auckland, NZ).   

 

2.14 Chromatin Immunoprecipitation: Cells were fixed in 1% formaldehyde for 10 min at 

room temperature. The crosslinking reaction was stopped by addition of 125 mM 

glycine and cells were washed twice in cold PBS and scraped and pelleted in cold 

PBS. Nuclear preparation was performed by addition of Swelling Buffer (50 mM 

Hepes-KOH (pH 7.5), 140 mM NaCl, 10% glycerol, 1 mM EDTA (pH 8.0), 0.5% 

IGEPAL, 0.25% Triton X-100), nuclei were pelleted and washed with Washing 

Buffer (10 mM Tris-Cl (pH 8.0), 200 mM NaCl, 1 mM EDTA (pH 8.0), 0.5 mM 

EGTA (pH 8.0)). Isolated nuclei were resuspended in Shearing Buffer (50 mM Tris-

Cl (pH 8.1), 0.1% SDS, 10 mM EDTA (pH 8.0)) and sonicated to generate 

fragments of DNA <400 bp. Sonicated nuclei were incubated with either BCL6 

(N3), RNA polymerase II or β-actin antibodies pre-bound to Protein G Dynabeads 

(Invitrogen, Auckland, NZ) in RIPA buffer (50 mM NaCl, 1% IGEPAL, 0.5% Na-

DOC, 0.1% SDs, 50 mM Tris-Cl (pH 8.0), 5 mM EDTA (pH 8.0) overnight at 4°C. 

Immunocomplexes were recovered by magnet and washed twice with RIPA buffer, 

followed by increasing stringency ChIP wash buffers (150 mM NaCl, 250 mM 
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NaCl, 250 mM LiCl). Immunocomplexes were eluted by adding elution buffer (1% 

SDS, 100mM NaHCO3) and cross-linking was reverted by addition of 300 mM 

NaCl and incubation at 65°C overnight. DNA was purified with the QIAQuick 

PCR Purification Kit (Qiagen, Hilden, Germany) according to the manufacturer’s 

instructions. The ChIP product was used as template for RT-PCR reactions using 

SYBR Green (KAPA Biosystems, Wilmington, MA) and primers for BCL6 Exon 1, 

BCL6 Intron 9, and TARS.  Enrichment of DNA bound to BCL6 was calculated 

relative to the signal obtained from the β-actin antibody, using the 2-DCt method. 

 

 Forward Reverse 

BCL6 Exon 1 5’-

GCAGTGGTAAAGTCCGAA

GC  

5’-

AGCAACAGCAATAATCACCTG 

BCL6 Intron 

9 

5’-

AACCTGCAAAACATGGTT

ATTT  

5’-AATTTGCCCAAACAGCAAGT 

TARS 5’-

TATCTACGGTGTCCGGGA

AG 

5’-CCTACTCTCCGCTGACCTTG 

 

3. Results 

BCL6 expression was analysed in glioma using publically available microarray data 

(Oncomine, Rhodes et al 2007).  BCL6 transcript was higher in glioblastoma than in 

normal brain in several independent studies (Fig 1A), and the level of transcript 

increased with grade (data not shown).  BCL6 protein expression was examined by 

immunohistochemistry in >60 GBM tumor specimens (Fig 1B).  Tumor sections 

examined had an average of 10% BCL6 positive cells, although the number ranged 

from 0-45% (Fig 1C).  In many sections the BCL6+ cells appeared to be 

perivascular, so the variation in BCL6+ cells between tumors may represent a 

coincidental difference in the vascularity of sections sampled.  Next, the p53 and 

MGMT status of each tumor was determined and correlated to BCL6 expression 

(Fig 1C).  The proportion of each tumor that was BCL6 positive was similar 
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regardless of whether the tumor had wild-type or mutant p53.  Intriguingly, MGMT 

expressing tumors had a higher proportion of BCL6-positive cells.  

 

Next, BCL6 expression in a panel of glioblastoma cell lines was examined by 

immunofluorescence microscopy (Fig 1D and data not shown).  BCL6 protein level 

varied - the LN18 cell line had substantial nuclear expression in most cells, while the 

primary tumour-derived line NZG-0906 had strong expression in a proportion of 

cells, and NZG-1003 had very low, but detectable nuclear expression in the majority 

of cells.  Other glioblastoma lines, including U87-MG and T98G, also expressed 

nuclear BCL6 protein (data not shown).   

 

To assess the effect of DNA damaging therapy on BCL6, the cell line panel were 

treated with temozolomide, ionizing radiation and doxorubicin, then BCL6 protein 

level and sub-cellular localization assessed by both western blot and 

immunofluorescence.  Consistent with Fig 1D, LN18 cells had a low but generally 

detectable basal level of BCL6 expression (Fig 2A). Cells were treated with multiple 

doses of a physiologically achievable concentration of temozolomide (10 mM) over 

2 weeks.  This led to significant BCL6 induction in all cells tested - LN18 (Fig 2A), 

T98G (Fig 2B), NZG-1003 and NZG-0906 (data not shown).  Similarly, cells were 

exposed to 5 daily fractions of 2 Gy ionizing radiation, or one dose of 10 Gy. Both 

of these induced BCL6 expression in all lines tested – LN18, T98G, NZG-0906, 

and NZG-1003 (Fig 2 and data not shown).  The effect of doxorubicin was also 

determined, because although does not cross the blood-brain barrier in vivo it has 

demonstrable efficacy against glioblastoma in vitro [19].  All cell lines tested up-

regulated BCL6 with doxorubicin exposure, similar to temozolomide and ionising 

radiation.  At very low dose, down to 15 nM, doxorubicin had little direct impact on 

viability of glioblastoma cell lines, but led to significant induction of BCL6 over 24 

hours.  The doxorubicin effect on BCL6 level increased with dose and was 

sustained up to 72 hours.  Immunofluorescence of dox-treated cells confirmed that 

induced BCL6 was predominantly nuclear, (Fig 2C), suggesting that it should be 

transcriptionally active. 

 

The effect of therapy on BCL6 expression was assessed in vivo using a murine 

intracranial model.  Consistent with all the human cell lines, BCL6 protein was up-
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regulated by doxorubicin, radiation and temozolomide treatment in vitro (data not 

shown).  GL261 cells were implanted intra-cranially into C57/BL6 mice, and once 

significant tumor burden was established by the onset of weight loss, 7 Gy of whole 

brain irradiation was delivered [20] then tissue collected 24 or 48 hours after 

irradiation.  BCL6 protein was analysed by immunofluorescence in the brain tumor, 

and compared to normal brain in the opposite hemisphere (Fig 2D).  Localisation 

of tumor was determined by DAPI-staining of nuclei, which showed the densely 

packed irregular nuclei typical of this model [19].  There was a low level of basal 

BCL6 expression in the tumors, which was higher 24h post-irradiation, and 

prominent by 48 hours.  No BCL6 was observed in the normal brain tissue, either 

before or after irradiation.    

 

The transcriptional activity of BCL6 in glioblastoma was determined using a BCL6-

luciferase reporter construct (BCL64-tk-LUC) [25].  In order to determine the effect 

of BCL6 on transcription in glioblastoma, each reporter construct was co-

transfected into either LN18 or U87-MG cells with wild-type BCL6.  Western 

blotting showed that BCL6 was strongly over-expressed upon transfection (Fig 3A).  

There was consistently a slight negative effect on cell viability from over-expression 

of BCL6 (data not shown), so in order to control for this effect every transfection 

was imaged and relative cell number determined before cell lysis.  Luciferase activity 

was measured in cell lysate, and normalized back to cell number. The level of 

luciferase was then compared to cells transfected with the respective reporter 

construct alone. These data clearly showed that over-expressed BCL6 specifically 

repressed transcription from the BCL6 reporter, indicating that the BCL6 

repression pathway was intact and functional in the glioblastoma cell lines.   

   

Given that doxorubicin and ionizing radiation both induced BCL6 protein, LN18 

cells were transfected with either the BCL6 or control reporter plasmid, then treated 

with either doxorubicin or ionizing radiation to determine whether induced BCL6 

had transcriptional repressor activity, similar to over-expressed BCL6.  Three 

different doses of doxorubicin - 50, 100 and 200 nM – were used for 48 hours prior 

to imaging, cell quantitation and lysis.  Luciferase activity from the control plasmid 

decreased by 50% in response to doxorubicin, suggesting a general negative effect 

of doxorubicin, either on transcription, expression or activity of the luciferase 
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enzyme.  In contrast, luciferase activity from the BCL6 reporter increased, doubling 

relative to the untreated control (Fig 3C).  When compared to the effect of dox on 

the control plasmid, the activation was even greater.  This apparent activation of 

transcription was unexpected, given the transcriptional repression activity of BCL6 

observed upon over-expression.  In confirmation, an even larger increase was 

observed in cells treated with 10Gy of ionizing radiation – there was little or no 

effect of radiation on the control reporter, but activity from the BCL6 reporter 

increased by more than 300% (Fig 3D).   These data strongly suggested that 

therapy-induced BCL6 acted as an activator of transcription, rather than a repressor.  

Similar data were obtained from the U87-MG cell line (data not shown). 

 

Transcriptional repression by BCL6 generally requires the co-repressor proteins 

BCOR, NCOR1 and SMRT (NCOR2), so co-repressor expression was examined by 

quantitative RT-PCR (Fig 4A) and Western blot (Fig 4B).  Each co-repressor was 

expressed in untreated LN18 and U87-MG cells, and transcription of each was not 

altered by treatment with either doxorubicin or ionising radiation.  Interestingly, 

doxorubicin treatment reproducibly dropped the protein level of each co-repressor 

in LN18 cells, as well as that of alpha tubulin, used as a loading control.  Dox also 

modestly reduced co-repressor levels in U87-MG cells, but had little to no effect on 

beta-actin expression.  Ionising radiation treatment did not affect co-repressor levels 

in either cell line.  The loss of co-repressor protein was consistent with the lack of 

transcriptional repression by induced BCL6 in doxorubicin-treated cells. 

 

We wanted to determine whether dox-induced BCL6 had the same DNA binding 

ability as over-expressed BCL6. An electrophoretic mobility shift assay was 

performed, using the BCL6 consensus binding site TTCCTAGAA.   LN18 cells 

were transfected with wild-type BCL6 or GFP, then nuclear extracts isolated after 

48 hours and incubated with biotin-labeled DNA probe, before electrophoresis of 

the probe-protein complex and detection with streptavidin-HRP.  Three specific 

DNA-bound complexes containing over-expressed BCL6 were identified by 

competition with unlabeled probe (a, b and c, Fig 5A).  Supershift analysis with 

specific antibodies demonstrated that endogenous co-repressors BCOR, NCOR1 

and SMRT were in complex with BCL6, consistent with robust repression by over-

expressed BCL6 observed in the luciferase assay.  Cells were then incubated with 
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doxorubicin concentration used in the reporter assay, before nuclear extracts were 

collected for analysis.  However, no binding to the BCL6 consensus binding site 

could be observed, either with endogenous or with doxorubicin-induced BCL6 (Fig 

5B). 

 

To determine whether endogenous BCL6 could bind DNA at all, chromatin 

immunoprecipitation was carried out in LN18 cells.  Initially, the ability of 

endogenous BCL6 to bind to a positive control sequence was examined.  

Interaction was observed between BCL6 and exon 1 of the BCL6 gene, and not to 

the negative control region of BCL6 intron 9 (Fig 5C).  The strength of the 

interaction varied somewhat but was consistently detected above background.  

BCL6 was also found on a region of the TARS gene, another known BCL6 

interacting genomic region[26], confirming that endogenous BCL6 could bind 

DNA in an appropriate context, although not always at a high level.  Doxorubicin 

treatment did not significantly change BCL6 binding at either the BCL6 or TARS 

loci, as assessed at 8 and 48 hours post-treatment.   This suggested that DNA 

binding by BCL6 did not require the presence of the co-repressors, consistent with 

the lack of direct transcriptional repression.   

 

In other cell types, BCL6 activity is dependent on co-repressor interaction with the 

lateral groove of the BTB domain.  Given the lack of repression, and of co-

repressor expression in glioblastoma after doxorubicin treatment, we used two 

inhibitors that specifically block protein interactions at the BTB domain – the 

peptide mimetic RI-BPI and the small molecule FX1 – and compared them to a 

general loss of BCL6 activity, by siRNA and a dominant negative BCL6 mutant.  

 

The effect of BCL6 reduction by siRNA was determined in three different lines – 

LN18, NZG-1003, and T98G, and the effect on apoptosis quantified by analysis of 

active caspase-3 (Figure 6A).  Consistent with poor apoptosis in glioblastoma, the 

total number of cells with active caspase-3 was low. However, apoptotic cells 

increased from control siRNA to BCL6-siRNA treated cells, 2-fold for NZG-1003 

and T98G, and 7-fold in LN18.  The efficacy of siRNA knockdown was measured 

by flow cytometry for intracellular BCL6 protein.  Knock-down of BCL6 was not 

highly efficient but within the apoptotic population, BCL6 expression decreased 
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(Fig 6A, right panel), consistent with a protective effect of BCL6 expression in 

glioblastoma.   

 

As a comparison, BCL6 was inhibited using the peptide mimetic inhibitor RI-BPI, 

which specifically blocks BCL6 co-repressor interaction by binding in the lateral 

groove of the BTB domain, a major protein interaction domain [27].  Both NZG-

1003 and LN18 cell lines were treated with 2 mM RI-BPI for 24 hours, then 

apoptosis quantified by annexin-V positivity.  Consistent with the caspase-3 data, an 

annexin-V positive apoptotic phenotype emerged with BCL6 inhibition (Figure 6B).  

Again, only a small population of cells were involved.  In LN18 cells, anxV+/PI- 

cells increased 10-fold, from 0.2% to 2.1%, while the anxv+/PI+ increased from 

0.02% to 0.9%.  This led to a 10-fold increase in the total anxV+ apoptotic cells, 

from 0.2% to 3%.  In NZG-1003, total anxV+ cells increased by 50% with BCL6 

inhibition, from 12.4 to 17.9%.  There was a 2.5-fold increase in anxV+/PI negative 

cells, from 1.9% to 4.8%, as well as increased anxV+/PI+ population.  Again, the 

cell numbers were low but the data were reproducible across 3-5 independent 

experiments.   

 

The effect of total BCL6 reduction was equivalent to specifically blocking protein-

protein interaction at the BTB pocket, suggesting that the BTB pocket is a key 

mediator of BCL6 activity.  This was not sufficient to induce widespread apoptosis.  

However, the induction of apoptosis per se is not critical for effective therapy - as 

long as cells die, the actual mechanism is arguably unimportant.   

 

To look at “all death” after short-term loss of BCL6 activity, we simply used 

propidium iodide uptake. Three cell lines were transfected with DN-BCL6-GFP, a 

BCL6 construct with intact BTB dimerisation domain, but a deletion in the zinc 

finger domain.  This dimerizes with and inhibits endogenous BCL6 binding DNA, 

hence blocking transcription activity of the endogenous protein.  GFP expression 

(Figure 7A) allowed identification and purification of transfected cells. GFP + cells 

were gated and the effect of DN-BCL6-GFP on viability determined as the 

proportion of PI+ GFP+ cells (Figure 7B), compared to the effect of GFP alone.  

GFP expression had a negligible effect in LN18 cells, but was detrimental to NZG-

0906 and NZG-1003, with 9-16% of GFP+ cells PI+ after 24hrs.  In LN18 and 
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NZG-0906, DN-BCL6-GFP expression doubled the proportion of PI+ cells, from 

2-4% and from 16-31% respectively.  In NZG-1003, DN-BCL6-GFP caused a 4-

fold increase in non-viable cells, from 9-36%.   In hypoxic conditions, hypoxia 

alone increased PI+ cells, but inhibition of BCL6 by DN-BCL6-GFP still increased 

the number of non-viable cells 2.5 times, from 4% to 10% (Fig 7A, right panel).   

 

The proportion of non-viable cells after BCL6 inhibition was reproducible but 

small.  To determine the long-term consequence of BCL6 inhibition, transfected 

DN-BCL6-GFP+ cells were sorted from the non-transfected GFP- cells, and the 

clonogenic potential of each sub-population compared (Figure 7B), again with 

GFP+ cells as a control.  Relative plating efficiency, or the number of colonies 

formed from a specific number of sorted GFP+ cells was determined by 

comparison to colonies from the same number of sorted GFP- cells, was 

determined for DN-BCL6-GFP and GFP alone. GFP alone had a detrimental effect 

on LN18 cells, with a 30% reduction in plating efficiency.  However, DN-BCL6-

GFP doubled the effect, with a 60% reduction.  In T98G there was no effect of 

GFP expression on long-term survival, and greater than 50% reduction in plating 

efficiency with DN-BCL6-GFP, demonstrating clearly that loss of BCL6 activity 

was sufficient to reduce viability.  Similar results were seen with the other cell lines 

NZG1003 and NZG0906 (data not shown).    

 

To compare loss of overall activity, to a specific interruption of the BTB protein 

interaction domain, clonogenicity was determined using the small molecule BCL6 

inhibitor FX1[22], which also binds the lateral groove.  The IC50 for FX1 on LN18, 

NZG-1003 and NZG-0906 was determined, and shown to be 25-40 uM, similar to 

lymphoma cell lines (data not shown and [22]).  LN18 cells were treated with either 

25 or 40 uM for 24 hours, then the relative plating efficiency compared between 

treated and untreated cells.  At 40 uM, BCL6 inhibition decreased clonogenicity 

completely, so that no colonies were formed (data not shown).  At 25 uM there was 

a 50-70% reduction in colony formation across all cell lines (Fig 7C).   

4. Discussion 

 

In this study, we assessed the potential role of the BCL6 protein in glioblastoma 

survival and therapy resistance. We directly demonstrated a key role for BCL6 in 
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survival of glioblastoma cells in vitro.  Differential expression analysis showed that 

BCL6 transcript level is higher in GBM than in normal brain.  These findings are 

consistent with the recent literature, with reported BCL6 overexpression in many 

cancer cells compared to normal tissue, including gall bladder, breast, and colorectal 

cancer [6, 7, 9].  That BCL6 may have been localized to perivascular regions of 

glioblastoma is particularly interesting.  If this is confirmed upon further analysis it 

might suggest BCL6 is expressed in cancer stem cells that inhabit the perivascular 

niche [28].  Co-staining BCL6 with GBM cancer stem cell markers such as CD133, 

integrin a6, notch or IL8 receptors [29, 30] would support this, and this is currently 

under investigation. 

 

Previous publications to link glioma and BCL6 [12] saw a correlation between 

BCL6 and p53, predominantly in IDH1+ glioblastoma, a subset of secondary 

tumors arising from lower grade glioma.  Our collection was predominantly primary 

glioblastoma, but did include some secondary disease.  We did not see any 

correlation between p53 status and BCL6 expression.   However, an interesting 

correlation was observed between BCL6 and MGMT expression, with higher BCL6 

expression observed in MGMT positive tumours.  Recent data show MGMT 

expression is commonly expressed by macrophages, and some tumours classified as 

MGMT+ actually reflect high levels of MGMT+ macrophage infiltration [31]. The 

observed association between MGMT and BCL6 could therefore simply mean that 

BCL6 is higher in tumours with greater macrophage infiltration. The relevance of 

this is not yet clear - BCL6 expression in glioblastoma cells in vitro is clearly not in 

macrophages, and more investigation is required.  

 

Consistent with literature in other cell types[32], genotoxic stress induced by the 

standard glioblastoma therapy temozolomide and ionizing radiation, induced more 

BCL6 expression in glioblastoma, which was nuclear-localized.  The induced 

protein could bind DNA, as observed by chromatin immunoprecipitation, and 

activate expression from a reporter gene.  The nature of the DNA sequence 

recognized by BCL6 in glioblastoma, and how it interacts with the transcriptional 

machinery in the cell, is not yet clear.  A single copy of a known consensus binding 

site was not enough to bind endogenous BCL6, but 4 sites multimerised in front of 

a reporter could direct BCL6-mediated activity, and BCL6 could bind genomic 
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DNA, as determined by chromatin immunoprecipitation, so the context is clearly 

important, and more work will be required to determine the requirements for BCL6 

binding in glioblastoma.  Clearly, the DNA sequence 

context is important, and more work will be required to determine the requirements 

for BCL6 binding in 

glioblastoma, and the identity of the BCL6 target genes. 

 

More curious is the apparent transcriptional activation activity of BCL6 in 

glioblastoma.  It is not unheard of for a transcription factor to switch from 

repression to activation – PLZF, a BTB/ZF protein closely related to BCL6 can be 

converted from a repressor to an activator in different cell contexts, by 

deacetylation followed by phosphorylation [33]. Whether a similar mechanism has 

occurred for BCL6 is glioblastoma is now under investigation.  Interestingly, a 

recent publication also supports the hypothesis that BCL6 has become an activator 

in glioma – while not explicitly describing the mechanism or proving it was a direct 

effect, an association was seen between BCL6 and increased expression of the Axl 

tyrosine kinase [13].   

 

We tested the hypothesis that BCL6 drives apoptosis resistance in glioblastoma, and 

loss of BCL6 would allow apoptosis to occur. The apoptotic effect of BCL6 loss 

was consistent but not strong, either with siRNA or with inhibitors.  While BCL6 

may have a small role in preventing apoptosis, supported by the previously 

observed correlation between apoptosis and BCL6 expression[12], we concluded 

that BCL6 activity is not largely responsible for poor apoptosis in glioblastoma.  

Our data are the first direct measure of the effect of BCL6 inhibition on apoptosis 

in glioblastoma, Taking an agnostic approach to cell death, measuring just loss of 

viability and long term proliferative potential. This clearly demonstrated that BCL6 

is very important in glioblastoma survival- BCL6 inhibition using the small molecule 

FX1 at 40 uM stopped all 

18 

 long-term proliferation, which decreased significantly at 25 uM.  This is supported 

by the recent finding that BCL6 inhibition stopped proliferation [13], although 

contrary to Xu et al. we can see no evidence of senescence in any of our BCL6-

inhibited cells.    
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In order to confirm the importance of BCL6 for glioblastoma, and to begin to 

understand the mechanism of action, we made multiple attempts to knock out the 

BCL6 locus using nuclease-mediated genome editing. These were all unsuccessful – 

while the BCL6 locus could be edited in other cell types, and other loci edited in 

glioblastoma cells, any glioblastoma cell that had nuclease editing of the BCL6 locus 

died within 48 hours and could not be selected (data not shown).  These data 

strengthened our hypothesis that BCL6 is essential for survival of glioblastoma cells 

in vitro.   

 

Evidence for a role of BCL6 in survival of people with glioblastoma would be 

important for translation of BCL6 inhibition to the clinic.  We could not find proof 

that BCL6 was associated with a worse outcome in our cohort of tumour samples.  

However, analysis of copy number and survival using the Rembrandt database [34] 

provided a hint of support.  Three GBM patients had loss of 3q27, including the 

BCL6 locus, and increased survival (data not shown). While three is not a significant 

sample, this supports our hypothesis that BCL6 plays an important role in survival 

of glioblastoma in vivo.  Further, a recent publication has suggested that expression 

of BCL6 protein was associated with worse survival in a cohort of glioblastoma 

patients [13]. 

 

These data strongly suggest BCL6 is a genuine target for therapy in glioblastoma. 

People diagnosed with glioblastoma have few options for treatment, and those 

options are not effective.  BCL6 inhibition has been shown to be highly effective in 

animal models of lymphoma and leukemia, and inhibitors are currently in clinical 

development.  BCL6 inhibition in glioblastoma is highly feasible – several inhibitors, 

both peptide and small molecule, have been developed for BCL6 in lymphoma and 

leukemia [4, 27], and some have been identified that pass through the blood brain 

barrier and accumulate in the brain (unpublished data).  In glioblastoma, BCL6 

inhibition presents a highly tumor-specific target and has real potential to improve 

the outcome for people with this disease.  
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Figure Legends: 

 

Figure 1.  BCL6 is expressed in glioblastoma tumours and cell lines.  A. Plots of 

BCL6 mRNA expression in normal brain tissue (1) compared to GBM tissue (2) in 

three independent representative studies (Sun, Lee and, Murat Brain respectively) 

from Oncomine (https://www.oncomine.org/resource/login.html). B. 

Representative IHC staining of 3/62 human GBM tumours, highlighting 

heterogeneous BCL6 protein expression (brown staining). C. BCL6 expression level 

distribution in 62 human GBM tumours (top), and after stratification by p53 

mutation status (middle) and MGMT expression (bottom).  D. Immunofluorescent 

staining for BCL6 in glioblastoma cell lines LN18, NZG10/03 and NZG09/06.  

Immunofluorescence data are representative of at least 3 independent experiments, 

and are similar to other glioblastoma cell lines. Adjustments to brightness and 

contrast were used to improve visibility upon printing, and were applied to the 

whole image. 

 

Figure 2.  BCL6 expression was induced by DNA-damaging therapy in 

glioblastoma. A. LN18 cells were untreated (U), or treated with 10 mM 

temozolomide every 2 days for 12 days (7 treatments total, upper left panel), 10 Gy 

of ionizing radiation (upper right) or increasing doses of doxorubicin as described 

(lower left).  LN18 cells were treated with 1 mM doxorubicin for 24-72 hours (lower 

right panel).  BCL6 and alpha tubulin (TUBA) were detected by western blot 24 h 

after treatment, with Raji cell lysate used as a positive control for BCL6 expression.  

B.  Cell line T98G was treated with increasing doses of doxorubicin, or 10 Gy 

ionizing radiation for 24 h, and with 10mM TMZ every 2 days for 12 days (left 

panel.) NZG-1003, LN18 and NZG-0906 were treated with doxorubicin for 24 

hours (centre panel), NZG-0906 was treated with 10 Gy ionizing radiation at 8, 16, 

24 hours (right panel).  BCL6 and alpha-tubulin were detected by western, and Raji 

used as a positive control. U, untreated cells.   C.  LN18 (left) and NZG-0906 (right) 

were grown on coverslips, left untreated (center panels) or treated with 3 mM 

(LN18) or 1 uM (NZG-0906) doxorubicin (lower panels), and BCL6 detected by 

immunofluorescence.  An isotype antibody was used as a control on treated cells 

(upper panels).  All data shown are representative of at least 3 independent 
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experiments.  Cropped images retain all bands, immunofluorescence was adjusted 

only for brightness and contrast over the entire image. 

 

Figure 3. BCL6 is transcriptionally active in glioblastoma.  A. Western blot for 

BCL6, alpha tubulin (TUBA), and beta actin (ACTB) of LN18 cells transfected with 

BCL6wt, GFP or non-transfected (N.T) with K562 and Raji cells as BCL6 negative 

and positive controls, respectively (left panel). Cells were harvested 48 hours after 

transfection. Luciferase assay of LN18 cells co-transfected with both BCL64-tkLUC 

and BCL6wt plasmids or PGL3 and BCL6wt plasmids and harvested 48 hours after 

transfection (right panel). The luciferase values were first normalized to cell number 

and then expressed as a proportion of their single transfected control (either BCL64-

tkLUC or PGL3 alone).  B. Luciferase assay of LN18 cells transfected with either 

BCL64-tkLUC or PGL3 plasmid and treated with either 50, 100, or 200 nM 

doxorubicin.  C. Luciferase assay of LN18 cells transfected with either BCL64-

tkLUC or PGL3 plasmid and treated with 10 Gy ionizing radiation. All assays were 

performed 48 hours after treatment.  

 

Figure 4. BCL6 co-repressors are expressed in glioblastoma. A. q-RT-PCR of BCL6 

co-repressors BCOR, NCOR1, and SMRT (NCOR2) in LN18 and U87-MG cells 

treated with 3 µM doxorubicin, 10 Gy ionizing radiation, or untreated. The value 

1/DCt is shown (x-axis), with the DCt value calculated against HPRT Ct.  B. 

Western Blot for BCOR, NCOR1, SMRT (NCOR2), alpha tubulin (TUBA), and 

beta actin (ACTB) in LN18 and U87-MG cells treated with 3 µM doxorubicin 

(Dox), 10 y ionizing radiation (IR), or untreated (Unt). All cells were harvested 48 

hours after treatment.   

 

Figure 5. Both over-expressed and drug-induced BCL6 can bind DNA.  A. EMSA 

of LN18 nuclear lysate transfected with BCL6wt (lanes 2-7) or GFP (lanes 8 & 9). 

Complexes were formed with nuclear lysate and biotin labelled probe alone (lanes 2 

and 8), with unlabelled competitor DNA (lanes 3 and 9), with BCL6 antibody (B1) 

(lane 4), with BCOR antibody (B2) (lane 5), with NCOR antibody (N) (lane 6), and 

with SMRT antibody (S) (lane 7). a, b, c indicate complexes formed with BCL6 and 

co-repressors.  B. EMSA of LN18 nuclear lysate treated with 0.05, 0.1, 0.2 and 3 µM 

doxorubicin and harvested 48 hours after treatment (lanes 2-6).  C. Relative binding 
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(fold change as compared to β-actin) of BCL6 in LN18 treated with 3 µM 

doxorubicin and harvested 8 or 48 hours after treatment, or left untreated to BCL6 

Exon 1, BCL6 Intron 9 or TARS. Fold change was calculated using the 2-DCt 

method. 

Figure 6.  Both loss of BCL6 and blockade of lateral groove increased apoptosis. A.  

NZG-1003, LN18 and T98G cells were transfected with control (left panel) or 

BCL6 (center panel) siRNA, and cells with active Caspase 3 determined by flow 

cytometric analysis (y-axis).  Caspase-3 positive apoptotic cell gate was established 

from cells stained with a control antibody, and the percentage of cells in the 

apoptotic gate is given.  BCL6 level was measured in parallel by intracellular staining 

(x-axis).  In the center panel, BCL6 level was determined in the apoptotic 

population, and the control siRNA (light grey) compared to the BCL6 siRNA (dark 

grey).  The median fluorescence intensity for each population is shown, data are 

representative of at least 3 independent experiments.   B.  NZG-1003 and LN18 

cells were treated with the BCL6 peptide mimetic inhibitor RI-BPI, or a vehicle 

control, for 24 hours and annexin V/PI staining used to identify apoptotic and non-

viable cells. Proportion of cells is given for each quadrant.  All data are 

representative of multiple independent experiments. 

 

Figure 7. Both BCL6 inhibition by dominant negative BCL6 and blockade of lateral 

groove decreased viability and clonogenic potential. A. LN18, NZG-1003 and 

NZG-0906 were transfected with either a control GFP construct (upper panels) or 

a DN-BCL6-GFP construct (lower panels). After 24 hours, GFP positive cells were 

gated and propidium iodide positivity analysed by flow cytometry as a measure of 

non-viability. Histogram gates were established on unstained cells, and the number 

of cells given for each gate. Hypoxia - LN18 cells were grown in 0.5% oxygen for 

24 hours, transfected with either GFP or DN-BCL6-GFP, and replaced into 0.5% 

oxygen for 24 hours before analysis of GFP+ PI+ cells. B. GFP+ and GFP- cells 

were physically sorted from LN18 and T98G cells transfected with GFP, or DN-

BCL6-GFP, then clonogenic plating efficiency determined for GFP+ and GFP- 

cells from each transfection. C. LN18 and T98G cells were treated with 25 uM FX1 

for 24 hours, then clonogenic plating efficiency determined. All data shown are 

representative of at least 3 independent experiments. 
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