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Abstract 

 

Glioblastoma is a devastating disease with a median survival of 18 months from diagnosis and 

a 5 years survival rate of only 10%. The gold standard of treatment for glioblastoma is surgical 

resection followed by chemotherapeutic treatment with Temozolomide, a DNA alkylating 

agent, and irradiation around the remaining tumour margins. These treatments are both 

designed to create DNA damage to the cancerous cells, causing the cell cycle to halt, and 

result in apoptosis. This treatment does extend patients life for a few months, however 

glioblastoma cells quickly become resistant to therapy, and disease is always fatal.  The anti-

apoptotic protein BCL6, confers resistance to apoptosis in response to DNA damage and has 

been shown to be upregulated in Glioblastoma in response to DNA damaging chemotherapy 

and irradiation. This upregulation has been hypothesised to increase resistance to these 

therapies. By minimizing resistance to the standard therapies, the outlook for sufferers of 

glioblastoma could be greatly improved. Dysregulation of the WNT pathway has also been 

shown to be very important in carcinogenesis of glioblastoma and is responsible for the diffuse 

nature of the tumour which makes total resection nearly impossible. An RNA-seq screen was 

carried out on a glioblastoma cell line in which BCL6 was inhibited using the small molecule 

inhibitor FX1. This resulted in a change in expression of a large number of WNT related genes. 

This indicates that there is a link between BCL6 and the WNT pathway. Changes in expression 

in the WNT genes DKK1, WNT5a and WNT5b were validated.  Experiments were carried out 

to investigate the effects of chemotherapy and BCL6 inhibition on both the canonical and non-

canonical WNT pathways. It was found that BCL6 has an influence of the level of activity of the 

canonical WNT pathway. It also influences migration, the cell cycle, and clonogenicity. 

Understanding this link between WNT and BCL6 could be crucial in finding an effective 

treatment for glioblastoma. 
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1.  Introduction 
 

 Glial cells 

 

Glial cells are a type of brain cells, however the complete function of these cells has not been 

fully elucidated. A known function of glial cells is as a type of structural glue to hold the brain 

together. The word glia translates directly from ancient Greek to mean glue (García-Martín, 

Majewska, Guizzetti, Jäkel, & Dimou, 2017). These ‘glue cells’ make up approximately half of 

all cells in the brain (von Bartheld, Bahney, & Herculano-Houzel, 2016). Glial cells are highly 

heterogenous, with four different subsets: microglia, astrocytes, oligodendrocytes, and NG2-

glia. Astrocytes make up the majority of the glial cell population and support neuronal function, 

whereas Oligodendrocytes regulate myelination and Microglia are the macrophages of the 

CNS (García-Martín et al., 2017). 

 

 Glioma 

 

Glioma are characterised by their likeness to, and origin from glial cells. Glioma can arise from 

any of the glial cell subtypes and due to this, and the wide variety of mutations that can result 

in the change from glial cell to glioma, they are very heterogenous both within and between 

tumours (Alcantara Llaguno & Parada, 2016). Glioma are characterised and graded by 

histological analysis. Low grade lesions (World Health Organisation (WHO) grades I and II) 

and high grade malignancies (WHO grade III and IV) are characterised by histological features 

including necrosis, pleiomorphic cells, abundant mitoses, and microvascular proliferation (Wen 

& Kesari, 2008). Grade IV, the most aggressive which has the poorest prognosis, is also known 

as Glioblastoma. 
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1.1. Glioblastoma 

 

Glioblastoma multiforme (GBM) is the most common and malignant type of brain cancer 

making up 15% of all intercranial neoplasms. Glioblastoma is classified as a WHO grade IV 

glioma. Lower grade gliomas generally progress to a grade IV glioblastoma within 5-10 years 

(Zong, Verhaak, & Canoll, 2012). The average age at diagnosis of GBM is 64 years, however 

most tumours occur in people from 45 to 75 years (Stupp et al., 2005). The median survival 

for patients with GBM is 1 year from diagnosis, with the 5-year survival rate at 10% with 

treatment, however expected survival without treatment is a little as 3 months (Ramirez, 

Weatherbee, Wheelhouse, & Ross, 2013). This dismal life expectancy is largely due to the 

aggressive nature of GBM and the resistance of GBM to current treatments (Stupp et al., 

2005). Glioblastoma presents as a solid tumour with highly diffuse borders. It is  genetically 

heterogenous within and between tumours and can arise from a range of cell types such as 

neural stem cells, glial progenitor cells, or astrocytes (Zong et al., 2012). The heterogenous 

nature and quick resistance to treatment makes glioblastoma a difficult cancer to treat (Stupp 

et al., 2005). An effective treatment is desperately needed to increase the life expectancy and 

quality of life for people suffering from this devastating disease. 
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 Glioblastoma subtypes 

 

Commonly mutated genes have been discovered through analyses of human GBM samples by 

the Cancer Genome Atlas Research Network (TCGA). The most frequently mutated 

oncogenes and tumour suppressors are TP53, PIK3CA, PIK13R1 NF1, PTEN, RB1, EGFR, and 

RTK (TCGA, 2008). Mutations in these genes cause gene expression changes, copy number 

changes, or changes in DNA sequence. These pathways regulate the cell cycle, senescence, 

apoptosis, and proliferation all of which are important in GBM (Brennan et al., 2013). There 

are two common modifications associated with survival outcomes, the first of which is 

methylation of the O6-methyl-guanyl-methyl-transferase (MGMT) promoter. MGMT repairs 

O6-methylguanine lesions caused by Temozolomide and therefore methylation of the 

promoter results in a decrease in repair of temozolomide induced lesions and a decrease in 

survival outcomes. The second modification is one in the isocitrate dehydrogenase-1 (IDH-1) 

gene. Mutation of this gene is associated with increased survival outcomes, however the 

mechanism for this is unknown (Combs et al., 2011). 

Glioblastoma that develop de novo are classified as primary GBM, whereas tumours from a 

pre-existing lower grade glioma are secondary GBM. There are four glioma subtypes, classical, 

mesenchymal, neural, and proneural. Classical tumours have high levels of epidermal growth 

factor receptor  (EGFR). Mesenchymal tumours have mutations in NF1, a tumour suppressor 

gene; PTEN and TP53 . Neural tumours have similar patterns of mutations to the other 

subgroups, however also express markers that are normal for neuronal cells such as NEFL, 

GABRA1, SYT1 and SLC12A5 (Verhaak et al., 2010). Proneural tumours are characterised by 

mutations in the IDH1 and PDGFRA genes. G-CIMP
+ is also characteristic of this tumour 

subtype, however patients with this mutation generally have a survival advantage (Brennan et 

al., 2013). This subtyping is useful for predicting patient outcomes however it is still difficult to 

accurately predict outcomes with this method due to high levels of heterogeneity within 

tumours (Sottoriva et al., 2013). 
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 Invasion 

 

One of the characteristics of glioblastoma is diffuse borders due to the invasive nature of the 

GBM cells. This diffuse nature is due to the high levels of invasion of the cancerous GBM into 

neighbouring healthy brain tissues. Recurrence generally happens within 1-2 cm of the 

resection border (Hou, Veeravagu, Hsu, & Tse, 2006). The GBM cells lose polarity and 

adhesion; they also gain mobility and the ability to degrade the surrounding extracellular matrix 

(ECM), and gain a stem-cell like phenotype. These factors all contribute to the ability of a GBM 

cell to migrate into the space around pre-existing blood vessels, and into the space between 

neurons and glial cells in the brain parenchyma (Biasoli et al., 2014; Claes, Idema, & Wesseling, 

2007). These invasive properties of GBM are key in recurrence after treatment (Paw, 

Carpenter, Watabe, Debinski, & Lo, 2015). 

 

 Management/treatment 

 

First-line treatment involves surgical debulking of the tumour, followed by radiotherapy and 

chemotherapy generally using Temozolomide (TMZ) (Stupp et al., 2005). This method is often 

ineffective due to the invasive nature of GBM. The indistinct borders of the tumours make it 

near impossible to resect all the tumour cells without damaging the healthy brain tissue in the 

surrounding area.  The remaining tumour is then treated with DNA damaging therapies, 

resulting in a short extension of life. Glioblastoma resistance to treatment and reoccurrence 

happens rapidly, leading to glioblastoma always being fatal (Lefranc et al., 2006). 
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 Temozolomide 

 

Temozolomide (5-Monomethyltriazenoimidazole-4-carboxamide) is a small lipophilic 

molecule, which acts as an alkylating agent that inhibits DNA synthesis by adding methyl groups 

to guanidine residues thereby crosslinking adjacent DNA strands (Agarwala & Kirkwood, 

2000). TMZ is the first line chemotherapy drug used to treat many cancers including glioma 

and metastatic melanoma. TMZ can penetrate into all tissues including passing the blood brain 

barrier (H. S. Friedman, Kerby, & Calvert, 2000; J. Zhang, FG Stevens, & D Bradshaw, 2012). 

TMZ is administered as a prodrug that is stable in the low pH of the stomach and is lipophilic 

allowing it to exit the stomach and enter the blood vessels. Once in the blood vessels it is then 

activated by conversion to imidazole-4-carboxamide (MTIC), which spontaneously breaks 

down to the methyldiazonium ion at physiological pH. TMZ does not require enzymatic 

conversion for activation and has 100% bioavailability in a physiological system (Agarwala & 

Kirkwood, 2000). 

Figure 1 Temozolomide structure and conversion. Temozolomide conversion from inactive prodrug to active 

form, MTIC, then methyldiazonium ion at physiological pH. Figure adapted with publisher's permission 

(Agarwala & Kirkwood, 2000). 
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 Doxorubicin 

 

Over-coming the blood brain barrier (BBB) is one of the greatest challenges in finding new 

and effective treatments for GBM. While TMZ can cross the blood brain barrier, it does not 

completely eradicate GBM cells from the brain.  

Doxorubicin (Dox) is an anthracycline chemotherapeutic used in the treatment of many 

cancers such as bladder, breast, lung, stomach, and ovarian. Dox has been shown to be very 

effective at treating GBM cells in vitro and in vivo using localized delivery methods (Lesniak, 

Upadhyay, Goodwin, Tyler, & Brem, 2005). Doxorubicin has two anti-tumourigenic functions: 

disrupts DNA synthesis and increases production of reactive oxygen species. In the former, 

Dox intercalates into DNA and affects topisomerase II activity by inhibting its ability to reseal 

unwound DNA after a double stranded break. This results in many double stranded breaks 

(DSBs) all along the chromosome, which lead to apoptosis of the cell (Thorn et al., 2011). In 

the latter anti-tumourigenic function, Dox increases the production of mitochondrial reactive 

oxygen species (ROS). Mitochondrial NADH-dehydrogenase reduces Dox to produce an 

unstable semiquinone. The semiquinone then donates an electron to oxygen forming of a 

superoxide radical (Davies & Doroshow, 1986). This leads to damage of DNA, proteins, and 

cell membranes (Thorn et al., 2011). Although Dox has been shown to be an effective 

chemotherapeutic, it cannot be used in the treatment of GBM. Dox is unable to pass the BBB 

rendering it useless in the fight against GBM in its current form (Zou et al., 2017). Considerable 

efforts are being made to aid the entry of Dox into the brain. Dox conjugation to short 

naturally derived vectors, D-penetratin or SynB1 increases Dox transport into the brain by 

20% (Rousselle et al., 2000). Pre-treatment with morphine or ondansetron increases 

permeability of the BBB to Dox significantly (Sardi et al., 2013, 2014) The application of 

doxorubicin-loaded monosialoganglioside micelles can effectively penetrate the BBB (Zou et 

al., 2017). The development of these methods or others could result in a greater extension of 

life in GBM patients than current treatments can accommodate. 
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 DNA Damage response 

 

DNA damage happens to most of our cells every day, and the cells must repair this damage, 

or apoptose for the organism to remain functional. DNA damage can occur endogenously 

when a topoisomerase does not function correctly, or due to mitochondrially released ROS. 

DNA damage also occurs due to external factors such as UV radiation, ROS produced by 

inflammation, or carcinogenic chemicals. The cell requires a way to repair this damage, so it 

can continue to survive and pass on the correct genetic information. The DNA damage 

response (DDR) is a collection of mechanisms used to detect, signal the presence of, and 

repair DNA lesions (Jackson & Bartek, 2009). During the cell cycle, checkpoints test for DNA 

damage and halt the cell cycle to allow repairs to take place. DNA damage is sensed by the 

ataxia-telangiectasia mutated (ATM), ATM- and Rad3-Related (ATR) and DNA-dependent 

protein kinase (DNA-PKcs) kinases (Ray, Blevins, Wani, & Wani, 2016). These kinases regulate 

many proteins involved in the DDR. There are several mechanisms activated by these kinases 

directly and indirectly, which respond to the signal and initiate repair. Each kinase is suited to 

a different kind of DNA damage including mismatch repair (MMR), base excision repair (BER), 

single stranded break repair (SSBR), nucleotide excision repair (NER), and double stranded 

break repair (DSBR), which has two types – homologous, and non-homologous end joining 

(HEJ and NHEJ) (Maréchal & Zou, 2013). These mechanisms are essential to maintain genetic 

integrity and minimizing the mutation rate within cells. 
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 Cancer stem cells 

 

Cancer stem cells are tumour cells that have a stem cell phenotype and express stem cell 

markers. These cells have enhanced DNA repair and unlimited proliferatory potential, and can 

both self renew, and differentiate. This means that they are able to form new tumours when 

implanted into mouse models (Liebelt et al., 2016). Glioma derived stem cells (GSCs) have 

increased chemo- and radio- resistance compared to normal cells and are thought to be 

responsible for GBM recurrence (Bao et al., 2006). These cells have been found in high 

numbers inside GBM tumours, but also on the periphery of these tumours migrating into 

neighbouring tissues (Munthe et al., 2016). Peripheral GSCs are unlikely to be removed by 

surgical resection due to their invasion into the neighbouring healthy brain tissue and are 

therefore a recurrence waiting to happen (Bao et al., 2006; Lathia, Mack, Mulkearns-Hubert, 

Valentim, & Rich, n.d.; Stupp et al., 2005). 

 

 Resistance to treatment 

 

The current therapies for the tumour borders post-resection are Temozolomide, and 

irradiation. These are both designed to result in severe DNA damage causing apoptosis of the 

remaining tumour cells. Resistance to these treatments in GBM is rapid, resulting in relapse of 

the tumour. Resistant cells show stem-like properties (Osuka & Meir, 2017). Due to the 

invasive nature of GBM, resection cannot remove all of the tumour cells without removing 

too much brain tissue. The presence of treatment resistant GBM stem cells in the periphery 

of the tumour (GSCs) means that further treatment with chemotherapy and radiation is 

ineffective at killing all of the cancerous cells (Munthe et al., 2016; Stupp et al., 2005). These 

remaining cells can proliferate and result in fast regrowth of the tumour. Discovering what 

pathways are involved in the resistance of GSCs to these treatments and targeting that 

pathway may result in better patient outcomes (Osuka & Meir, 2017; Ramirez et al., 2013). 



9 

 

1.2.   The WNT pathway 

 

The WNT family cysteine rich glycoproteins that are essential in many aspects of cell function, 

including cell proliferation, homeostasis, movement, polarity, and embryonic fate 

determination. WNT proteins are homologs of the wingless family of proteins in drosophila 

and the mom genes in C. elegans. WNTs are highly conserved and can be found in all metazoan 

animals (Schubert & Holland, 2013). WNTs are cysteine rich proteins approximately 350-400 

amino acids in length with a signal secretion peptide at the N-terminal (Proffitt & Virshup, 

2012). There are 19 known WNT proteins, which upon binding result in different cascades 

and outcomes within the cell (Logan & Nusse, 2004). There are three known signalling 

pathways that WNT genes are involved in: the canonical WNT pathway (β-catenin dependent) 

which regulates gene expression, and two non-canonical pathways: the planar cell polarity 

pathway (PCP pathway) which regulates cytoskeletal rearrangements; and the WNT/Ca2+ 

pathway for regulating Ca2+ levels within the cell (Komiya & Habas, 2008). 

 

 WNT-beta catenin pathway 

 

The β-catenin dependent WNT pathway, also known as the canonical WNT pathway is the 

most well documented of the WNT pathways and is involved in many different processes 

within the cell. The canonical WNT pathway acts through the destruction or accumulation of 

β-catenin (Figure 2). When the WNT pathway is ‘off’, the β-catenin protein is bound by protein 

complex containing Axin, adenomatous polyposis coli (APC), casein kinase 1α (CK1α), and 

glycogen synthase kinase 3 (GSK3) (Zhang et al. 2012). This complex allows phosphorylation 

of β-catenin targeting it for ubiquitination followed by breakdown by the proteasome. The 

WNT pathway is turned ‘on’ upon binding of extracellular WNT proteins to the extracellular 

N-terminal of the Frizzled (Fz) receptor, a 7-transmembrane spanning protein. WNT also binds 

low-density-lipoprotein-related protein 5/6 (LRP5/6). Once these two proteins have bound 

WNT, Axin is recruited to the membrane and binds the cytoplasmic tail of LRP5/6. This binding 



10 

 

is catalysed by phosphorylation of LRP5/6 by either CK1α or GSK3 (Macdonald et al. 2010). 

The Dishevelled protein (Dsh) is then activated by binding the cytoplasmic tail of Fz and 

phosphorylation by CK1, CK2, metastasis associated kinase, protein kinase C, and Par1. Dsh 

once activated prevents the degradation of β-catenin, which then builds up in the cytoplasm. 

Accumulation of β-catenin in the cytoplasm induces translocation of this protein into the 

nucleus. In the nucleus β-catenin acts as a co-activator of transcription by binding TCF/LEF, 

which then turns on transcription of the WNT pathway activated genes (Komiya & Habas, 

2008; Macdonald, Tamai, & He, 2010). Genes regulated by this pathway are known to be 

involved in cell fate in embryonic development, cell proliferation, cell polarity, and adult cell 

homeostasis. Dysregulation of this pathway can result in congenital malformations, cancer and 

osteoporosis (Macdonald et al., 2010). 

 

 The β-catenin independent WNT pathways 

 

The β-catenin independent arms of the WNT pathway are not as well studied and understood 

as the β-catenin dependent arm but are still important in the contribution of the WNT pathway 

to GBM. 

Figure 2 The canonical Wnt pathway. (Macdonald et al., 2010) 
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The planar cell polarity pathway (PCP) functions by the binding of WNT to FZ and either 

receptor tyrosine kinase-like orphan receptor (ROR), related-to-tyrosine-kinase (RYK), or 

protein tyrosine kinase 7 (PTK7) coreceptors. The WNT/Fz complex is then internalised 

resulting in activation of GTPases Rho and Rac, c-jun-n-terminal kinase (JNK), and Rho-kinase 

(ROCK). This results in the control of cell motility and cell polarity (Vladar, Antic, & Axelrod, 

2009). 

The Ca2+ pathway is also β-catenin independent. WNT binds Fz and coreceptor ROR1/2. Dvl 

binds the cytoplasmic tail of Fz, then forms a complex with Axin and GSK3. This complex 

phosphorylates ROR1/2 which acts on phospholipase C (PLC). PLC acts on membrane bound 

phospholipid, phosphatidyl inositol 4,5-biphosphaste resulting in the production of inositol-

triphosphate (IP3) and DAG. IP3 releases Ca2+ from the endoplasmic reticulum (ER). This 

increase in cytoplasmic Ca2+ concentration activates DAG, which in turn activates protein 

kinase C (PKC). PKC activates nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFκB) and cAMP response element-binding protein (CREB) which translocate to the nucleus 

and activate transcription (De, 2011). These pathways are important in regulation of cell 

functions and activation of each is decided by the binding of specific WNT proteins. 
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 PORCN 

 

PORCN is an essential protein for WNT pathway function. PORCN is a membrane bound o-

acyltransferase on the ER. It is responsible for the palmitoylation of WNT proteins and their 

export out of the ER. Without this function, WNT proteins would be unable to leave the ER 

and the WNT pathway would be unable to function. Embryonic PORCN deficiency has been 

shown to result in a disease called focal dermal hypoplasia, which is an X-linked dominant 

disease characterised by abnormal development of ecto- and mesodermal tissues (Grzeschik 

et al., 2007). IWP-2 is a small molecule inhibitor of WNT designed to stop the production of 

the WNT protein through the inhibition of PORCN (Chen, 2009). IWP-2 has been successfully 

used in many studies to inhibit the WNT pathway (Chai et al., 2012; Chen et al., n.d.; Hao et 

al., 2012). 

 

 WNT in the cell cycle 

 

It is well known that the canonical WNT pathway regulates the expression of genes involved 

in proliferation including C-myc and cyclin D (Davidson, 2010; Komiya & Habas, 2008). 

However, a new link between the WNT pathway and the cell cycle has been discovered. The 

mitotic CDK14/cyclin Y complex phosphorylates LRP6 and promotes canonical WNT signalling 

(Davidson et al., 2009; D. Liu, Guest, & Finley, n.d.; Mao et al., 2001). The CDK14/cyclin Y 

complex is involved in the G2/M phase of the cell cycle (D. Liu et al., n.d.). 

β-catenin is essential for centromere separation during mitosis (Bahmanyar et al., 2008) and 

levels have been discovered to cycle with the cell cycle, peaking during the G2/M phase 

(Olmeda, Castel, Vilaró, & Cano, 2003). Canonical WNT activation has also been shown to 

cycle along with β-catenin through the use of a WNT reporter assay (Figure 3) (Davidson & 

Niehrs, 2010). The interactions between the WNT pathway and the cell cycle are yet to be 

fully understood but from the information we do have, it can be concluded that the 

relationship between the two is a complex one. 
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Figure 3 β-catenin levels, canonical WNT activation, and cyclin B levels all oscillate in time with the cell cycle. Figure 

reproduced with permission of the publisher. (Davidson, 2010) 



14 

 

 WNT in GBM 

 

The WNT pathway plays a crucial role in proliferation, death, migration, and cell fate decision. 

(Y. Lee, Lee, Ahn, Lee, & Nam, 2016). Many studies have suggested that this dysregulation of 

WNT and promotion of stemness promotes GBM growth and invasiveness (Y. Liu et al., 2012; 

Pulvirenti et al., 2011; Reya & Clevers, 2005; J. Wang, Ma, & Cooper, 2013; K. Zhang, Zhang, 

Han, Pu, & Kang, 2012). Mutations in APC–a, the negative regulator of canonical WNT, leading 

to the hyperactivation of this pathway are common. Mutations in β-catenin, APC, and AXIN1 

have also been identified as processes leading to cancerous phenotypes (Bowman & Nusse, 

2011). Dickkopf (DKK) acts as an endogenous inhibitor of WNT signalling, and when 

epigenetically deactivated, can no longer regulate WNT activation (Foltz et al., 2010). Many 

other WNT inhibitor genes have been found to have epigenetic silencing in gliomas (Anastas & 

Moon, 2013). DKK1 hypermethylation is found in 50% of secondary GBM (Foltz et al., 2010). 

These aberrant changes in WNT signalling ultimately lead to the gain of tumourigenic properties 

and allow GBM to continue to grow and migrate in an unregulated manner. This makes the 

WNT pathway a highly promising target for therapeutic interventions (Reya & Clevers, 2005). 

 

1.3.   B-cell lymphoma 6 

 

BCL6 is a zinc finger transcription factor.  It is a dimeric protein with an N-terminal BTB/POZ 

domain which binds co-repressors essential for it to function as a transcriptional repressor 

including BCoR, SMRT, and NCoR. The C-terminal has zinc finger domains allowing for DNA 

binding. This terminal domain binds HDACs and ETO proteins. The N-terminal functions in 

proliferation, survival, and DNA damage checkpoints (Cardenas et al., 2017; Miles, Crockett, 

Lim, & Elenitoba-Johnson, 2005). Targeting this N-terminal would inhibit BCL6 from carrying 

out these functions that are important in carcinogenesis (Cardenas et al. 2016). 
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B cell lymphoma 6 (BCL6) is normally expressed in developing B and T cells and protects the 

cells from DNA-damage induced apoptosis during maturation. In these immune cells, BCL6 is 

essential for pre-B-cell self-renewal and for establishing the polyclonal B cell repertoire (Katia 

Basso & Dalla‐Favera, 2012; Duy et al., 2010; Toyama et al., 2002). BCL6 is a transcriptional 

repressor that targets many genes, including DNA-damage-sensing genes (i.e. ATR, TP53, ARF) 

and cell cycle checkpoint genes (i.e. PTEN and some CDK genes) (Hatzi & Melnick, 2014). 

BCL6 is aberrantly expressed in a variety of cancers such as diffuse large B cell lymphoma 

(DLBCL), breast cancer, leukaemia, colorectal cancer and gastric cancer. BCL6 is upregulated 

in glioma and as a prognostic marker, predicts poor patient outcomes. Expression of BCL6 is 

essential in the viability of GBM cells and the inhibition of BCL6 causes loss of malignancy and 

senescence (Xu et al., 2017). Treatment with DNA damaging chemotherapeutics further 

upregulates BCL6 expression which could result in more aggressive resistance to treatment, 

and reoccurrence (Fabre et al. 2017). 

 

 

An in silico functional group mapping approach (SILCS) was used to map important binding 

sites on the BCL6 protein and design small molecule inhibitors with a higher affinity to these 

binding sites than their endogenous co-repressors. FX1 was shown to have a 10-fold higher 

binding affinity for an essential region of the lateral groove of BCL6, the BTB/POZ binding 

Figure 4 Structure of the BCL6 protein (A). BCL6 is a protein dimer. The BCL6 small molecule inhibitor, FX1 targets the 

BTB/POZ domain in the lateral groove shown above (B). Figure reproduced with permission of the publisher (Cardenas 

et al., 2017). 
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domain than any endogenous co-repressor and treatment with FX1 caused regression of 

DLBCL in mice (Cardenas et al., 2016). 

BCL6 has been shown to regulate cell cycle arrest, apoptosis, differentiation and activation in 

B-cells. Literature directly linking BCL6 and the WNT pathway is sparse however there are 

many genes that have been identified as targets of BCL6 that are involved in the WNT pathway 

(K Basso, 2009). 

 

  Investigating the influence of BCL6 on the WNT pathway in the 

survival of Glioblastoma 

 

Glioblastoma is a horrendous disease with a mortality rate of 100%.  There are many different 

mutations that can contribute to the development and tumourigenicity of this cancer and 

knowing which mutations a patient has can help to predict the aggressiveness of their tumour 

and how long a patient may have. Mutations in the BCL6 gene have been associated with poor 

patient outcomes and have been shown to be essential to GBM survival (Xu et al., 2017).. 

Mutations in WNT genes are common in many cancers and have been identified as important 

in the development and characteristics of GBM. An RNA-seq study was carried out to identify 

changes in gene expression in response to DNA damaging chemotherapy, and to the inhibition 

of BCL6 in GBM cells. Many WNT genes were affected by these treatments. A link between 

BCL6 and WNT in GBM has been suggested (K Basso, 2009). This prior discovery of a link 

bewteen WNT and BCL6 along with the RNA-seq identified connection suggest that there is a 

need for more research to elucidate the influence of BCL6 on the WNT pathway in regards to 

GBM and if this can be harnessed to reduce resistance of GBM cells to chemothearapy. 
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1.4.  Research Aims 

 

Due to literature linking BCL6 with the WNT pathway; BCL6 with GBM; and WNT with GBM; 

and the WNT pathway expression changes discovered in previous RNA-seq data from GBM 

treatment with the BCL6 inhibitor FX1, it is likely that BCL6 has an influence on the WNT 

pathway in GBM. Confirming this influence will contribute to the understanding of how BCL6 

works within GBM and produce a clearer understanding of how BCL6 can be used as a 

therapeutic target in treatment for GBM. 

There are three aims addressed in this project: 

• Validate RNA-seq identified changes in expression of BCL6, DKK1, WNT5a, and WNT5b 

in response to treatment with chemotherapeutics, and inhibition of BCL6. 

• Assess changes in intracellular WNT activity in Glioma cell lines in response to 

treatment with chemotherapeutics and inhibition of BCL6. 

• Assess the effect of chemotherapy and BCL6 inhibition on WNT-related cell functions. 
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2.  Methods 

 

2.1.  Cell Culture 

 

LN18 cells are a grade IV glioma cell line obtained from ATCC®, initially established from a 

right temporal lobe glioma in a 61-year-old male (Diserens et al., 1981). This cell line was 

chosen as it is fast growing and has previously been used as a model for human glioma in work 

on BCL6 within this lab group. 

T98G cells are a grade IV glioblastoma obtained from ATCC® but initially established from a 

glioblastoma removed from a 61-year-old male Caucasian. This cell line is fast growing and 

readily transfectable. T98G cells are a good in-vitro model for glioblastoma. (Stein, 1979). 

Raji cells were purchased from ATCC® and were cryogenically stored. Raji cells are a non-

adherent B lymphocyte cell isolated from an 11-year-old male with Burkitt’s lymphoma in the 

left maxilla (Pulvertaft, 1964). These cells have been shown to have high endogenous BCL6 

expression and were therefore a good cell line to use as a positive control (Fabre et. al., 2017 

Appendix ). 

Cellular functions are unlikely to match between in vitro and in vivo GBM cells. Due to the 

length of time cells are cultured for and the immortalization process, variability in 

transcriptional regulation between cell lines and primary cultures occurs. Cell lines are however 

easy to use, and produce consistent results so are therefore a good primary model (Jones, 

Bigner, Schold, Eng, & Bigner, 1981; Miller et al., 2017). 

Cells were cultured in RPMI1640 (Life Technologies) supplemented with 5% FCS. Cells were 

grown in 75 cm2 tissue culture flasks (TC treated culture flask, CELLSTAR®) at 37°C with 5% 

CO2 in air atmosphere in a humidified incubator (Sanyo Electric Co., Ltd.). Cell confluence was 

assessed using a phase-contrast inverted microscope (Olympus IXS1, Olympus, Tokyo, Japan). 

When cell confluence reached 70%, growth medium was removed, cells were rinsed with 
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Dulbecco’s Phosphate Buffered Saline (PBS) (Life Technologies), then treated with 0.05% 

Trypsin-EDTA (TE) (Life Technologies) for 3 minutes at 37°C before the TE was deactivated 

using fresh growth medium, then a fraction of the cells were resuspended in fresh growth 

medium. 

For long term storage, 2x106 cells suspended in 1 mL of RPMI-1640 medium (Life 

Technologies) containing 50% foetal calf serum (FCS) (Life Technologies) and 8% dimethyl 

sulfoxide (DMSO) were placed into a 2 mL cryotube (Greiner). These cryovials were then 

placed into CoolCell® Cell Freezing Containers then stored at -80°C overnight before being 

placed into liquid nitrogen. Cells were regularly tested for mycoplasma contamination by PCR 

screening. Cells were cultured under sterile conditions in a Logic Labconco® Biological safety 

cabinet (Total Lab Systems Ltd., New Zealand), and equipment was sterilized with both 70% 

ethanol and UV light before commencing cell culture. 
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2.2.  Treatments 

 

 DMSO 

 

Dimethyl sulfoxide (Me2SO or DMSO) is a widely used solvent for increasing solubility of 

compounds. Drug solubility in water or PBS can often be much lower than necessary to 

achieve the desired effect. By dissolving a compound in DMSO before diluting it in a water 

based medium for cell culture, the solubility can be dramatically increased with only a small 

amount of solvent present in the final solution (Lipinski, 2008). 

DMSO is also useful as a cryoprotectant when freezing cells (Castro et al., 2011; Egli et al., 

2003). Concentrations of up to 10% while freezing cells have been shown to vastly improve 

viability of cells upon revival by minimizing effects of formation of intracellular ice (Mazur, 

Leibo, & Chu, 1972). 

While DMSO is essential to a wide variety of in-vitro and in-vivo work, it has also been shown 

to be quite toxic at higher concentrations. At low concentrations (0.01-0.001%) proliferation 

has been shown to be slightly increased, while at higher concentrations (0.5-3%), viability has 

been shown to be decreased. The safest concentration to use while culturing cells is 0.1% 

(Singh, Mckenzie, & Ma, 2017). 

 

2.3.  Treatment conditions 

 

Cells were treated for 24 hours before analysis. Treatments were used at specific 

concentrations for this study. Doxorubicin (Dox) was used at 3 µM as this is a concentration 

that has been successfully used within the MMc lab group and elicits the desired response. 

Dox is highly soluble and dissolves well in PBS at a concentration of 10 mM. 

Temozolomide (TMZ) was used at a concentration of 400 µM. A higher concentration would 

have been desirable to elicit a more severe effect however, TMZ has poor solubility in both 



21 

 

PBS and DMSO making it difficult to work with and could only be dissolved in PBS at a 

concentration of 2.6 mM. Any higher concentration would result in the PBS carrier diluting 

out the RPMI growth medium. TMZ is soluble up to 50 mM in DMSO therefore the highest 

working concentration that could be used in medium without the DMSO negatively affecting 

the cells would be 50 µM. A higher ratio of PBS to medium as opposed to DMSO to medium 

is acceptable when treating cells due to off target effects from the carrier. 

FX1 was dissolved in DMSO at a concentration of 25 mM. FX1 was used to treat cells at a 

concentration of 25 µM resulting in a DMSO concentration in RPMI of 0.1% which has been 

shown to be the concentration of DMSO showing the least effects on cell growth and viability 

(Singh et al., 2017). It was discovered during this project that the FX1 stocks, which were a 

new batch from our supplier, had significantly different activity from the batch used in previous 

work. Assays performed by Marie-Sofie Fabre showed that in order to gain similar effects to 

the previous batch, a concentration of 60 µM needed to be used. This resulted in the 

concentration of DMSO being 0.24% - more than double the desired concentration of DMSO. 

To account for this, a DMSO control of 0.24% was used to compare and normalise results to 

this higher concentration. 

IWP-2 was dissolved in DMSO at 8 mM therefore to working concentration used was 4 µM 

making the DMSO concentration applied to the cells an acceptable 0.05%. 

PBS and DMSO were used as carrier controls at the corresponding concentration to the 

compounds being used in each experiment. 

Cells were also treated with a low dose of either Dox or TMZ every two days for fourteen 

days to mimic chemotherapeutic treatment in a human. Dox was used at 15 nM and TMZ 

was used at 10 nM. 
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2.4. Preparation of Plasmid DNA 

 

A WNT reporter plasmid developed by Roel Nusse, 7TGC (Addgene plasmid # 24304) was 

kindly given to us by Prof Ari Melnick (Weill Cornell Medical College). The plasmid contains 7 

TFP binding sites, an mCherry transfection reporter with an SV40 promoter, an eGFP WNT 

activation reporter, and selection markers of ampicillin (amp) and puromycin (puro) on a 

pRRLSIN.cPPT.PGK-GFP.WPRE backbone. The plasmid map can be seen in Figure 5. 

 

Figure 5 7TGC plasmid map. Addgene plasmid: # 24304. 

The plasmid was transformed into One Shot® TOP10 Competent E. coli according to the 

manufacturer’s protocol. Luria Broth (LB) agar plates (1% Bacto-tryptone, 5% Bacto-yeast 

extract 1% NaCl, 1% agar) containing 100 μg/mL of ampicillin (Sigma-Aldrich, Auckland, New 

Zealand) were used for antibiotic selection. After incubation for 16 hours at 37°C, single 

positive colonies from each were selected and inoculated into 400 mL of sterile liquid LB broth 
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supplemented with 100 μg/mL of ampicillin. The cultures were incubated for 16 hours at 37°C 

while shaking at 220 rpm (Bioline Shaking Incubator, Edwards Instrument Company, Australia). 

The cultures were then centrifuged at 5000 g for 10 min (SORVALL RC 6+ Ultrafuge, 

ThermoScientific). Plasmid purification was then carried out using a NucleoBond® Xtra Maxi 

Plus kit (Macherey-Nagel) as per the manufacturer’s protocol. The final concentration of the 

plasmid was measured using an ND-1000 Nanodrop spectrophotometer (ThermoFisher 

Scientific). Quality of the sample was assessed by A260/280 and A260/230 ratios. 

 

2.5.  Transfection Optimization 

 

2 mL of LN18 cells were seeded into a 6 well tissue culture treated plate at a concentration 

of 1x105 cells/mL and left to adhere overnight. Varying combinations of DNA concentrations 

and DNA to ViaFect ratios were applied to cells as per figure 6. Cells were then analysed for 

transfection efficiency via fluorescence microscopy. 

2.6.  Transfection 

 

Figure 6 ViaFect transfection optimisation 
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Cells were seeded into a 6-well tissue culture treated plate at 1x105 cells/mL and left to adhere 

overnight. 2 µg of DNA and 6 µL of ViaFectTM was combined and made up to 300 µL with 

supplemented RPMI medium per well needed. This solution was incubated at room 

temperature for 20 minutes to allow for the transfection complexes to form, before the 

growth medium was replaced, and the transfection mix was added. The cells were incubated 

with the transfection complexes for 24 hours. The cells were viewed under a fluorescent 

microscope to confirm expression of the transfected fluorophore and therefore transfection. 

 

 Stable cell line 

 

An attempt at creating a stably transfected LN18 cell line containing the 7TGC plasmid was 

made. LN18 cells were incubated with varying concentrations of puromycin, from 1 µg/mL to 

10 µg/mL to find the minimal concentration at which cells were no longer viable in the absence 

of the plasmid carrying the puro resistance gene but remained alive in the presence of that 

plasmid. This concentration was then applied to transfected cells to select for cells which had 

maintained the plasmid and have therefore gained resistance to puromycin. 
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2.7.  MTT Proliferation Assay 

 

Cells were seeded into a 96-well tissue culture treated microplate at 2500 cells per well. Cells 

were left to adhere for 24 hours before addition of drug. After a 3-day incubation with the 

drug, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was applied and 

incubated at 30°C for 2 hours. The resulting formazan crystals were then solubilised using a 

solution of 10% SDS, 45% DMF by volume in Milli-Q water, pH adjusted by acetic acid to 4.50 

(MTT Solubiliser). Cells were left in MTT solubiliser overnight at 30°C before being measured 

using a spectrophotometric multi-well plate reader (Enspire 2300, Perkin Elmer, Waltham, 

MA). Background absorbance of a well containing all components except cells was subtracted 

from the absorbance of test wells and control wells. Absorbance of test wells was divided by 

the absorbance of control wells then multiplied by 100 to get a percentage of growth inhibition 

in comparison to the untreated control. 
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2.8.  Clonogenic Assay 

 

Cells were seeded into 6-well tissue culture treated plates at a concentration of 1x105 and left 

overnight to adhere. Drug was applied and incubated for 24 or 48 hours before cells were 

detached using TE, counted six times using a haemocytometer to ensure accurate cell counts, 

and seeded into 10 cm tissue culture treated dishes in numbers from 50 cells per plate to 400 

cells per plate in all treatment groups except Dox which required higher seeding densities to 

achieve any colonisation and therefore numbers from 500 cells per plate to 16,000 cells per 

plate were seeded. Cells were incubated for 10-14 days in a 30°C incubator with 5% CO2 in 

air atmosphere in a humidified incubator to allow proliferation. Cells were then fixed using a 

6% neutral buffered formalin solution on a rocker for an hour before being stained with a 

solution of 0.4% methylene blue in 50% methanol, 50% distilled water overnight. Plates were 

imaged using an inverted fluorescent microscope (Olympus IXS1, Olympus, Tokyo, Japan) and 

analysed using FIJI software. Images were ‘thresholded’ using the ‘Li’ setting on the software, 

then colonies were identified as particles of sizes >10, then counted. Plating efficiency was 

calculated by dividing the number of colonies by the number of cells initially seeded and 

compared between treatment groups. 

 

  

Figure 7 FIJI analysis of Clonogenic assay plates. 
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2.9.  Flow cytometry 

 

The BD FACSCantoTM II is located at Victoria University and was therefore the most logical 

option for use in flow cytometrical analysis however, it lacked a 561 nM laser needed to excite 

the mCherry fluorophore in the WNT reporter plasmid. The BD LSRFortessaTM flow 

cytometer at the Malaghan Institute of Medical Research (MIMR) was therefore utilised for 

experiments with the WNT reporter plasmid including transfection efficiency and the WNT 

reporter assay, while the BD FACSCanto™ II was used for cell cycle analysis. 

 

2.10.  Reporter assay 

 

Cells were transfected using the protocol described in section 2.4, then after 24hrs treated 

for another 24 hours before cells were lifted using TE and resuspended in FACs buffer (PBS 

with 2% FCS and 0.05% sodium azide). Cells were stored on ice until data collection. Cells 

were stained with 1µg/mL of DAPI (Life Technologies) to select for intact cells. Fluorescence 

data was then collected using a BD LSRFortessaTM flow cytometer. Controls of mCherry-only 

transfected cells, GFP-only transfected cells, untransfected cells, and untransfected cells stained 

with DAPI were used to ensure correct compensation calculation for any spectral crossover 

between the fluorophores through the BD FACSDIVA™ software. 

For collection, cells were gated first, using side scatter – area (SSC-A) versus forward scatter 

width (FSC-W) to remove any doublets from the analysis. Live cells were then selected for 

using Forward Scatter – Area (FSC-A) versus UV 450 50 C-Area laser (UV-A) and selecting 

only DAPI negative cells. From the live cells, mCherry expressing cells were selected by SSC-

A versus G 610 20 B-Area (mCh-A). From these cells, GFP expressing cells were selected by 

SSC-A versus G 601 20 B-A (GFP-A) and 10,000 cells were counted. 

Data was analysed using FlowJo® software. Single cells and then live cells were selected as 

above. The selected cells were displayed GFP-A versus mCh-A and a quadrant gate was 
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applied to calculate the number of GFP expressing cells out of the total number of transfected 

cells. 

 

 

 

Figure 8 Gating strategy for flow cytometrical collection and analysis of 7TGC reporter assay 
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2.11. Confocal microscopy 

 

Cells were seeded into tissue culture treated 35 mm Nunc™ Glass Bottom Dishes 

(ThermoFisher). Cells were transfected as described in section 2.6. Cells were then treated 

for 24 hours before NucBlue™ Live ReadyProbes™ Reagent (ThermoFisher) was added. 

Cells were imaged using an Olympus FluoView FV1000 confocal laser-scanning microscope 

using a 100x oil-immersion objective. A 405 nm laser was used to image cell nuclei stained 

with DAPI (4’, 6-Diamidine-2’-phenylindole dihydrochloride) (ThermoFisher), using the 

Dichrome DAPI 425-460 nm filter set. A 559 nm laser was used to image the mCherry 

cytoplasmic fluorescent protein, using the bandpass 575-675 nm filter set. A 473 laser was 

utilised to image the cytoplasmic eGFP protein using a 485-545 nm filter set. The imaging 

mode was set to sequential. 

Images were analysed using FIJI as shown in Figure 9. Images were imported, and channels 

were split. Each image was changed to an 8-bit image then thresholded using the Li setting. 

Images were watershed to separate any touching cells, then particles were counted. Particles 

counted in the DAPI channel were used as a total cell count. Particles counted in the mCherry 

channel were considered to be all transfected cells within the frame. Particles counted in the 

green channel were considered to be all cells that have WNT activation. The ratio of eGFP 

expressing cells to mCherry expressing cells was compared between treatment and control 

groups. 
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Figure 9 Fiji analysis of confocal images. 
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2.12.  Cell cycle analysis 

 

Cells were treated for 24 hours before being lifted using TE, and rinsed 2x in PBS. Cells were 

resuspended in DPBS and added dropwise to ice-cold 100% ethanol while vortexing to fix 

with a final EtOH concentration of 70%. Cells were stored in the ethanol for 1 hour before 

being rinsed in DPBS 2x then resuspended in FACS buffer with 250 mg/mL RNase 

(ThermoFisher) and 10 µg/mL of PI (ThermoFisher) and incubated for 30 minutes at 37°C. 

Cell cycle was then analysed by flow cytometry using the BD FACSCanto II. 

Cells were gated by PI-W vs. PI-A to remove any doublets and debris. Cell cycle phases were 

then gated using cell count vs. PI-A as shown in Figure 10. 

  

Figure 10 Gating strategy for cell cycle analysis 
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2.13.  qRT-PCR 

 

  RNA extraction 

 

Cells were lifted from the treatment plate using TE, then rinsed two times with PBS before 

being pelleted and snap-frozen and stored at -80°C for later extraction. 

These frozen pellets were later lysed, and RNA was extracted using a Zymo Quick-RNA™ 

MiniPrep kit as per the manufacturer’s protocol. Cells were lysed, cell debris was removed 

using a column. The flow through containing the nucleic acid was precipitated using 100% 

EtOH then loaded into a binding column followed by treatment with DNase for 20 minutes. 

RNA prep buffer was run through the column, then wash buffer before RNA was eluted using 

DNase/RNase free water. Extracted RNA was immediately quantified by using a Nanodrop 

spectrophotometer. The 260/280 and 260/230 nm ratios were assessed to ensure RNA 

purity. 

 

  Reverse transcription 

 

RNA concentrations were normalised by dilution of all samples to the concentration of the 

sample with the lowest amount of RNA. RNA was then reverse transcribed into cDNA using 

a Takara PrimeScript™ RT Master Mix (Perfect Real Time) kit as per the manufacturer’s 

instructions. The Takara PrimeScript™ RT Master Mix contains both oligo dT and random 

hexamers so the benefits of both types of primer can be achieved. The RT master mix reduces 

handling and error as it contains RTase, RNase inhibitor, random hexamers, oligo dT primer, 

dNTP mix and reaction. Oligo dT primers allow cDNA synthesis from full length copies of 

poly-adenylated mRNA. Random hexamers are added as they allow reverse transcription of 

all RNA including rRNA, tRNA, and snRNA. 
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  qPCR 

 

A KAPA SYBR® FAST qPCR Master Mix (2X) Kit was used as per the manufacturer’s protocol 

however, reactions were scaled down to 10 µL per reaction. QuantiTect Primer Assays from 

Qiagen were used as they are well tested and have been reliably used within our lab group 

for many years. Little information is provided on the sequence of these primers due to 

intellectual property. Primer assays for BCL6, DKK1, WNT5a and WNT5b were used. qPCRs 

were run on a CFX96 Touch™ Real-Time PCR Detection System. Melt curves were used for 

each qRT-PCR to ensure that single products were produced with each primer. No-template 

controls and no reverse transcriptase controls were used for each gene to ensure that there 

was no DNA contamination in any of the qPCR constituents and that the primers did not 

dimerise resulting in a false positive signal. 

PCR products were run on an agarose gel to confirm that there was a single PCR product for 

each primer, and that the products were the expected size. 5 µL of product from each gene, 

and 5 µL from each control sample was combined with 1 µL of loading dye and loaded into a 

1% agarose TAE gel containing 1x RedSafe™. 5 µL of Invitrogen™ TrackIt™ 100 bp DNA 

Ladder was put into a well at either end of the gel which was then run at 100 volts for 1 hour. 

The gel was then imaged using a GE Typhoon FLA 9000 Gel Imaging Scanner. 
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2.14.  Western Blotting 

 

Cells were treated in either unsupplemented RPMI or RPMI supplemented with 5% FCS for 

24 hours. Cells from each sample (approximated 1 x 106 cells) were then pelleted by 

centrifugation at 400 g for 3 minutes. The supernatant was aspirated off, samples were washed 

in PBS 2 times then frozen at -80°C for later use. 

Cell pellets were resuspended in crude lysis buffer (70 mM NaCl, 20 mM Tris, 0.1% IGEPAL 

with Halt™ Protease Inhibitor Cocktail) by pipetting up and down 20 times to ensure 

complete lysis. Cells were then incubated on ice for 1 hour before centrifugation at 14,000 x 

g for 5 minutes to remove cell debris. The supernatant was then taken, and protein 

concentration was quantified using a Qubit™ Fluorometer. Protein concentration was then 

normalized, and samples were boiled with Laemmli buffer (200 mM Tris-Cl (pH 6.8), 400 mM 

DTT, 8% SDS, 0.4% bromophenol blue, 40% glycerol) for 5 minutes. 50 µg of protein was 

loaded into each well of a 10% acrylamide resolving gel (8 mL ddH2O, 5 mL 1.5M Tris pH 8.8, 

200 µL 10% SDS, 6.66 mL Bis Acrylamide, 100 µL 10% ammonium persulphate, 10 µL TEMED 

) with a 4% stacking gel (6.1 mL ddH2O, 2.5 mL 0.5M Tris pH 6.8, 100 µL 10% SDS, 1.33 mL 

Bis Acrylamide, 50 µL 10% ammonium persulphate, 10 µL TEMED ) alongside one well 

containing 5 µL PageRuler™ Plus Prestained Protein Ladder (Thermo Scientific). The gel placed 

in a tank and covered in running buffer (14.4 g Glycine, 3 g Tris, 1 g SDS, ddH2O to 1L) then 

run at 160 V for 1 hour. The gel was then transferred to a polyvinylidene difluoride (PVDF) 

membrane (Bio-Rad) (depolarized with 100% methanol (MeOH)) at 20 V overnight in transfer 

buffer (14.4 g Glycine, 3 g Tris, 200 mL MeOH, ddH2O to 1L). 

The membrane was blocked for two hours in 5% BSA PBS-T (PBS with 0.1% Tween® 20 

(Sigma Aldrich®) with 5% bovine serum albumin (BSA) (ICP Biologicals)). The membrane was 

then incubated overnight at 4°C in BSA PBS-T with a 1:500 dilution of primary antibody (Anti 

Bcl-6 mouse monoclonal IgM antibody (D-8): sc-7388; anti α-tubulin mouse monoclonal IgG: 

sc-8035 (Qiagen)). The membrane was then rinsed 5 times in PBS-T for 5 minutes on a rocker 

before incubation for 2 hours in BSA PBS-T with a 1:1000 dilution of secondary antibody 
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(Goat anti-mouse IgG HRP: sc-2005 (Qiagen)). The membrane was then rinsed in PBS-T 10 

times for 5 minutes on a rocker. The HRP antibody was developed using Western Lightning 

Ultra chemiluminescence substrate as per the manufacturer’s instructions (PerkinElmer). 

Imaging was carried out using a GE Amersham Imager 600. 

 

2.15. Wound Healing Assay 

 

  Condition Optimization 

 

A wound healing assay was used to analyse the effect different treatments had on the 

migratory ability of both LN18 and T98G cells. To ensure that migration, not replication was 

being measured, cells were incubated in unsupplemented RPMI. The resulting cell cycle block 

was analysed by flow cytometry. 

 

  Cell Cycle Analysis 

 

Cells were incubated in RPMI containing either 5% or 0% FCS for 24 hours before being lifted 

and resuspended in PBS. The cell cycle prep and analysis were carried out as described in 

section 2.1. 

 

  Final Protocol 

 

Cells were seeded into 24 well plates at 1.5 x 105 cells per ml, with 500 µL per well in 

unsupplemented RPMI. Cells were left to adhere overnight. This results in a monolayer of cells 

covering the bottom of the well. Cells were the treated in unsupplemented RPMI for 24 hours 
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before a wound was made using a 200 µl pipette tip in the apparatus shown in Figure 11. This 

wound making apparatus ensured relatively reproducible wounds in the monolayer. 

 

Figure 11 Migration assay workflow. Cells were grown to confluency, a wound was made using a pipette tip, wounds 

were imaged at t= 0 and t= 17 and the migration was measured. 

Cells were then rinsed twice with PBS before being treated again in RPMI supplemented with 

0.1% FCS. Wounds were then imaged using a phase-contrast inverted microscope (Olympus 

IXS1, Olympus, Tokyo, Japan), before being incubated for 17 hours at 37°C, then imaged 

again. Images were analysed using FIJI as shown in Figure 12. The area of the scratch was 

measured using the FIJI MRI wound healing tool. The area gained was calculated by taking away 

the area of the scratch at t17 from the area of the scratch at t0. 

 

 

 

Figure 12 FIJI analysis of migration assay. The FIJI MRI wound healing plug-in was used to measure wound size. 

  



37 

 

3.  b Results I: Changes in gene expression in 

response to inhibition of BCL6 

 

An RNA-sequencing (RNA-seq) experiment to investigate the transcriptional changes in a 

glioblastoma cell line in response to Dox and FX1 was carried out by Nicole Jones for her 

PhD work. LN18 cells were treated with the chemotherapeutic drug doxorubicin, or with the 

small-molecule inhibitor of BCL6, FX1 for 24 hours and numbers of RNA-transcript were 

measured to identify changes in gene expression relative to baseline. Investigating the changes 

in gene expression will help in understanding how BCL6 works within a glioblastoma cell. 

The expression of multiple WNT-related genes were examined in cells treated with the BCL6 

inhibitor FX1 due to reports that the WNT signalling pathway is a direct target of BCL6 in 

lymphoma. Several WNT-related genes were identified as having altered expression when cells 

were treated with FX1 or Dox suggesting that there may be a link between therapy, BCL6 

expression and WNT signalling. 
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Criteria for selection were a fold change log 0.5 or greater, and an adjusted p-value lower than 

0.05. The genes DKK1, WNT5a and WNT5b were chosen for validation by qPCR as they had 

a change in expression of an acceptable magnitude while also having adjusted p-values low 

enough that the fold changes were significant. 

RNA-seq data from the Dox treated LN18 cells showed upregulation or downregulation in 

many WNT and WNT-associated genes (Figure 14). The genes DKK1, WNT5b, DKK3, Jun, 

WNT9A showed changes in expression in both datasets. 

  

Figure 13 WNT genes identified to have expression changes in response to FX1 taken from RNA-seq data produced by 

Nicole Jones and analysed by Sam Lee. Colour scale represents adjusted p-value (padj). Low to high is shown in a scale 

from pink to green. Data reproduced with permission from the researchers. 
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3.1.  Validation of changes in gene expression in response to BCL6 

inhibition and chemotherapy 

 

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was used to validate 

changes in gene expression identified in a previously conducted RNA-sequencing (RNA-seq) 

experiment (Jones et al, in preparation). Because the WNT genes DKK1, WNT5a, and WNT5b 

were found to have significant changes in expression in the RNA-seq data they were chosen 

to be validated. Two cell lines were used throughout to ensure all phenotypes were 

reproducible in different glioma cell lines, LN18 and T98G. HPRT-1 was used as a housekeeping 

gene as amplification did not change under the chosen treatment conditions. 

The genes described above were tested for expression changes in response to treatment with 

chemotherapy drugs Dox and TMZ, and the BCL6 inhibitor, FX1. As a control for therapy 

effect, BCL6 was also measured. 

Cells were treated for 24 hours with 25 µM FX1, 3 µM Doxorubicin (Dox), and 400 µM 

Temozolomide (TMZ). These doses were the same as the doses used in Nicole Jones’ RNA 

seq experiment described above. Cells were also treated in a manner mimicking 

chemotherapeutic doses in human cancer patients by treating with a low dose of either Dox, 

15 nM or TMZ 10 nM every two days for fourteen days (LT Dox and LT TMZ). These doses 

were chosen from unpublished data generated by Marie-Sophie Fabre. RNA was extracted 

from these cells and changes in abundance of RNA transcripts was measured. 

 

 

 

  



41 

 

 Melt curves and qPCR products 

 

A good primer should be specific for a gene and 

amplify only one gene product. PCR products were 

run on a gel to test that there would only be one band 

for each sample, but the exact size of each expected 

band was unknown. Due to intellectual property, no 

information on the sequence of these primers, or the 

PCR products is available. 

Single bands were seen in the DNA gel run with the 

PCR products for the genes HPRT-1, BCL6, DKK1, and 

WNT5a. The melt curves produced by these PCRs 

corresponded well with the products seen in the 

DNA gels. A good melt curve should show a single 

peak at a single temperature for each gene. A second 

peak in the melt curve indicates another product being 

formed that has different melting temperature to the 

intended product. Melting temperatures can be 

affected product size, or by GC content as the melting 

temperature of purines is higher than that of 

pyrimidines. The melt curves for HPRT-1, BCL6, DKK1, 

and WNT5b all show relatively clean melt curves with 

only one peak. Each of these experiments were 

carried out with three biological replicates, each with 

three technical replicates. 

Multiple bands were seen in the lane containing the PCR products of WNT5b. These DNA 

gels were run three times with different qPCR replicates used in each to confirm the presence 

of these erroneous products. The WNT5b melt curve showing multiple peaks and the agarose 

 

Figure 15 qPCR melt curves from the 

qPCR data and gene products from 

an agarose gel. N=3 technical 

replicates 
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gel showing multiple bands both suggest that multiple products were formed by this primer 

pair. 

 

 Baseline gene expression 

 

Baseline gene expression in LN18 and T98G cells was measured and compared between cell 

lines. The expression of BCL6, DKK1, WNT5a, and WNT5b at a baseline level was measured 

and normalised to the housekeeping gene, HPRT-1. Baseline expression of BCL6, DKK1, and 

WNT5b were at similar levels in both cell lines (Figure 16). There was a substantial difference 

in baseline expression of WNT5a indicating differences in genetic regulation between the two 

cell lines. 

 

 

 

 

  

Figure 16 Baseline gene expression of BCL6, DKK1, WNT5a, and WNT5b in LN18 and 

T98G cells expressed as 1/DCq. 
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 BCL6 expression in response to treatment 

 

Because expression of the oncogenic protein, BCL6 has been shown to be upregulated in 

response to chemotherapy and radiation resulting in increased resistance to treatment (Fabre, 

Jones et. al. in revision appendix section 9.2). qRT-PCR was used to validate this response in 

T98G cells and LN18 cells. qRT-PCR was carried out with 3 technical replicates for each 

treatment, and 3 biological replicates of each treatment.  Data presented are averages of the 

biological replicates, normalised to their respective carriers  

 

A 7.5-fold increase in expression was observed in LN18 cells and a 2.8-fold increase in T98G 

cells in response to Dox treatment. This is a notable increase in BCL6 expression and was 

consistent in both LN18 cells and T98G cells indicating a potential link between Dox treatment 

and an increase in BCL6 expression. 

Long term Dox treated cells showed a 2.5-fold increase in BCL6 expression in LN18 cells, and 

a 1.3-fold expression increase in T98G cells. This moderate increase in BCL6 expression is 

consistent in both LN18 and T98G cells lines and could indicate a link between Dox treatment 

and BCL6 expression, similar to the short-term treatment (Fabre et. al. 2017, Appendix section 

9.2). 

Figure 17 BCL6 gene expression in response to treatment.  N=3 biological replicates with 3 technical replicates. Error 

bars represent the SEM. No statistical significance was found. 
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Treatment with TMZ showed a minor increase in BCL6 expression with a 1.08-fold increase 

in LN18 cells, and a 1.09-fold increase in T98G cells. This is a modest and statistically 

insignificant increase in BCL6 expression. It is unlikely that this treatment has any real effect on 

the expression of BCL6. 

Long term TMZ treated cells showed a 2.5-fold increase in LN18 cells and a 2.1-fold increase 

in T98G cells. This is a notable increase in BCL6 expression and corresponds with previous 

findings by Fabre et. al. who observed that TMZ, Dox and IR all increased BCL6 expression 

level. 

With FX1 treatment BCL6 expression increased 1.35-fold in LN18 cells and 1.23-fold in T98G 

cells. 

  



45 

 

 DKK1 expression in response to treatment 

 

The DKK1 protein is an endogenous inhibitor of WNT signalling (Niida et al., 2004).  It was 

shown in the RNA-seq data that DKK1 expression decreased in response to FX1 treatment 

and decreased in response to Dox treatment.  TMZ was not tested in the RNA-seq data, 

neither was long-term treatment of either Dox or TMZ. The long-term treatment may give a 

more accurate idea of expression in response to chemotherapeutic treatment in humans as it 

is a more accurate representation of the drug delivery in the system of a human body. 

 

 

 

Dox treatment resulted in a 4.2-fold DKK1 expression increase in LN18 and a 5-fold increase 

in T98G cells (Figure 18). This is converse to what was observed in the RNA-seq data 

however, this response was consistent between the two cells lines and between replicates. 

Similarly, long-term treatment with Dox resulted in a 4.5-fold increase in DKK1 expression in 

LN18 cells and a 3-fold increase in T98G cells. This increase in expression is also consistent 

Figure 18 DKK1 gene expression in response to treatment. 

  N=3 biological replicates with 3 technical replicates. Error bars represent the SEM. These results were found to be 

statistically insignificant. 
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between the two cell lines and shows that under more clinically relevant settings with long 

term treatment, there is a consistent increase in DKK1 expression. 

TMZ treatment in LN18 cells resulted in a 1.7-fold increase in DKK1 expression, and a 1.1-

fold increase in expression in T98G cells. This modest increase in DKK1 expression is seen in 

both cells lines however the effect might prove to be more significant if a higher concentration 

of TMZ were to be used to treat the cells. 

Long-term treatment with TMZ showed a 0.9-fold decrease in expression in LN18 cells and 

a 1.1-fold increase in T98G cells indicating little to no change in expression in either cell line. 

Treatment with FX1 showed a decrease in expression of DKK1 in both T98G and LN18 cells 

with a 0.9-fold change and a 0.6-fold change respectively. This is consistent with the RNA-seq 

results which showed a 0.5-fold change in DKK1 expression in response to FX1 treatment.  

The qRT-PCR results are consistent between the two cell lines. 
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 WNT5a expression in response to treatment 

 

WNT5a is a glycoprotein involved in the non-canonical WNT pathway. In the RNA-seq data, 

WNT5a expression was found to be downregulated when BCL6 was inhibited. No change in 

expression was observed when cells were treated with Dox. Again, long term treated Dox 

and TMZ were not tested by RNA-seq. 

 

Dox treatment resulted in a downregulation of WNT5a in LN18 cells and T98G cells with 

0.76-fold and 0.64-fold changes respectively. This was not seen in the RNA-seq data but 

WNT5a is downregulated in both cell lines making it likely to be a relevant change in gene 

expression. The fold-change of WNT5a expression in LN18 cells was 1.6-fold, and 1.1-fold in 

the T98G cells. TMZ treatment showed a 1.5-fold change in LN18 cells and a 0.9-fold change 

in T98G cells. This opposing up- and down- regulation of expression in the gene WNT5a could 

indicate that the systems of WNT regulation within the two cells lines differ. The long-term 

treatment of TMZ on both the LN18 and T98G cells resulted in an upregulation if WNT5a 

with fold changes of 2.5 and 2.3 respectively. The effect of long term TMZ treatment resulted 

in a larger increase of WNT5a expression than in the short term TMZ treatment. When BCL6 

was inhibited by FX1, there was a reproducible increase in the expression of WNT5A in both 

glioma cells lines with a 2.2-fold increase in LN18 cells and a 1.8-fold increase in T98G cells. 

Figure 19 WNT5a gene expression in response to treatment.  N=3 biological replicates with 3 technical replicates. 

Error bars represent the SEM. These results were found to be statistically insignificant. 



48 

 

This is interesting as it has had an inverse effect to the short term Dox on WNT5A expression. 

Again, this is consistent with the hypothesis that BCL6 induced by therapy is driving gene 

expression. 
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 WNT5b expression in response to treatment 

 

WNT5b is a WNT ligand involved in non-canonical WNT signalling. When treated with FX1, 

WNT5b expression was found to be upregulated in the RNA-seq data. WNT5b has two 

different transcript variants resulting from alternative splicing (NCBI gene ID:81029). 

 

 

The data were largely inconsistent between cell lines.  Dox treatment resulted in a large 

downregulation of WNT5b in both glioma cell lines. WNT5b expression in response to TMZ, 

LT Dox, LT TMZ, FX1, and IWP-2 showed opposite results between the two glioma cell lines. 

This could be due to differences in pathway regulation between the two cell lines (Figure 16) 

however, as was shown in Figure 15, three separate products were present in the WNT5b 

qPCR products. This indicates that multiple products were amplified by the WNT5b primer. 

The identity of these products is unknown. 

 

 

  

Figure 20 WNT5b gene expression in response to treatment.  N=3 biological replicates with 3 technical replicates. 

Error bars represent the SEM. These results were found to be statistically insignificant. 
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3.2.  Discussion 

 

The aim of this chapter was to validate and extend the results found in the RNA-seq data 

collected by Nicole Jones. This is the first question that needed to be answered in this project 

to ensure that research was led by results that were reproducible. To ensure reproducibility, 

the chosen genes were tested in two glioma cell lines, the first of which, LN18 was used for 

the initial RNA-seq work. The second cell line T98G was another commonly used glioma cell 

line and was used to determine that the results weren’t cell-line dependent. 

BCL6 has been shown to be upregulated significantly, and reproducibly in the past (McConnell 

et al., 2015) and has been suggested to be one of the mechanisms of treatment resistance in 

glioblastoma (Fabre et. al. 2017). BCL6 is an anti-apoptotic protein which allows cells to 

continue through the cell cycle, even during DNA damaging events that would halt the cell 

cycle (Phan & Dalla-Favera, 2004). 

RNA-seq data revealed significant fold changes in multiple WNT related genes in LN18 cells 

treated with FX1 suggesting an influence of BCL6 on the WNT pathway. The WNT pathway 

has been implicated in Glioblastoma pathogenicity many times and with many different 

downstream effects recorded (Kim et al., 2015; Rheinbay et al., 2013; Sedgwick & D ’souza-

Schorey, 2016; Wu et al., 2012; Yu et al., 2007). A link between these two proteins may be 

important in understanding chemo- and radio- resistance in Glioblastoma cells. 

The expression of BCL6 under chemotherapeutic treatment conditions, long and short term 

was upregulated relative to the carrier controls. This is consistent with the change in 

expression seen in previous studies when cells are treated with Dox (Fabre et. al. 2017) the 

authors observed that TMZ, Dox and IR all increased BCL6 expression level. Both Dox and 

TMZ induce DNA damage, therefore upregulation of BCL6 can allow a cell to better tolerate 

DNA damage to maintain the cell cycle in B-cell development (Katia Basso & Dalla‐Favera, 

2012). 

When treated with FX1, BCL6 was also upregulated. This is potentially due to an 

autoregulatory feedback loop as FX1 does not directly affect the production of the BCL6 
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transcript, but the activity of the protein itself (Katia Basso & Dalla-Favera, 2010; Cardenas et 

al., 2016; Mendez et al., 2008; X. Wang, Li, Naganuma, & Ye, 2002). 

The long-term treatment of the two chemotherapeutics Dox and TMZ were intended to 

mimic clinically relevant treatment conditions. By delivering a low dose regularly over time, the 

result seen is more likely representative of the gene expression changes in a patient receiving 

treatment for glioblastoma (Beier et al., 2012). The increased expression of BCL6 in these long-

term chemotherapy-treated cells shows that these treatments increase and maintain increased 

expression of BCL6 during treatment. This could have implications in chemotherapy resistance 

due to the anti-apoptotic action of BCL6 (Fabre et. al. 2017). 

The treatment with TMZ only resulted in a modest increase in BCL6 expression, compared 

to the LT TMZ treated cells which had a much greater increase in expression. This shows that 

BCL6 expression increases over time in response to multiple chemotherapeutic treatments. 

TMZ has been shown to be difficult to use in vitro as it is administered as a prodrug which 

then needs to be activated once inside the cell. This activation is much more efficient in an in 

vivo scenario and cannot be controlled in an in vitro system. This results in a variable response 

to the drug as the amount of TMZ that is converted to the active form can be variable. TMZ 

also has low solubility (Jian-jun, 2006) making it difficult to get higher treatment concentrations 

without either diluting the cell media with PBS further than acceptable or adding a 

concentration of DMSO higher than 0.1% which could affect viability. Due to these difficulties, 

TMZ is not a consistent or easy drug to work with in vitro. 

The DKK1 gene codes for the DKK1 protein which inhibits the WNT pathway through binding 

LRP5 which is an essential coreceptor for WNT signalling (Pinzone et al., n.d.).  When the 

glioma cell lines were treated with Dox, TMZ or LT Dox, there was an upregulation in DKK1 

expression. The effect of LT TMZ on the expression of DKK1 was negligible suggesting that 

the initial effect of TMZ influences DKK1 however, this does not continue over time and 

multiple treatments. The effect of Dox on DKK1 is maintained under these conditions, with 

the expression remaining increased in the long term treated cells. This upregulation of DKK1 

in response to chemotherapeutic treatment is not consistent with the RNA-seq data (Figure 

14). FX1 treatment on the glioma cell lines had the same effect on DKK1, causing 
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downregulation of expression from baseline. This opposite effect could be due to an influence 

of BCL6 on DKK1. As shown in the BCL6 data, chemotherapy increases BCL6 expression, and 

increases DKK1 expression. When BCL6 is inhibited, DKK1 expression decreases. This suggests 

BCL6 influences DKK1 expression. 

WNT5a is a noncanonical signalling molecule in the WNT pathway. The noncanonical WNT 

pathways regulate many different functions including adhesion, migration, polarity, 

differentiation, and proliferation (Kikuchi, Yamamoto, Sato, & Matsumoto, 2012). When 

glioblastoma cells are treated with Dox, a downregulation in WNT5a was observed whereas 

after long term treatment, there was an upregulation. The difference indicates a change in 

regulation over time in response to Dox treatment. WNT5a is less involved in the initial 

response to Dox treatment but becomes more involved over time. An upregulation in WNT5a 

was seen under both short-term and LT TMZ treatment conditions. This is a consistent 

upregulation showing that WNT5a is involved in the cellular response to TMZ treatment. FX1 

treatment also resulted in an upregulation in WNT5a expression. This could indicate that BCL6 

either has an inhibitory effect on WNT5a expression, or that WNT5a is involved in some sort 

of compensatory mechanism for the loss of BCL6 function. 

WNT5b is an important paralog of WNT5a, with an amino acid identity similarity of 87% 

(Kikuchi et al., 2012). The WNT5b results were inconsistent between the two cell lines. The 

melt curves for the qPCR analysis of this gene were messy and an agarose gel showed 3 

different product bands. Multiple product amplification is unexpected. The clean melt curves 

and single product bands in the agarose gel for the PCR products of BCL6, DKK1, and WNT5a 

are a good example of what should have been expected from this primer assay however this 

was not the case for WNT5b. These products may be non-specific products, or if they may 

be different isoforms of the WNT5b. Due to the unknown identity of the products, the WNT5b 

results are not reliable. 

These results validate the upregulation of BCL6 in response to chemotherapeutic treatment 

as shown by Fabre et. al. They also validate the RNA-seq data showing the changes in 

expression of WNT genes. Under chemotherapeutic treatment conditions, BCL6 is 

upregulated, as is DKK1. Conversely BCL6 inhibition leads to the downregulation of DKK1, an 
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opposite response to chemotherapy treatment. This suggests that BCL6 could influence the 

WNT signalling pathway. 
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4.  Results II: Role of BCL6 in chemotherapy 

induced canonical WNT signalling 

 

4.1.  Reporter assay: Canonical WNT signalling 

The canonical WNT pathway is essential in many cellular functions including regulation of adult 

cell homeostasis, stem cell renewal, proliferation apoptosis, and differentiation. Aberrant 

canonical WNT signalling has been shown to have a role in carcinogenesis and may be a good 

target for cancer treatment (Sedgwick & D ’souza-Schorey, 2016; K. Yang et al., 2016). Little 

research has been conducted on the response of the WNT pathway to chemotherapeutic 

treatment. In this chapter canonical WNT activation in response to chemotherapeutic 

treatment, and BCL6 inhibition is measured. 

In order to obtain information on the induction of the canonical WNT pathway in response 

to different  treatments a plasmid containing an mCherry fluorophore to indicate successful 

transfection, and 7-TCF binding sites followed by an eGFP reporter fluorophore to indicate 

WNT activation within cells was used (Fuerer & Nusse, 2010). TCFs are transcription factors 

which bind nuclear β-catenin in an active canonical WNT pathway therefore, when bound to 

the 7TCF binding sites on the 7TGC plasmid, activate the expression of eGFP indicating 

canonical WNT signalling. 

 

  Transfection Optimisation 

 

Transfection of plasmid DNA into cell lines requires thorough optimisation before 

experimental use to minimise variables that could confound the outcome of the experiment, 

such as a decline in cell health. Many variables can contribute to overall cell health during 

plasmid transfections such as the cell type, and transfection reagents. Transfection reagents 
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are toxic to the cell and therefore the right balance of DNA and transfection reagent (ViaFect, 

Promega) must be used to achieve the highest viability of the transfected cell culture before 

experimentation can begin (Rose, 2003).  Transfection of LN18 cells is difficult due to poor 

viability post-transfection (Jones, personal communication), therefore optimization of the 

transfection procedure was carried out prior to experimentation. As T98G cells are known 

to be readily transfectable, optimisation was forgone. The 7TGC plasmid, which contains an 

mCherry fluorophore for transfection identification was used for optimisation of the LN18 

cell line. Cells were transfected with various ratios of plasmid DNA to ViaFect as shown in the 

methods section (Figure 6), and the resulting transfection was viewed under a fluorescence 

microscope (Figure 21). All cells were stained with Hoechst dye to visualise the nucleus. With 

the mCherry in conjunction with the nuclear stain, ImageJ could be used to quantify the 

number of cells in a microscopic field and determine how many of those cells had received 

and were expressing, the plasmid. It was determined that 2 µg of DNA to 4 µL of ViaFect per 

well was the optimal ratio of DNA to ViaFect as it had a relatively high transfection efficiency 

(27%) while the cells remained healthy (Figure 16). Although the 1:3 ViaFect ratio with 1.5 µg 

of DNA had a slightly higher transfection efficiency, it was decided that the 1:2 ViaFect ratio 

with 2 µg of DNA could minimise ViaFect use while maintaining a high transfection efficiency. 
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 Stable cell line 

 

Once optimal transfection conditions were found, the selection of a cell line that was stably 

transfected with 7TGC was attempted. A stably expressing cell line can eliminate the need to 

repeatedly transfect cells before each experiment, which can introduce unnecessary variation 

in experimental results, such as variation in plasmid expression and therefore the brightness 

of the fluorophore can alter detection of cells. A stably expressing cell line is usually made 

from a small number of cells that continue to express the transfected plasmid for more than 

two weeks post-transfection. This results in a relatively consistent expression level of the 

plasmid between cells within the culture. To create a stable expressing cell line, untransfected 

cells were treated with Unfortunately, after multiple attempts to create a stably expressing cell 

line, no cells expressed the fluorophores after the two-week selection period and it was 

decided to go ahead with transient transfections prior to each experiment. 
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Figure 21 Optimization of ViaFect transfection of 7TGC plasmid into glioma cells. Transfection efficiencies are shown in 

white. 
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 Viability in response to IWP-2 dose 

 

Inhibition of the PORCN protein has been shown to be an effective inhibitor of WNT, since 

PORCN1 is believed to be essential in the modification and release of WNT proteins from the 

endoplasmic reticulum (Proffitt & Virshup, 2012) . The PORCN1 inhibiting compound IWP-2 

was chosen to be used as a positive control for suppression of the WNT pathway (Madan et 

al., 2016). An MTT dose-response assay was used to choose an appropriate working 

concentration for future experiments with IWP-2. IWP-2 is soluble in DMSO at 8 mM 

therefore the highest working concentration that could be used while keeping the DMSO 

concentration at or below 0.1% was 8 µM. From 8 µM nine two-fold dilutions of IWP-2 were 

made, and cell viability was measured after a three-day incubation with the drug. 

 

 

IWP-2 was tested in both T98G cells and LN18 cells to find an appropriate working 

concentration. Viability started to decrease at concentrations of 2 µM and dropped below 

50% at 8 µM (Figure 21). The IC50 in LN18 cells and T98G cells was calculated to be 4.92 µM 

and 4.96 µM respectively. A working concentration of 4 µM was chosen.   
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Figure 22  Dose response of IWP-2 in T98G and LN18 cells. N=3. Error bars represent the standard error of the 

mean (SEM). 
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 WNT activation measured by confocal microscopy 

 

WNT activation was initially measured using confocal microscopy in LN18 cells. Cells were 

treated for 8 hours with 3 µM of Dox, 400 µM of TMZ, 25 µM of FX1, 0.1% DMSO, or were 

left untreated. Treatments groups were imaged in 10 different fields and red (transfected) to 

red and green (Transfected with active WNT) ratios were calculated and averaged among the 

10 fields. 

Dox was found to be mildly autofluorescent in both the mCherry (559 nm laser with 575-

675  nm filter set) and eGFP (473 nm laser with 485-545 nm filter set) channels, which made 

it difficult to distinguish transfection and WNT activation from autofluorescence (Motlagh, 

Parvin, Ghasemi, & Atyabi, 2016). Lasers had to be adjusted to remove autofluorescence from 

the images and analysis had to account for autofluorescence. To account for autofluorescence, 

non-transfected cells were treated with Dox and the lasers normalised using these cells so to 

keep them low enough that the autofluorescence could not be detected. WNT activation in \ 

 

 

  

Figure 23 Representative confocal images of treatment 

groups in the reporter assay. 
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Dox treated cells was increased 2.3-fold relative to a PBS control based on two replicate 

experiments (Figure 24). The method was found to be unreliable as much of the transfected 

cells had low levels of fluorescence resulting in little data from the Dox-treated samples and a 

high possibility of false negatives shown by the large variability in data. The method of removing 

bias introduced by the autofluorescence of the Dox was decided to be unreliable. 

TMZ had a 1.2-fold increase in WNT activation relative to a PBS control, FX1 a 1.1-fold 

increase. 

Due to the variability between replicates and the uncertainty with the method of removing 

the autofluorescence from the analysis, it was decided to measure WNT activation using a high-

throughput method. Flow cytometry was used to quantify fluorescence and determine WNT 

activation in these treatment groups. 

Figure 24 WNT activation in LN18 cells analysed by confocal microscopy. Dox and TMZ are normalised 

to a PBS control (shown in black and grey); FX1 was normalised to a DMSO control (shown in purple). 

N=4. Error bars represent the SEM. 
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 The effect of IWP-2 on WNT activity in glioblastoma cells 

 

IWP-2 was titrated from the highest concentration that could be used (8 µM) while 

maintaining acceptable concentrations of DMSO (0.1 %) in cultures, down to 1µM which 

showed little activity in the dose response assay shown in Figure 22. 

 

 

 

 

It was expected that eGFP expression would be reduced by IWP-2, however there was no 

significant difference was seen in the activation of WNT in any of the drug concentrations, in 

either T98G or LN18 cells. These results show that IWP-2 cannot be used as a positive control 

for WNT inhibition in these cell lines as it is not effective in this assay. 

  

Figure 25 Titration on IWP-2 in 7TGC transfected cells. Measured by Flow cytometry. N=4. Error bars represent the 

SEM. 
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 WNT activation measured by flow cytometry 

 

Flow cytometry was used as an alternative method of analysing WNT activation. Flow 

cytometry is an effective, high throughput method for analysing fluorescent samples and more 

easily allows correction for autofluorescence than confocal microscopy. WNT activity in 

response to treatment could be assessed by comparing the amount of mCherry expressing 

cells that also express eGFP, which indicates active WNT, to the total number of mCherry 

expressing cells in different treatment groups (Figure 4). 

 

 

WNT activation in Dox treated cells is increased by 42% and 31% in LN18 and T98G cells 

respectively. This increase in WNT pathway activation compared to the PBS control indicates 

that the WNT pathway is involved in the cellular response to Dox. There was no significant 

change in WNT activation in response to TMZ treatment with a 3% increase and 2% decrease 

in LN18 and T98G cells respectively.FX1 treatment resulted in no change in WNT activity 

compared to the DMSO control in LN18 cells, but a significant increase of 27% in WNT activity 

was observed in T98G cells. 

Figure 26 WNT activity in LN18 and T98G cells analysed by flow cytometry. N=3. Dox and TMZ are normalised to a 

PBS control. FX1 and IWP-2 (shown in purple) are normalised to a DMSO control. Error bars represent the SEM. 

Statistical significance was calculated using a one-way ANOVA. 
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 Discussion 

 

The aim of this chapter was to assess changes in intracellular canonical WNT activity in 

glioblastoma cell lines in response to treatment with chemotherapeutics and inhibition of BCL6. 

The canonical WNT signalling pathway is β-catenin dependent and is essential in cell fate 

determination during development, and stem-cell renewal (Komiya & Habas, 2008). WNT 

signalling is also involved in cell-cell adhesion as β-catenin is an important cell surface adhesion 

molecule (Komiya & Habas, 2008). The loss of cell-cell adhesion is a key step in cancer cell 

invasion (Bienz, 2005; Heuberger & Birchmeier, 2010) and has been heavily linked to WNT 

signalling. The way glioblastoma invades along the vasculature into the normal brain tissue 

making its borders diffuse is why it near impossible to resect all cells during tumour removal 

without the loss of too much healthy brain tissue (Paw et al., 2015). 

A reporter assay was used to measure the levels of intracellular canonical WNT in response 

to treatment. This would provide insight into the response of the canonical WNT pathway to 

treatment with chemotherapeutics. It would also provide a link, if any to the BCL6 protein by 

testing for any changes in WNT activation levels upon inhibition of the BCL6 protein. 

This reporter assay used the 7TGC plasmid transfected into two glioblastoma cell lines. The 

7TGC plasmid has constitutive expression of the fluorescent protein mCherry, which acts as 

a transfection marker. It also has 7 binding sites for TCF, which is a WNT-activated transcription 

factor, followed by an eGFP sequence.  Upon activation of canonical WNT, the eGFP would 

be expressed, and the levels of activation in a cell population would be measurable.  TCFs are 

transcription factors that bind DNA within the nucleus along with β-catenin upon activation 

of the canonical WNT pathway making them a great target to measure canonical WNT signalling 

(Fuerer & Nusse, 2010). 

IWP-2, a small molecule inhibitor of the WNT pathway was tested using the 7TGC reporter 

assay. IWP-2 works through inhibiting the PORCN protein which is essential in the 

glycosylation of WNT proteins and their translocation out of the nucleus (Chen et al., n.d.; 

Proffitt & Virshup, 2012).  No change in eGFP expression was seen in response to this 
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treatment. This unexpected result is likely due to the eGFP reporter of WNT activity. eGFP 

has a long-lasting expression (G. Zhang, Gurtu, & Kain, 1996) and although there may have 

been a decrease in WNT activity, there would not have been an instantly detectable decrease 

in eGFP from the basal level before treatment. 

Initially it was attempted to measure WNT activation using the confocal microscope to image 

and analyse WNT activation. The confocal microscope had a suitable laser and filter set to 

excite and image both the mCherry and eGFP fluorophores and was accessible for use. While 

imaging the transfected, treated cells, it was observed that Dox has an autofluorescence in 

both channels used to excite the mCherry and eGFP. This phenomenon has been documented 

recently (Motlagh et al., 2016) and although it was attempted to correct for this, it was decided 

that flow cytometry would be a better, more high throughput method to collect this data. 

The correction for this using flow was much simpler than microscopy. While the entire 

population was shifted in basal fluorescence intensity, the transfected cells could easily be 

distinguished from the autofluorescence of the Dox. 

Treatment with Dox showed a 1.3 to 1.4-fold increase in activation of the canonical WNT 

pathway in this assay. This is consistent with our RNA-seq data showing upregulation of 

canonical WNT transcripts in response to treatment with Dox, which indicates that the 

canonical WNT pathway is important in the cellular response to Dox. Dox acts by intercalating 

into the double helix of the DNA which in turn prevents the topoisomerase II-mediated 

double stranded break repair. This results in double stranded breaks in the DNA thereby 

activating the DNA damage response pathway. Doxorubicin also generates free radicals which 

damage DNA, proteins, and cell membranes (Thorn et al., 2011) . Past research has shown 

that there is a large amount of crosstalk between the WNT pathway and the DNA damage 

response pathway (Karimaian, Majidinia, Bannazadeh Baghi, & Yousefi, 2017). After DNA 

damage, the activation of the P53 tumour suppressor initiates DNA repair. P53 has other 

targets, one of which is the WNT pathway (Karimaian et al., 2017). P53 is involved in the 

ubiquitination of β-catenin (K.-H. Lee et al., n.d.). This ubiquitination and degradation of β-

catenin reduces the activation of canonical WNT, so it seems that it would not be through this 

mechanism that WNT activation is increased. Several mechanisms have been suggested as to 
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how Dox treatment increases intracellular ROS levels, including mitochondrial NADH-

dehydrogenase reducing Dox to produce an unstable semiquinone which then donates an 

electron to oxygen resulting in the formation of a superoxide radical (Davies & Doroshow, 

1986). Another suggestion is that Dox treatment is linked to an increase in iron concentration 

in the mitochondria which makes the REDOX cycle ineffective resulting in an increase of ROS 

released (Ichikawa et al., 2014). WNT activation has separately been linked to an increase in 

ROS production through β-catenin however the mechanism for this has not been elucidated 

(Dai et al., 2009). More research into this area would be pertinent as although another study 

also showed that treatment with Dox resulted in the induction of canonical WNT signalling 

(Dai et al., 2009), no information on the mechanism of this increase in canonical WNT signalling 

has been found. 

An increase in canonical WNT signalling in response to inhibition of BCL6 by FX1 was observed 

in the T98G cells, but not the LN18 cells. The FX1 effect was not as strong as the Dox effect 

in WNT activation and was only present in T98G cells. BCL6 has been shown to be a repressor 

of the WNT pathway (Katia Basso & Dalla-Favera, 2010) and therefore it would be logical that 

inhibition of BCL6 would result in an upregulation of WNT signalling. 

No difference in activation of canonical WNT signalling was observed in response to treatment 

with TMZ. This indicates that the response of the cell to the damage caused by TMZ does 

not involve the canonical WNT pathway. This result could however have been affected by the 

difficulties in using TMZ in vitro,  TMZ is a prodrug, and cells in vitro have lowered ability to 

convert TMZ from the prodrug for to the active form in an in-vitro environment as opposed 

to an in-vivo one (J. Zhang et al., 2012). 

The lack of difference of activation of canonical WNT signalling in conjunction with the WNT 

inhibitor IWP-1 showing no difference in levels of reporter, it is possible that the reporter 

assay was not working. 
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5.  Results III: The effect of chemotherapy and 

BCL6 inhibition on WNT-related cell 

functions. 

 

The WNT pathways play a major role in many aspects of cell morphology and function (Komiya 

& Habas, 2008). This chapter aims to look the effect of BCL6 inhibition and chemotherapeutic 

treatment on migration, the cell cycle, and clonogenicity and what this means in relation to 

WNT signalling. 

 

5.1.  Migration Assay 

 

Cellular migration is essential for development and is largely controlled by the planar cell 

polarity WNT pathway. The canonical WNT pathway regulates cell polarity and cell-cell 

adhesion through β-catenin, which functions not only as an intracellular signalling molecule, but 

also as a cell-cell adhesion protein (Schambony & Wedlich, 2013; Sedgwick & D ’souza-

Schorey, 2016). Dysregulation of these pathways results in increased migratory ability of these 

cells and is a potential driver of carcinogenesis and is responsible for the diffuse nature of 

glioblastoma (Claes et al., 2007). The non-canonical WNT pathways are important in 

cytoskeletal rearrangements and migration, cell fate and polarity. Both the canonical and 

noncanonical WNT pathways are involved in carcinogenesis (Gó Mez-Orte, Sá Enz-Narciso, 

Moreno, & Cabello, 2013). 

Inhibition of the anti-apoptotic protein BCL6 by FX1 increases activation of the canonical WNT 

pathway in T98G cells (Figure 26). In RNA-seq data from FX1 treated cells, both canonical 

and non-canonical transcripts underwent changes in expression. The influence chemotherapy 

and BCL6 have on non-canonical pathways was explored using a migration assay to test the 
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ability of two migratory glioma cell lines to re-enter a wound in a cell monolayer under 

chemotherapeutic treatment and BCL6 inhibition. 

 

 Cell Cycle Analysis 

 

The migration assay was designed to analyse the speed of cell migration under different 

treatment conditions. If BCL6 influences the WNT pathway, it is expected that migration may 

be affected by BCL6. To confirm that only migration, not replication, was being measured, the 

cells were starved for 24 hours prior to wounding the cell monolayer to ensure that starvation 

of FCS resulted in a block in the cell cycle and therefore block in replication. A minimal 

concentration of FCS (0.1%) was used to supplement the media post-wounding to allow for 

enough sustenance for the cells to carry out essential functions, but not enough for replication. 
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As can be seen in Figure 27, a G1/G0 cell cycle block is present in both unsupplemented LN18 

and T98G cells. In T98G cells there was an increase of 15% in the G1/G0 phase and decreases 

of 7% and 8% in the S phase and G2/M phase respectively. For LN18 cells there was an 

increase of 13% in G1/G0 phase and decreases of 6% and 9% in the S phase and G2/M phase 

respectively. There is a significant difference between the proportion of cells in G1/G0 in 

supplemented vs. unsupplemented in T98G cells. These results indicate that the 24-hour 

starvation period before the wound is made in the scratch assay successfully results in a halt 

in replication and therefore migration should be the only cause of movement into the 

wounded area of the monolayer. 

Figure 27 Cell cycle analysis of cells starved for 24 hours. A. Representative cell cycle plots showing a decrease in 

proportion of cells in G2/M via decrease in DNA content – PI fluorescence is directly proportionate to DNA content. B. 

Bar graphs of the average of cells in each proportion of the cells cycle across three replicates. N=3. Error bars represent 

the SEM. 
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 Western blot for BCL6 

 

It was important to confirm that under starvation conditions, cells still produced the BCL6 

protein. To test this, cells were incubated in RPMI and supplemented with either 5% FCS or 

unsupplemented. Cells were then lysed, and protein was extracted for western blot analysis. 

BCL6 was expressed in cells cultured in both FCS supplemented and unsupplemented media 

(Figure 28A). The difference between treatment groups may have been due to uneven 

antibody staining as opposed to changes in BCL6 protein expression and therefore more 

replicates of this western blot in LN18 cells, and a western blot in T98G cells run under the 

same conditions would be appropriate. 

A 

B 

Figure 28 Western blot for BCL6 expression in LN18 cells. N=1. A. Protein blot for BCL6.   B. Quantification of 

BCL6 relative to α-tubulin loading control. 
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 Migration assay 

 

Migration is largely regulated by the WNT pathway. Migration plays a large role in the 

invasiveness of GBM and therefore has a role in recurrence due to cancer cells remaining in 

the brain post-resection (Y. Lee et al., 2016). A migration assay was performed to determine 

whether BCL6 inhibition or treatment with chemotherapeutics plays a role in cell migration 

and therefore WNT signalling. The migratory ability of both LN18 cells and T98G cells when 

treated with chemotherapeutics, and when BCL6 is inhibited was measured. Cells were treated 

with chemotherapeutic and either the BCL6 inhibitor, FX1, or its carrier DMSO. Migration was 

measured over a 17-hour period and the difference in area gained by the cells was compared 

between treated and control wells. 

 

 

In both cell lines, FX1 treatment resulted in a significant decrease of migration in comparison 

to the DMSO control ( Figure 29). FX1 treated cells migrated only 27.6% the of the distance 

migrated by the control cells in LN18 cells, whereas T98G cells migrated 32.7%. TMZ treated 

cells migrated 76.4% and 82.7% in LN18 and T98G cells respectively. Cells treated with both 

Figure 29 Migration in TMZ and FX1 treated LN18 and T98G cells.  

Migration is displayed as area gained over a 17-hour period. Cells were treated with 400 µM TMZ, and 60 µM 

FX1 or 0.24% DMSO. N=3. Error bars represent the SEM. * p-value less than 0.05 ** p-value less than 0.01 

*** p-value less than 0.001 
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TMZ and FX1 migrated 16.2% of the DMSO control in LN18 cells, and 18.7% in T98G cells. 

The difference in migration between the TMZ only treated, and the TMZ and FX1 combined 

treatment was statistically different in both cells lines. 

 

Dox treated cells migrated 29.7% distance of the DMSO control cells in LN18 cells, and 62.9% 

as far in T98G cells. Under Dox and FX1 combined treatment conditions, cells migrated 5.9% 

and 17% as far as DMSO control cells. The difference in migration between Dox only and 

Dox and FX1 combination treated cells was statistically significant in T98G cells but not in 

LN18 cells. When the combined effect of two compounds is greater than their predicted 

additive effect, the compounds are said to be synergistic. Synergy can be beneficial as it 

minimizes the amount of a drug required to achieve the therapeutic effect (Tallarida, 2011) or 

to decipher whether two drugs are acting in the same or different pathways. Were the drugs 

to be synergistic, it could be assumed that they were working on different pathways. An 

additive effect can indicate that the drugs are working on the same pathway (R. Friedman, 

2006; Pérez-Pérez, Candela, & Micol, 2009).  FX1 and Dox both had a large effect on migration 

whereas TMZ has a smaller effect. The combination therapy of both Dox with FX1 and TMZ 

with FX1 resulted in a further decrease in migration. 

 

Figure 30 Migration in Dox and FX1 treated glioma cells. Migration is displayed as area gained over a 17-hour 

period. Cells were treated with 3 µM Dox and 60 µM FX1. N=3. Error bars represent the SEM. 
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A calculation was applied to the results of the migration assay to assess whether the 

combination of Dox or TMZ and FX1 was synergistic, additive, or antagonistic (Foucquier & 

Guedj, 2015). The area gained is the inverse of the effect the drug had on migration, so first 

the inverse of the area gained was calculated. Next, the combination index was calculated 

from these values. The value calculated by the combination index indicates the type of effect 

the drug combination has. The combination index for the drug combinations of Dox and TMZ 

with FX1 in both glioma cell lines showed a CI higher than 1 and therefore a ‘less than additive’, 

or an ‘antagonistic’ effect between the two drugs. 

Figure 31 Combination index calculation. A. Conversion of area gained to effect of drug. B. CI = combination 

index.  EA = Effect of Drug A. EB = Effect of drug B. EAB = Effect of combination of A and B. C. Combination 

index for Dox + FX1 and TMZ + FX1 in LN18 and T98G cells.  

100 – area gained = effect of drug 

A 

B 

Migration relative to carrier

F D + D D + F T + D T + F

LN18 27.60% 29.70% 5.90% 76.40% 16.20%

T98G 32.70% 62.90% 17% 82.70% 18.70%

Effect of drug on migration 

F D + D D + F T + D T + F

LN18 72.40% 70.30% 94.10% 23.60% 83.80%

T98G 67.30% 37.10% 83% 17.30% 81.30%

CI: D + F CI: T + F

LN18 1.52 1.15

T98G 1.26 1.04C 
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 Migration assay in long term chemotherapy treated cells 

 

The long-term, low dose chemotherapy treatment of LN18 and T98G cells had a large effect 

on cell health and made the cells difficult to work with. When treated with Dox, after 2 

treatments proliferation was significantly reduced and the cells became difficult to maintain. 

Due to the fragile nature of the long term Dox treated cells, only one replicate was successfully 

carried out for this migration assay. 

In LN18 cells, FX1 treatment resulted in cells migrating 36% relative to the DMSO control 

(Figure 32). The Long term Dox treatment resulted in a large reduction of cell migration 

compared to DMSO with only 16.7% of the relative area covered by the LT treated cells. The 

combination treatment of LT Dox and FX1 resulted in a migration of 7.5% relative to the 

DMSO control. FX1 treatment reduced cell migration by an unexpectedly small margin in 

T98G cells. Cells migrated 94.6% of the area gained by the DMSO control. As these cells were 

only treated in the short term, it would be accurate to compare these cells and their migration 

to the cells in the migration assay shown in Figure 29 where FX1 inhibited migration in T98G 

cells by a large margin relative to the DMSO only treated cells. The long term treated Dox 

cells showed near complete inhibition of migration with only 4.3% of the migration relative to 

the DMSO control. The combination treatment resulted in migration of 42% of the DMSO 

control. 
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Figure 32 Migration in long term, low dose Dox treated glioma cells. Cells were treated with 15 nM Dox every two 

days for 14 days. These cells were treated with 25 µM FX1. N=1. Key: DMSO (D) FX1 (F) Long term treated Dox 

(LT D). Error bars represent the SEM. 
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Long-term treatment of TMZ resulted in an increase in migration relative to the DMSO 

control, with an area gained of 110.3% and 114% relative to the DMSO control in LN18 and 

T98G cells respectively (Figure 33). This is the opposite of the effect observed in the short 

term treated cells which was unexpected. Long term treatment with TMZ is the current 

treatment used clinically for glioblastoma and an increase in migration in response to this could 

increase the likelihood of re-occurrence of a tumour post-resection. The combination 

treatment of LT TMZ and FX1 resulted in a large decrease in migration, with 36.1% area 

gained relative to the DMSO control in LN18 cells. T98G cells showed a modest decrease 

with FX1 treated cells migrating 87.1% of the migration of cells treated with DMSO (Figure 

33). 
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Figure 33 Migration in long term, low dose TMZ treated glioma cells. Cells were treated with 10 nM TMZ every 

two days for 14 days. These cells were treated with 25 µM FX1. Key: DMSO (D) FX1 (F) Long term treated 

TMZ (LT T). N=1. Error bars represent the SEM. These results were not statistically significant. 
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Calculations to test for synergy between the long-term treatment of Dox and TMZ in 

conjunction with FX1 treatment were carried out as described in section 5.1.3 and Figure 34. 

The CI showed that there was a less than additive effect or an ‘antagonistic’ effect on migration 

under combination treatment with FX1 and LT Dox treatment. A synergistic effect was seen 

in cells under combination treatment conditions with FX1 and LT TMZ. This effect however 

is questionable due to the increased migration seen in LT TMZ treated cells. 

  

Migration relative to carrier

F LT D + D LT D + F LT T + D LT T + F

LN18 36.00% 16.70% 7.50% 110.30% 36.10%

T98G 94.60% 4.30% 42% 114.00% 87.10%

Effect of drug on migration 

F LT D + D LT D + F LT T + D LT T + F

LN18 64.00% 83.30% 92.50% -10.30% 63.90%

T98G 5.40% 95.70% 58.30% -14.00% 12.90%

100 – area gained = effect of drug 

A 

B 

C 

CI: LT D + F CI: LT T + F

LN18 1.592 0.841

T98G 1.734 -0.667

Figure 34 Combination index calculation in LT treated cells. A. Conversion of area gained to effect of 

drug. B. CI = combination index.  EA = Effect of Drug A. EB = Effect of drug B. EAB = Effect of 

combination of A and B. C. Combination index for LT Dox + FX1 and LT TMZ + FX1 in LN18 and 

T98G cells. 
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5.2.  Cell cycle 

 

There is evidence of a complex interaction between canonical WNT signalling and the cell 

cycle. Mitogenic WNT signalling promotes G1 phase of the cell cycle and canonical WNT 

pathway has a direct effect on gene regulation in spindle formation and cytoskeletal changes 

in mitosis (Davidson, 2010). BCL6 targets many genes involved in the cell cycle and the DNA 

damage response (Cerchietti, Figueroa, Shaknovich, & Melnick, 2006). Cell cycle analysis was 

used to assess if treatment with chemotherapeutics or FX1 had an influence on the cell cycle. 

 

Inhibition of BCL6 results in a small accumulation of cells in the G2/M phase of the cell cycle. 

This indicates that BCL6 influences cell cycle regulation. The effect is larger in LN18 cells with 

an 11% increase in cells in G2/M, than in T98G cells, which shows a 7% increase in cells in 

G2/M. 

In Dox treated cells, there is a large accumulation of cells in the G2/M phase with a difference 

of 52% between Dox treated and DMSO control in LN18 cells. In T98G cells, this difference 

is 54%. 

The combination of Dox and FX1 treatments showed a rescue effect of cell cycle inhibition 

as the proportion of cells in the G2/M phase of the cell cycle is decreased compared to the 

Dox treated cells. There is a decrease of 19% in LN18 cells and 20% in T98G cells. 

Figure 35 The effect of 300 nM of Doxorubicin and 60 µM of FX1 on the proportion of cells in each phase of the cell 

cycle. N=3. Error bars represent the SEM. Key: DMSO (D), FX1 (F), Dox and DMSO (DD), Dox and FX1 (DF). 
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Treatment with TMZ had very little effect on the cell cycle in either cell line. Proportions were 

negligibly different from the DMSO control with a 1% difference in both cell lines. The 

combination treatment of TMZ and FX1 had an increase in the proportion of cells in the 

G2/M phase of the cell cycle of 17% in LN18 and 7% in T98G cells. The difference between 

the cells treated with FX1 only and the combination of TMZ and FX1 had a negligible 

difference in the proportion of cells in the G2/M phase in T98G cells with a difference of 1%. 

In LN18 cells the difference was higher than in T98G cells, with 8% more cells in the G2/M 

phase in TMZ and FX1 combined treated cells than in FX1 treatment alone. 

  

Figure 36 The effect of 400 µM Temozolomide and 60 µM of FX1 on the proportion of cells in each phase of the 

cell cycle. Key: DMSO (D), FX1 (F), Dox and DMSO (DD), Dox and FX1 (DF). N=3. Error bars represent the SEM. 
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5.3.  Clonogenic assay 

 

The clonogenicity of a cell measures the effectiveness of a treatment in analysing the long-

term viability of a cell. The ability of a cell to continue to grow and divide post-treatment is an 

important factor in tumour relapse after resection. Glioblastoma is usually removed from the 

brain via surgical resection and the area is treated with both TMZ and radiation to impede the 

cancer’s ability to regrow (Stupp et al., 2005). 

Clonogenic assays were carried out to analyse the long-term viability and the ability of cells to 

re-attach and form colonies after treatment with chemotherapeutics. Cells were also treated 

with FX1 to test whether the inhibition of BCL6 may increase the effectiveness of the 

chemotherapeutic, resulting in a decreased ability to form colonies. Cells were treated with 

25 µM FX1, and 60 µM FX1. As described in section 0, the original dose of FX1, which has 

been historically used within our lab group was found to be less effective in the batch used 

for this project than the previous batch. A concentration of 60 µM was found to have a similar 

effect to a 25 µM dose from the previous batch, therefore this experiment was carried out 

using both doses of FX1. During the course of this experiment, it was discovered that Dox is 

an incredibly effective chemotherapeutic and when cells were treated with a 3 µM, the 

standard dose for other experiments, the plating efficiency was 0%. It was therefore decided 

to reduce the dose to get a result for Dox treated cells. The dose was reduced to 300 nM, a 

10-fold decrease in concentration. 
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Inhibition of BCL6 results in a significant decrease in clonogenicity for both LN18 and T98G 

cells with 26.1% and 26.8% clonogenicity respectively. Treatment with Dox resulted in a 

significant decrease in clonogenicity in both cell lines. The combination treatment of Dox and 

FX1 resulted in a further decrease in the clonogenicity of both cell lines. 

In LN18 cells, Dox treatment alone resulted in a clonogenicity of 0.27% of the PE relative to 

the DMSO control. There was no difference seen between the Dox alone and Dox with FX1 

treatments. 

In T98G cells, Dox treatment resulted in a relative PE of 7%. In the combination treatment 

group of Dox and FX1, a relative PE of 3.6% was observed. This is a significant decrease from 

Dox treatment alone. 

  

Figure 37 The plating efficiency of LN18 and T98G cells after treatment with 300 nM Doxorubicin and 60 µM FX1. 

 Key: DMSO (D), FX1 (F), Dox and DMSO (DD), Dox and FX1 (DF).  N=3. Error bars represent the SEM. Statistical 

analysis was carried out using a one-way ANOVA. 
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TMZ treatment significantly decreased clonogenicity in both cell lines, with a PE relative to 

control of 45.4% in LN18 cells and 17.8% in T98G cells. Combination treatment of TMZ and 

FX1 further reduced clonogenicity in both cells lines, but to a larger degree in LN18 cells. A 

significant decrease was seen with the combination treatment reducing the clonogenicity to 

12.2% of the control. The combination treatment further reduced clonogenicity of T98G cells 

to 12.8% of the control however this difference between TMZ alone and TMZ and FX1 

combination treatment was not statistically significant. 

 

 

  

Figure 38 The plating efficiency of LN18 and T98G cells after treatment with 400 µM Temozolomide and 60 µM FX1. 

Key: DMSO (D), FX1 (F), TMZ and DMSO (TD), TMZ and FX1 (TF). N=3. Error bars represent the SEM. Statistical 

analysis carried out using a one-way ANOVA. 
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The combination index calculated using the method described in Figure 39 was applied to the 

clonogenicity data. The CI for treatment with Dox or TMZ and FX1 showed a value greater 

than 1, therefore a ‘less than additive’ or ‘antagonistic’ effect. 

  

100 – clonogenicity = effect of drug 

A 

B 

C 

Effect of drug on clonogenicity

F LT D + D LT D + F LT T + D LT T + F

LN18 73.20% 99.73% 99.76% 54.60% 88.00%

T98G 73.90% 93.05% 96.00% 82.20% 87.20%

CI: LT D + F CI: LT T + F

LN18 1.733 1.452

T98G 1.739 1.79

Clonogenicity relative to carrier

F LT D + D LT D + F LT T + D LT T + F

LN18 26.80% 0.27% 0.24% 45.40% 12.00%

T98G 26.10% 6.95% 4% 17.80% 12.80%

Figure 39 Combination index of clonogenicity.  A. Conversion of clonogenicity to effect of drug. B. CI = 

combination index.  EA = Effect of Drug A. EB = Effect of drug B. EAB = Effect of combination of A and B. 

C. Combination index for Dox + FX1 and TMZ + FX1 in LN18 and T98G cells. 
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5.4.  Discussion 

 

The influence of BCL6 and chemotherapy on the physiological aspects governed by the non-

canonical WNT pathway was explored in this chapter. These pathways regulate cell polarity, 

cytoskeletal rearrangements, cell migration, and cell fate during development (Gó Mez-Orte 

et al., 2013). Dysregulation of these pathways can be a driver of carcinogenesis (Suwala, 

Hanaford, Kahlert, & Maciaczyk, 2016; Wu et al., 2012). Analysis of migration, clonogenicity, 

and the cell cycle in response to chemotherapeutic treatment and inhibition of BCL6 was 

carried out. Migration is largely governed by the non-canonical WNT pathway and is critical in 

cancer cell invasion into surrounding tissues (Gó Mez-Orte et al., 2013; Y. Lee et al., 2016). 

Clonogenicity is a measure of the long-term survival and replicative ability of cells post 

treatment. This is important in re-occurrence of a tumour after resection, TMZ treatment and 

irradiation. It has been observed that WNT inhibition reduces clonogenicity in glioblastoma 

(Kahlert et al., 2015). 

Migration is an important factor in the recurrence of GBM as it is responsible for the cellular 

invasion of the neighbouring healthy brain tissue and therefore the diffuse borders of GBM. 

These diffuse borders make complete resection of cancerous tissue impossible without 

removing healthy brain tissue and hindering function of the organ itself. Migration was 

measured to assess the influence of DNA damaging chemotherapy and BCL6 inhibition. 

Replication was blocked by incubation in unsupplemented RPMI to make sure that only 

migration was measured (Figure 27). Migration in response to short term treatment with 

chemotherapeutic agents was reduced significantly in both TMZ and Dox treated cells, 

however to a larger extent in response to Dox treatment. Dox has been shown to induce 

p53 activation, which induces cytoskeletal rearrangements and inhibits proliferation and 

migration (Brum et al., 2013). Migration in response to BCL6 inhibition by FX1 was significantly 

reduced showing that BCL6 does have an influence on migration, and by extension, the WNT 

pathway. The combination of TMZ and FX1; and Dox and FX1 resulted in a reduction in 

migration, but this effect was less than additive. A less than additive effect, or an ‘antagonistic’ 

effect can indicate that the compounds are working within the same pathway or that there is 
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some sort of responsive regulation happening to correct for the inhibition of migration caused 

by these compounds (Yin et al., 2014). Long term Dox treatment resulted in a large decrease 

in migration, effectively halting migration altogether. The addition of FX1 to the LT Dox 

treatment also resulted in a halt in migration. The LT TMZ treatment resulted in an increase 

in migration relative to the DMSO control. This effect has been seen in previous literature 

(Stepanenko et al., 2016) but it does bring into question the effect of clinical long term TMZ 

treatment in patients on GBM migration  (William, Walther, Schneider, Linnebacher, & Classen, 

2018). The addition of FX1 to the LT treated TMZ cells resulted in a decrease in migration 

relative to control, however due to the increase in migration seen in the LT TMZ treated cells 

alone, the model to calculate synergy did not apply. 

The migration data shows that BCL6 plays a role in migration and is potentially involved in 

regulating the WNT pathway. Dox treatment was also shown to have a substantial effect on 

migration, with Dox treatment under more clinical, long term treated conditions results in a 

complete halt in migration. TMZ has a small effect on migration and therefore likely the WNT 

pathway. There  is potentially an autoregulatory pathway correcting for the inhibition caused 

by this combination treatment (Yin et al., 2014). 

 

The cell cycle is tightly regulated to maintain cellular and genetic integrity throughout 

replication. There are checkpoints at each phase of the cell cycle to survey progress, and 

ensure there are no problems before the cell can progress to the next stage of the cycle 

(Baserga, 1981). Physical division of the replicated daughter cells relies on restructuring of the 

cytoskeleton to split the cell in two, and to form the spindle in mitosis. Alterations of the 

cytoskeleton are regulated by WNT signalling (Akiyama & Kawasaki, 2006; Dai et al., 2009; 

Sedgwick & D ’souza-Schorey, 2016). WNT is involved in many aspects of the cell cycle through 

direct and indirect mechanisms (Bryja, Červenka, & Čajánek, 2017). The β-catenin dependent 

arm of the WNT pathway has been shown to oscillate in time with the cell cycle, and controls 

the transcription of C-myc and cyclin D (Davidson & Niehrs, 2010). The CDK14/cyclinY 

complex promotes WNT signalling by phosphorylating LRP6 (D. Liu et al., n.d.). A few of the 

mechanisms of interplay between the cell cycle and the WNT pathway have been mentioned 
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above, but this interaction is much more complex than our current understanding. The 

proportion of cells in each phase of the cell cycle can be measured by flow cytometry. When 

stained with PI, a fluorescent, intercalating dye, DNA content in each cell can be measured by 

fluorescence. The more DNA, such as during S-phase the greater the fluorescence emitted by 

the cell (Pozarowski & Darzynkiewicz, 2004). Using this methodology, cells treated with DNA 

damaging chemotherapeutics and FX1 were analysed, and proportions of cells in each phase 

of the cell cycle were assessed. Dox treatment resulted in a large G2/M accumulation. FX1 

treatment caused a small accumulation of cells in the G2/M phase suggesting possible regulation 

of the cell cycle by BCL6  (Phan, Saito, Basso, Niu, & Dalla-Favera, 2005). Dox treatment leads 

to p53 activation, G2 arrest and increase in apoptosis (Ling, el-Naggar, Priebe, & Perez-Soler, 

1996; Lüpertz, Wätjen, Kahl, & Chovolou, 2010). Combination treatment with Dox and FX1 

had a slight rescue effect on the cell cycle returning the S-phase of the cell cycle proportionally 

closer to the control, and the G2/M block was much smaller. This suggests that BCL6 plays a 

role in the Dox effect on the cell cycle and when inhibited, that effect is minimized. BCL6 has 

been shown to suppress p53 expression which could allow cell re-entry into the cell cycle 

therefore accounting for the minimization of the Dox effect (Phan & Dalla-Favera, 2004). TMZ 

treatment alone has no effect on the cell cycle, however when treated in combination with 

FX1, a larger effect was seen than with either TMZ or FX1 alone. This suggests some sort of 

interaction between thet pathways being targeted by these compounds. These results suggest 

that BCL6 plays a role in the regulation of the cell cycle and inhibition of this protein increases 

the effectiveness of TMZ on the cell cycle. 

 

Clonogenicity is a measure of long term survival post treatment (Franken, Rodermond, Stap, 

Haveman, & van Bree, 2006). The ability of a GBM cell to recolonise after treatment is essential 

for recurrence after resection and chemotherapeutic and radiation treatments. Recurrence is 

a huge problem in GBM as patients may get more time after undergoing treatment, 

unfortunately the tumour always grows back and GBM is always fatal (Kahlert et al., 2015; 

Stupp et al., 2005). Inhibition of the WNT pathway has been shown to decrease clonogenicity 

in GBM cells (Kahlert et al., 2015). Cells were treated with FX1, and chemotherapeutics Dox 
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or TMZ either alone or in combination with FX1 for 24 hours, then clonogenicity was 

measured. FX1 treatment caused a large decrease in clonogenicity showing that BCL6 plays a 

role in the ability of these cells to colonise, possibly through modulation of the WNT pathway. 

Dox treatment alone resulted in a huge decrease in clonogenicity. This is likely due to the 

G2/M accumulation in the cell cycle data above. Dox halts replication and forces cells to 

apoptose from the multitudes of double stranded DNA breaks caused by the intercalation 

and inhibition of topoisomerase II (F. Yang, Teves, Kemp, & Henikoff, 2014). Combination 

treatment with Dox and FX1 caused a further decrease in clonogenicity relative to Dox 

treatment alone. As BCL6 has been shown to be upregulated in response to Dox treatment 

(Figure 17)(Fabre et. al. 2017), it is likely that the anti-apoptotic effects of this protein are 

important in maintaining cellular function after Dox treatment. Treating GBM cells with the 

BCL6 inhibitor, FX1, in conjunction with Dox significantly reduces cellular survival. Treatment 

with TMZ alone resulted in a significant decrease in clonogenicity. This is expected as TMZ 

damages DNA resulting in apoptosis  (J. Zhang et al., 2012). The double stranded breaks in 

the DNA inhibit replication and therefore reduce clonogenicity (Agarwala & Kirkwood, 2000). 

The combination treatment of TMZ and FX1 further reduces clonogenicity indicating that 

BCL6 plays a role in the cells ability to retain clonogenicity under TMZ treatment conditions. 

The combination is antagonistic so there may be an autoregulatory feedback loop 

compensating for the loss of BCL6 function (Yin et al., 2014). 

Both Dox and TMZ combinations with FX1 resulted in an antagonistic loss of clonogenicity. 

This indicates that there is some sort of network compensation for the loss of BCL6 activity 

when treated with DNA damaging agents. 
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6.  Final Discussion and Conclusion 

 

The aim of this study was to assess the impact of BCL6 on the WNT pathway in treatment-

resistance in GBM.  

This influence was identified in RNA-seq data from cells treated with the BCL6 inhibitor, FX1. 

Expression changes in important WNT genes were observed which suggested a possible 

connection between the WNT pathway and the action of BCL6. Three different angles were 

taken to explore this possibility. The first was a genetic approach. The changes in expression 

of WNT5a seen in the RNA-seq data were confirmed by qRT-PCR. Once these were 

confirmed, a cellular approach was taken. Observing changes in WNT expression through a 

WNT reporter assay showed that treatment with Dox increased activation of the WNT 

pathway by a large margin, as did the inhibition of BCL6. Dox treatment upregulates the 

expression of BCL6 and activates the WNT pathway. This result further validated the 

hypothesis that a connection between BCL6 and WNT exists. The third approach was to look 

at the physiological effect of BCL6 inhibition on the cell which, subsequently, decreased activity 

of the WNT-related physiological processes.  Taken together, these results showed that BCL6 

influences many facets of the WNT pathway:  via gene expression changes, in the activation of 

the β-catenin dependent pathway, and in cellular physiological mechanisms governed by the 

WNT pathway.  

There are off-target effects of FX1 (Cardenas et al., 2016).  Cardenas et al. showed that FX1, 

used at concentrations above 10 μM, inhibited some kinases. As a concentration 2.5 times 

higher than this was used, it is likely that there were off-target effects of this drug in this study. 

The commercially available compound 79-6, another BCL6 inhibitor, was trialled, which has 

inhibitory effects on BCL6 (Cardenas et al., 2016). A dose-response was carried out on this 

compound (Appendix section 9.1) but no inhibition of GBM cell growth was seen in either 

cell line tested. This indicates that a higher concentration might be necessary to elicit an effect 

from this compound.  However, due to its solubility of 180 mM in DMSO, to retain non-toxic 

levels of DMSO in growth medium (Singh et al., 2017), the highest concentration that could 



86 

 

be tested was 180 μM. This concentration was too low to have an effect. The compound was 

tested in the reporter assay but showed no effect on WNT activation at 180 μM. There was 

also no effect on gene expression. `Comparing FX1 results to another BCL6 inhibitor would 

have been optimal to confirm that the results seen were due to the inhibition of BCL6 and 

not any off-target effects, but the 79-6 compound was ineffective.  Other approaches to 

silence BCL6 have been attempted in the MMc lab group however GBM cells lacking BCL6 

appear to be inviable. Zinc finger nuclease inactivation of the BCL6 locus was used but cells 

were inviable.  

At the outset of this project, it was known that DNA damaging therapy induced BCL6 

expression.  This study demonstrated that the same therapies also altered WNT gene 

expression, and this WNT gene expression was affected by the inhibition of BCL6. This study 

showed that there is an influence of BCL6 on the WNT pathway. Determining whether this 

influence is direct or indirect will widen the range of potential therapeutic targets. 

This connection found between DNA damaging chemotherapeutic treatment, BCL6, and the 

WNT pathway, could help elucidate the mechanisms behind GBM treatment resistance.  This 

could ultimately contribute towards finding more effective treatment regimens for this 

devastating disease. 
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7.  Future Directions 

 

To further this study, the following experiments could be carried out: 

 

• First, to determine the identity of the WNT5b qPCR products, each band could be cut 

from the gel, the DNA purified and the products sequenced. Designing a new primer 

to measure levels of WNT5b transcript and comparing the results to the WNT5b results 

in section 3.1.6 would give a more clear picture of the effect of these compounds on 

the expression of the WNT5b transcript. 

 

• Carrying out more replicates of the western blot performed in section 5.1.2 would 

give a better idea of the changes in expression of the BCL6 protein in response to 

incubation in unsupplemented medium. 

 

• Using CFSE staining the replicative ability of cells grown in unsupplemented medium 

vs. supplemented medium would give a more solid background for the method of 

inhibiting replication for a successful migration assay. 

 

• Another WNT-related cellular physiological aspect that could be measured would be 

the morphology of the cytoskeleton of cells under the treatment conditions used in 

this study. After treatment, cells can be stained with phalloidin, which stabilises the 

cytoskeleton while also staining it with AF488. This could then be viewed under a 

microscope and difference in cytoskeletal morphology could be measured and 

compared between treatment groups. 
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• The bioavailability of TMZ in vitro is much lower than in vivo. A way to enhance the 

conversion of TMZ from prodrug to active form would make in vitro results more 

reliable. TMZ spontaneously converts to active form at physiological pH. The RPMI 

medium used is initially at physiological pH, however as the cells excrete waste 

products into the medium, the pH quickly changes (ThermoFisher Scienfitic). The 

addition of a buffer to maintain physiological pH for longer may increase the 

conversion of TMZ to active form making the TMZ effect more consistent in in vitro 

studies. 

 

• The experiments used to measure IWP-2 activity were not successful. The WNT 

reporter assay was unsuccessful likely due the eGFP reporter. The eGFP reporter 

protein remains fluorescent for much longer than the GFP molecule. The decrease in 

WNT signalling post treatment was not visible as the eGFP remained fluorescent after 

the production stimulus for the reporter was removed. A way to measure the effect 

of IWP-2 would be to carry out qRT-PCR using primers for genes activated by the 

WNT pathway such as Cyclin D or c-myc (Davidson et al., 2009). 

 

• The inhibition of WNT genes at different levels of the WNT pathways and in different 

arms of the pathways such as DKK1 or WNT5a and measuring levels of BCL6 could 

give an idea of where in the WNT pathway BCL6 is having an effect. 

 

• Repeating the experiments carried out in this thesis using another BCL6 inhibitor to 

confirm the results would be optimal. 79-6 was trialled however it was not successful. 

Other options for inhibition of BCL6 could include over-expression of mutant BCL6 

protein, or gene editing via CRISPR or similar.   

 

• The final experiment I would like to suggest is to investigate the increase in migration 

under long term TMZ treatment. This increase in migration if it were to occur in vivo 

may have an influence on patient survival. I would first suggest testing this in vivo in an 
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animal model by transplanting fluorescent GBM cells into the brain of a mouse. After 

allowing time for a tumour to form, treat the mouse with TMZ in a manner as similar 

to clinical conditions as possible. Migration into the healthy brain tissue in TMZ treated 

vs. untreated brains could be measured by examining brain sections using microscopy. 

If this effect was to be seen in vivo also, I would then suggest an RNA-seq experiment 

comparing untreated, short term TMZ treated, and long term TMZ treated cells. Using 

the changes in gene expression observed in these results, the mechanism behind this 

increase in migration could be elucidated and work could begin to prevent this effect.  
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9.  Appendices 
 

 

 

 

 

 

 

  

Figure 40 Agarose gel containing qPCR products. 
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9.1.  Dose response for working concentration of 79-6 

 

To determine whether endogenous BCL6 regulated the WNT signalling pathway, cells 

expressing the WNT reporter were treated with BCL6 inhibitors, either … FX1 or a 

commercially available inhibitor, 79-6 (company reference …) 

79-6 was analysed to choose a working concentration for future experiments by MTT dose-

response assay. The MTT assay was carried out in the same two glioma cells lines, LN18 and 

T98G. Due to 79-6 having a maximum solubility of 180 mM in DMSO, the highest working 

concentration that could be used was 180 µM . 

 

Due to the unusual dose-response curves obtained from this assay, an IC50 value could not be 

calculated in either the T98G or LN18 cell line. These curves show that 79-6 is non-toxic to 

the cell lines tested. This was different to the effect of FX1, which has an IC50 of 35 µM 

(Cardenas et al., 2016). 

 

Figure 43 Dose response of 79-6 in two glioma cells lines.  N=3 biological replicates with 3 technical replicates. Error 

bars represent the SEM. 
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9.2. Fabre et. al. 2017. 
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9.3. RNA-seq data from FX1 treated cells 

 

  

Figure 44 RNA-seq data after treatment with FX1 
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RNA-seq data from Dox treated cells. 
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