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ABSTRACT 

 

Glioblastoma (GBM) is a fatal malignant primary brain tumour. The current standard 

treatment protocol includes safe maximal surgical resection, followed by radiation therapy 

(RT) with concomitant and adjuvant chemotherapy with temozolomide (TMZ). However, GBM 

cells are resistant to adjuvant treatments, resulting in a dismal median survival rate of only 

12 to 15 months from diagnosis. Furthermore, treatment resistance leads to inevitable 

tumour recurrence, re-emphasising GBM as a devastating and incurable disease. This clearly 

reflects the pressing need for more effective treatment strategies. Here, I investigated RT and 

two clinically approved chemotherapeutic drugs: the first-line GBM chemotherapeutic TMZ, 

and gemcitabine (GEM), a small, brain-penetrant, cytosine analogue. These traditional cancer 

therapies induce DNA damage and trigger the DNA damage response (DDR) pathway. 

Initiation of the DDR pathway can lead to repair of treatment-induced DNA damage or if DNA 

damage is too overwhelming, GBM cells will undergo cell death via apoptosis. Inhibition of 

the DDR pathway has been shown to sensitise other adult cancers to traditional DNA-

damaging therapeutics.  

 

In this thesis, I explored the hypothesis that an inhibitor of cell cycle checkpoint kinase 1 and 

2 (CHK1 and CHK2), called LY2606368, will block DDR following RT-, TMZ- or GEM-induced 

DNA damage, causing an accumulation of DNA damage and subsequently enhancing GBM cell 

death via apoptosis. 

 

Immunoblotting confirmed LY2606368 inhibited CHK1 in several GBM cell lines. In vitro drug 

interaction assays showed that LY2606368 synergised with radiation, TMZ or GEM in murine 

and human GBM cell lines, portraying LY2606368 as a potential augmentative therapy for 

GBM. Also, when combined with radiation, TMZ or GEM, phosphorylation of CDC2 at Y15 was 

reduced, while DNA damage marker, γH2AX levels were increased. These data suggest that 

LY2606368 blocked treatment-induced cell cycle arrest which associated with an 

accumulation of DNA damage. This was also observed in vivo, where immunohistochemistry 

showed that LY2606368 increased the extent of RT-, TMZ- and GEM-induced DNA damage 

and reduced tumour cell proliferation. Analysis of cell cycle distribution via flow cytometry 
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revealed that combining traditional treatments with LY2606368 caused GBM cells to 

prematurely enter mitosis. Overtime this correlated with an increase in the percentage of 

GBM cells that were positive for apoptotic marker, cleaved PARP. Most importantly, co-

administration of traditional therapies and LY2606368, especially combination with TMZ or 

GEM, significantly extended survival of multiple orthotopic mouse models of GBM with 

minimal signs of treatment related adverse effects. 

 

The work of this thesis examined the therapeutic benefit of combining RT, TMZ or GEM with 

LY2606368. This data has established LY2606368 as a potential therapeutic drug. This thesis 

begins to gather robust data into understanding the mechanism of action of LY2606368 in 

combination with RT, TMZ or GEM in GBM and will inform the rational design of a potential 

clinical trial for relapsed GBM patients. 
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min   Minute(s) 

MGMT  O6-methylguanine-DNA methyltransferase 

mHGG-vIII  Murine high grade glioma cells expressing EGFRvIII 

MTIC    5-(3-methyl-1-triazeno)-imidazole-4-carboxamide 

pacLuc2  Puromycin acetyltransferase/luciferase transfer protein 

PBS   Phosphate-buffered saline 

PFA   Paraformaldehyde 

pHH3   Phospho-histone H3 

RIPA   Radioimmunoprepetition assay 

RLU   Relative light units 

RT   Radiation therapy 

S296   Serine 296 

S345   Serine 345 

S   Synthesis phase 

SD   Standard deviation 

sec   Second(s) 

SEM   Standard error of the mean 

T68   Threonine 68 

TBS   Tris-buffered saline 

TBS-T0.01%  1x Tris-buffered saline containing 0.01% Tween-20 

TBS-T0.1%  1x Tris-buffered saline containing 0.1% Tween-20 
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TMZ   Temozolomide 

U87   U87MG 

V   Volts 

Y15   Tyrosine 15 
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CHAPTER 1: GENERAL INTRODUCTION 

 

1.1 Background  

Glioblastoma (GBM) is a rare tumour with a global incidence of less than 10 per 100,000 

people but it is the most frequent adult primary tumour of the central nervous system, 

accounting for 54% of all gliomas [1, 2]. GBM is designated the highest grade of gliomas, grade 

IV, by the World Health Organisation Classification of Tumours of the Central Nervous System 

due to its aggressive, invasive and undifferentiated characteristics [3]. GBM can appear at any 

age but is most common in adulthood with a higher incidence in men than women [4].  

 

Post-surgery radiation therapy (RT) has been the standard treatment for GBM for many 

decades. RT is delivered to the resection area and surrounding areas to prevent tumour 

recurrence and to target unresectable tumour [5, 6], but the efficacy of RT is limited by 

radioresistant GBM cells [7]. Results from a multicentre phase III clinical trial introduced the 

use of DNA alkylating agent, temozolomide (TMZ), which demonstrated synergy with RT [8, 

9]. TMZ use in GBM is also favoured as it can cross the blood-brain barrier (BBB) and 

spontaneously convert into its active metabolite [10]. Currently, the standard treatment 

protocol involves RT in 2 Gray (Gy) fractions five days per week for six weeks to deliver a total 

of 60 Gy with concomitant TMZ followed by six cycles of adjuvant TMZ given daily for five 

days every 28-day cycle [8]. This standard of care has remained unchanged for over a decade 

and most importantly, GBM remains an incurable disease with a devastating dismal median 

survival of 12 to 15 month from diagnosis [8].  

 

GBM is a difficult disease to treat for many reasons. First, it is a very heterogeneous disease 

with cells presenting stem-like or differentiated properties. Secondly, it is characterised by 

many dysregulated pathways. These two factors contribute to the inability to successfully 

treat GBM with a single therapy. Third, GBM cells are highly invasive causing infiltration into 

surrounding areas of the brain that cannot be removed without damaging healthy brain, even 

with the most precise imaging and surgical methods. Fourth, this residual tumour is then 

targeted by RT and TMZ which can extend post-surgical survival but most GBM cases 
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eventually demonstrated resistance to RT and TMZ, resulting in a high frequency of relapse. 

Treatment resistance can occur through a variety of signalling pathways. The most well-

known pathway of treatment resistance is the direct repair of TMZ via DNA repair enzyme, 

O6-methylguanine-DNA methyltransferase (MGMT) [11]. Other pathways include drug efflux 

mediated by the BBB, presence of glioma stem cells, miRNA or DNA damage repair [12, 13].  

 

Here, I have also investigated another clinically used chemotherapeutic, gemcitabine (GEM). 

GEM, is a cytosine analogue that is used to treat a range of solid tumours and has been tested 

in phase I and II clinical trials with GBM patients [14-16]. These clinical trials assessed GEM as 

a radiosensitiser and established safety, tolerability and effectiveness for newly diagnosed 

GBM patients. However, these trials presented no additional clinically relevant benefits when 

compared to the current standard of care with RT and TMZ. Hence GEM is not currently 

clinically used to treat GBM.  

 

In this thesis, I aimed to determine the novel application of therapeutic agents to sensitise 

GBM to conventional cancer therapies like RT, TMZ and GEM. These conventional cancer 

therapies depend on inducing DNA damage to cause cytotoxicity to cancer cells. However, 

the presence of DNA damage triggers the activation of kinases ataxia telangiectasia mutated 

kinase (ATM) and ataxia telangiectasia and Rad3-related kinase (ATR) which phosphorylate 

and activate cell cycle checkpoint kinase 1 and 2 (CHK1 and CHK2) [17-20]. Activation of CHK1 

and CHK2 causes a series of signalling events resulting in cell cycle arrest, which allows DNA 

damage repair mechanisms the chance to repair DNA, thus allowing the cancer cells to escape 

treatment  [21, 22]. If DNA is not repaired, cells undergo cell death via apoptosis.  

 

This thesis investigated inhibition of the cell cycle checkpoints to prevent treatment-induced 

DNA damage repair as a possible strategy to enhance GBM sensitivity to traditional cancer 

therapies. LY2606368 also known as prexasertib is a selective small molecule inhibitor of CHK1 

and CHK2 that has been developed by Eli Lilly [23]. CHK1 and CHK2 play a vital role in 

regulating the cell cycle checkpoints. Upon inhibiting CHK1 and CHK2 activity, LY2606368 

abrogates cell cycle arrest and prevents repair of DNA that has been damaged by treatments 

such as RT, TMZ or GEM. This will lead to an accumulation of DNA damage, forcing more GBM 

cells to undergo apoptosis creating an enhancement of cytotoxicity (Figure 1.1). 
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Figure 1.1 Cell cycle checkpoint signalling is induced following DNA damage. 

DNA damage caused by traditional cancer therapies such as RT, TMZ and GEM is sensed by 

kinases ATM and ATR. (A) Activation of ATM and ATR causes the phosphorylation of several 

downstream targets including kinases CHK1 and CHK2 which triggers cell cycle arrest. DNA 

damage repair can occur during cell cycle arrest but if repair is unsuccessful cells will undergo 

apoptosis. (B) Inhibition of CHK1 and CHK2 via LY2606368 will evade cell cycle arrest that is 

normally induced by RT, TMZ or GEM. Prevention of cell cycle arrest creates an accumulation 

of DNA damage causing an enhancement of GBM cells undergoing apoptosis. 

 

1.2 Research objectives 

The aim of this thesis was to explore whether LY2606368, an inhibitor of CHK1 and CHK2, 

synergises with and was able to augment the DNA damaging effects of conventional GBM 

therapies, RT and TMZ, as a strategy to improve treatment efficacy and ultimately improve 

patient survival. LY2606368 was also investigated in combination with GEM, as an alternative 

potential treatment option for GBM patients. I used patient-derived and established GBM cell 
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lines, to evaluate the efficacy of combining LY2606368 with radiation, TMZ or GEM and 

provide insights into the mechanisms of the observed sensitisation.  I used intracranial GBM 

xenografts to examine if combining LY2606368 to RT, TMZ or GEM would produce a 

statistically significant prolongation of survival. This thesis aims to provide vital information 

for the development of a future clinical trial protocol for adult GBM patients.  

 

1.3 Specific aims of this thesis 

1. Examine whether LY2606368 can be used with radiation, TMZ or GEM by determining 

if the therapies act synergistically, antagonistically or additively.  

2. Investigate the mechanism of action of LY2606368 as a monotherapy and in 

combination with radiation, TMZ or GEM to understand how LY2606368 sensitises GBM 

cells to conventional therapies. 

3. Determine if co-administration of LY2606368 with RT, TMZ or GEM elicits a survival 

benefit in mice with intracranial GBM xenografts.  

 

1.4 Hypotheses 

1. LY2606368 will synergistically interact with radiation, TMZ and/or GEM. 

2. LY2606368 will inhibit CHK1 and CHK2 activity and subsequent downstream signalling 

to prevent cell cycle arrest and DNA damage repair. 

3. Co-administration of LY2606368 with RT, TMZ or GEM will prolong the survival of mice 

with GBM. 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Introduction 

GBM is the most common and lethal type of brain cancer in adults, representing 54% of all 

gliomas and 16% of primary brain tumours [1, 2]. Standard therapy involves safe maximal 

surgical resection, then residual and distant tumour is targeted by fractionated RT with 

concomitant and adjuvant TMZ, a DNA alkylating chemotherapy [8] (Figure 2.1). Despite a 

multimodal approach, these standard treatments only slow progression of the tumour, 

relieve symptoms, and most devastatingly, are not curative with a short median survival of 12 

to 15 months from the time of diagnosis [8]. Less than 10% of patients survive to five years 

[24].  

 

 

Figure 2.1 Schematic of GBM standard treatment protocol. 

Patients undergo maximal safe surgical resection to remove the bulk of the tumour. This is 

followed by RT usually given 2 Gy per fraction for 30 fractions, giving a total dose of 60 Gy. 

Following the “Stupp protocol”, patients receive oral chemotherapy, TMZ concomitantly to 

RT, and then subsequently adjuvant for five days every 28-day cycle for six cycles.  

 

GBM is a difficult disease to treat with a high frequency of relapse due to its rapid growth, 

diffuse infiltration into surrounding brain tissue, ample but abnormal blood supply and 

presence of glioma stem cells [25, 26]. GBM is also characterised by possessing many 

dysregulated molecular pathways that cannot be repaired or inhibited by single therapy 
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strategies. Some of these dysregulated pathways involve extracellular signalling pathways, 

expression of transcription factors by glioma stem cells, altered microRNA expression, DNA 

damage response (DDR) pathways and cell cycle checkpoint signalling [12, 27] Collectively, 

these pathways aid in treatment resistance, strongly reflecting the urgent need for improved 

therapeutic strategies for GBM patients.  

 

Here, I will focus on how regulators of the cell cycle contribute to GBM treatment resistance. 

I will also discuss how the targeted inhibition of cell cycle regulators has emerged as a 

promising therapeutic strategy against many cancers with potential to sensitise GBM to 

conventional DNA damaging agents by ameliorating their effectiveness.  

 

2.2 Conventional GBM therapies 

2.2.1 Use of RT for the treatment of GBM 

RT post-surgery has been a mainstream approach for GBM to prevent tumour recurrence and 

to target residual infiltrating tumour cells while limiting normal brain tissue toxicity. However, 

survival from GBM is still poor and it has been reported that the median survival in a control 

arm with RT alone was only 12.1 months from diagnosis, with 10.4% of patients surviving 

beyond 2 years [8]. 

 

The current standard RT dose is 60 Gy in 30 fractions (2 Gy per fraction) (Figure 2.1). Dose 

escalation studies demonstrated that doses above 60 Gy increased toxicity and globally did 

not improve the survival of GBM patients [28, 29]. Several alternative schedules have been 

trialled such as hyperfractionated dosing involving 1 Gy doses two or three times a day, 

hypofractionated dosing of 3 to 6 Gy per session and accelerated dosing of multiple 2 Gy 

doses in a day to shorten total treatment duration [30-32]. Ultimately, none of these 

alternative schedules had a positive impact on survival, highlighting a need for augmentative 

interventions that can potentiate the cytotoxic effects of RT in GBM. 

 

2.2.2 Mechanism of action of RT 

The main purpose of RT is to inflict DNA damage to GBM cells, subsequently inducing cell 

cycle arrest and apoptosis. RT causes DNA damage directly by creating double or single 
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stranded DNA breaks. In addition, RT indirectly induces DNA damage via the formation of free 

radicals produced from the ionization or excitation of the water component of cells [33]. 

 

2.2.3 “Stupp protocol” for TMZ administration 

TMZ is the most widely used chemotherapeutic for GBM after a well-known clinical trial, 

known colloquially as the “Stupp protocol” reported the addition of TMZ to post-surgical RT 

improved survival outcomes by 2.5 months with minimal added toxicity [8]. This protocol 

instructs oral TMZ to be given concomitantly with RT at a daily dose of 75 mg/m2 for seven 

days a week.  Post-RT, patients are given a four-week break before starting six cycles of 

adjuvant oral TMZ, daily for five days every 28-day cycle. The dose of TMZ is increased from 

150 to 200 mg/m2 following the first treatment cycle (Figure 2.1) [8].  

 

2.2.4 TMZ creates methylated DNA adducts to cause cytotoxicity 

TMZ is a small lipophilic pro-drug that is converted to 5-(3-methyl-1-triazeno)-imidazole-4-

carboxamide (MTIC) by spontaneous breakdown at physiological pH [34]. MTIC is further 

degraded to a methyldiazonium cation which transfers a methyl group to adenine or guanine 

within the DNA (Figure 2.2) [35]. TMZ can cross the BBB and due to brain tumours possessing 

a more alkaline pH than surrounding normal brain tissue, conversion of TMZ to MTIC is 

thought to be preferred within brain tumours [10, 36].  
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Figure 2.2 Mechanism of TMZ action and associated DNA repair pathways. 

TMZ results in the transfer of methyl groups to N7- and O6- sites on guanine (N7-MeG and O6-

MeG) and N3- site of adenine (N3-MeA). Methyl groups from O6-MeG can be removed by 

MGMT, thus if the gene is unmethylated and MGMT protein is expressed in GBM cells this 

can facilitate cellular survival. If MGMT is methylated, O6-MeG remains unrepaired. 

Unrepaired O6-MeG and a functioning mismatch repair mechanism creates double-stranded 

DNA breaks via replication fork collapse. N7-MeG and N3-MeA adducts are rapidly repaired by 

base excision repair. GBM cells that expression MGMT, base excision repair proteins or have 

mutations in mismatch repair are resistant to TMZ. 
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The active cation preferentially methylates DNA at the N7 position of guanine (N7-MeG, 60-

80%), N3 position of adenine (N3-MeA, 10-20%) and also the O6 position of guanine (O6-MeG, 

5-10%) (Figure 2.2) [37]. The cytotoxic effect of TMZ is mainly facilitated by O6-MeG [38, 39], 

as methylation of N7-MeG and N3-MeA DNA adducts are rapidly repaired by base excision 

repair (Figure 2.2) [40]. 

 

2.2.5 MGMT repair of O6-MeG DNA adducts 

The formation of O6-MeG DNA adducts can be directly repaired via a DNA repair enzyme, 

MGMT, a well-known mechanism of TMZ resistance. MGMT is expressed in every human 

tissue and expression of the gene is highly regulated by promoter methylation. The 

transcription of the gene is enabled when the promoter is unmethylated [41].  When 

expressed, MGMT performs a single-enzymatic removal of alkyl adducts such as methyl from 

the O6 position of guanine via its active cysteine 145 residue [40, 42-44]. MGMT can also self-

inactivate, thus is often referred to as a suicide enzyme [44]. Inhibition of MGMT expression 

mainly occurs due to epigenetic silencing of MGMT by promoter methylation. Promoter 

methylation status of MGMT is associated with TMZ sensitivity, thus it is known that patients 

with unmethylated MGMT derive limited benefit from TMZ treatment (Figure 2.2) [11]. For 

these patients, methods to sensitise GBM to TMZ or inhibit MGMT need to be developed.   

 

2.2.6 TMZ requires functioning mismatch repair system to induce cytotoxicity 

In the absence of MGMT activity, unrepaired O6-MeG bases mismatch with thymidine during 

multiple DNA replication cycles, triggering the DNA mismatch repair machinery. This system 

identifies the mispaired thymidine and removes it from the daughter strand, but, the O6-MeG 

remains on the template strand. This creates a cycle of thymidine mispair insertion and 

excision, leading to persistent breaks in the DNA strand which causes replication fork collapse. 

As such, for TMZ and subsequently O6-MeG to be cytotoxic, a functioning mismatch repair 

system is required (Figure 2.2) [45, 46]. However, mutations in mismatch repair genes have 

been reported to emerge in GBM during TMZ therapy [47] or reduced expression of mismatch 

repair proteins such as MSH2 and MSH6 have been recurrently observed in GBM and are 

associated with TMZ resistance and faster tumour recurrence [48-50]. 
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2.3 GEM as another chemotherapeutic choice for GBM 

2.3.1 Metabolism and mechanism of action of GEM 

GEM is another clinically approved chemotherapeutic that has been trialled in the treatment 

of GBM and is also used more broadly to treat various other solid tumours in adults, including 

advanced pancreatic malignancies, lung malignancies, and breast cancer. To become 

cytotoxic to cancer cells, GEM transforms into several cytotoxic molecules following a series 

of intracellular phosphorylation events. Following cell entry, multiple kinases successively 

phosphorylate GEM at its 5′ hydroxy position to generate GEM mono-, di- and triphosphate 

(Figure 2.3) [51, 52]. GEM di- and triphosphate are mainly responsible for its cytotoxic effects. 

GEM diphosphate inhibits the activity of ribonucleotide reductase, an enzyme required for 

the synthesis of deoxynucleotide triphosphates (dNTPs), causing a depletion of the 

deoxynucleotides pool, including deoxycytidine triphosphate (dCTP) which aids in the 

cytotoxic effects of GEM (Figure 2.3) [53].  GEM triphosphate is a dCTP analogue, therefore, 

competes with endogenous dCTP for incorporation into DNA during replication [52]. After 

GEM triphosphate is erroneously inserted into a newly synthesised DNA strand, DNA 

polymerase will add one additional nucleotide to the DNA strand but is not able to continue 

synthesis. The incorporation of GEM triphosphate at the penultimate position of the new DNA 

strand prevents its detection and/or removal by exonucleases, thus DNA synthesis cannot 

continue. This process is known as masked chain termination and results in incomplete DNA 

replication leading to cell death by apoptosis (Figure 2.3) [51, 54, 55].  
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Figure 2.3 Intracellular activation and mechanism of action of GEM. 

GEM undergoes multiple phosphorylation events which creates mono-, di- and triphosphate 

derivatives. GEM diphosphate inhibits ribonucleotide reductase resulting in a depletion of the 

dNTP pool. While GEM triphosphate, a dCTP analogue, is incorporated into DNA and blocks 

DNA polymerase causing masked chain termination.  

 

2.3.2 Use of GEM to treat GBM 

GEM has been investigated as a potential radiosensitising agent for many cancers including 

GBM [56-59]. The preclinical and clinical use of GEM in GBM has been extensively reviewed 

in Bastiancich et al (2018) [60]. The mechanisms are still unclear but GEM-induced cell cycle 

arrest in S phase and depletion of phosphorylated deoxynucleotides are thought to be the 

main factors leading to radiosensitisation [56-59].  

 

In vitro, GEM was cytotoxic, inhibited growth and prevented clonogenic properties in 12 

human GBM cell lines [61]. GEM arrested commonly used GBM cells, U251, in S phase and 

enhanced S phase specific cell death when combined with ionising radiation. In vivo studies 
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have consistently shown that GEM reduced GBM tumour burden and extended survival when 

compared to no treatment control groups [59, 62-64].  

 

A phase 0 study also reported that GEM metabolites were found in GBM biopsy, 

demonstrating that GEM is able to cross the BBB as well as blood-tumour barrier [16]. 

Moreover, the ability of GEM to pass from blood-tumour barrier resulted in concentrations 

sufficient to enable radiosensitising activity [14-16]. However, the maximum median overall 

survival across phase I and II GBM clinical trials with GEM was only 11 months (Table 2.1) [8, 

15, 60, 65-67]. Nevertheless, one phase II clinical trial suggested GEM as a therapeutic option 

for patients with unmethylated MGMT status, who generally fail to respond to TMZ, as GEM 

administered concomitantly with standard cranial RT, and followed by TMZ was clinically safe 

[15]. Additionally, therapeutic strategies that enhance the cytotoxicity of GEM could establish 

GEM as an advantageous chemotherapeutic for GBMs. 

 

Table 2.1 Comparison of median overall survival of GBM patients from the "Stupp protocol" 

clinical trial versus GBM patients in GEM clinical trials. 

Treatment plan Median overall survival Number of 
participants 

Reference 

“Stupp protocol” 

RT + TMZ 14.1 months 573 [8] 

RT + TMZ 
18.2 months (patients with methylated MGMT status) 
12.2 months (patients with unmethylated MGMT status) 

206 [11] 

GEM combined with RT, followed by TMZ 

GEM + RT + TMZ 10.1 months 23 [15] 

GEM + RT + TMZ 6 months 10 [66] 

GEM, followed by RT  

GEM + RT 10.5 months 30 [65] 

GEM + RT 11 months 21 [67] 

 

2.4 Normal regulation of the cell cycle 

The cell cycle checkpoint signalling pathway is a sophisticated network of kinases that senses 

and initiates DNA damage repair, through controlling cell cycle arrest, DNA repair, cell death 

and senescence, all for the goal of protecting the integrity of genetic material [68, 69]. The 

cell cycle is composed of four distinct phases: gap phase 1 (G1), synthesis phase (S), gap phase 

2 (G2) and mitosis (M) (Figure 2.4). Before making the decision to enter cell cycle, cells will 
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remain quiescent in G0 phase. When conditions in the cellular environment are favourable, 

the cell will receive extrinsic signals that encourages it to grow in size during G1 and molecular 

changes prepare for cell division. In S phase, the cell replicates a complete copy of the DNA 

and duplicates the centrosomes. G2 phase prepares cytoplasmic materials and proteins 

required for M phase which results in the symmetrical division of chromosomes and 

cytoplasm to create two daughter cells [70].  

 

 

Figure 2.4 Schematic representation of the cell cycle and its checkpoints. 

The cell cycle consists of two gap phases, G1 and G2 phase, the S phase and M phase as shown 

inside the circle. Cells can also enter a quiescent phase known as G0 phase. There are multiple 

CDK/cyclin complexes that regulate the different phases of the cell cycle. Each CDK/cyclin 

complex is displayed with an arrow to the associating cell cycle phase. CDK/cyclin complexes 

are controlled by cell cycle checkpoints represented as red lines. The main role of the 

checkpoints is to prevent cell cycle progression in the presence of DNA damage. Image 

adapted from “Cell Cycle Checkpoints”, by BioRender.com (2020). Retrieved from 

https://app.biorender.com/biorender-templates  

 

2.4.1 CDK/cyclin complexes control cell cycle progression 

The progression of cells through these phases is mediated by a complex of cyclin-dependent 

kinases (CDKs) which are serine/threonine kinases and their partnering regulatory cyclin 

https://app.biorender.com/biorender-templates
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subunit [71, 72]. During G1 phase, phosphorylation activity from CDK4/cyclin D, CDK6/cyclin 

D and CDK2/cyclin E complexes are required for G1/S phase transition [72, 73]. CDK2/cyclin E 

contribute to late phase G1 and has a role in triggering DNA replication [71, 73]. CDK2/cyclin 

A drives cell into S phase and regulates transcriptional activity [74]. CDK1 complexes with 

cyclin A or cyclin B control the M phase of cell cycle (Figure 2.4) [74]. 

 

During each phase, DNA stability is maintained and if DNA is damaged, cells do not progress 

through the cell cycle due to the activation of the cell cycle checkpoints that ultimately 

function to inhibit the activity of CDKs [69, 70]. The G1/S checkpoint determines whether 

external and internal factors are favourable for cell division and checks for DNA damage. The 

G2/M checkpoint ensures the cell is ready to undergo mitosis by again checking that DNA is 

not damaged and has been completely replicated [68, 69]. Activation of the cell cycle 

checkpoints causes cell cycle arrest allowing cells the opportunity to repair DNA damage. If 

DNA remains unrepaired, cell death will result by p53 dependent or independent apoptosis 

or from mitotic catastrophe or senescence [75, 76]. 

 

2.4.2 ATM and ATR signalling response to DNA damage 

These checkpoints are engaged by a signalling cascade initiated by the serine/threonine 

kinases ATM and ATR, that sense damaged DNA and in turn phosphorylate the downstream 

target proteins CHK1 and CHK2 (Figure 2.5) [77, 78]. CHK1 and CHK2 go on to phosphorylate 

CDC25 family of phosphatases targeting them for ubiquitin-dependent degradation or 

exclusion into the cytoplasm. Inactivation of CDC25A allows CDK2 to remain phosphorylated 

which induces the G1/S phase checkpoint and prevents progression into S phase. CDK1 (also 

known as CDC2) also remains phosphorylated due to the inhibition of CDC25B and CDC25C. 

This activates the G2/M checkpoint, preventing entry into M phase [76, 79-81]. CHK1 can also 

function via other proteins to arrest cell cycle progression, such as by activation of WEE1 

which phosphorylates CDC2 at tyrosine 15 (Y15) causing its inhibition, thus activating the 

G2/M checkpoint [82]. In response to DNA double-stranded breaks, ATM also phosphorylates 

histone H2AX at serine 139 (S139) to form γH2AX which is required for the assembly of DNA 

repair proteins and maintenance of cell cycle checkpoint arrest (Figure 2.5) [83, 84]. 
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Figure 2.5 Signalling downstream of ATM and ATR mediates cell cycle arrest following DNA 

damage. 

DNA damage or stalled replication forked incurred by an internal or external stimulus such as 

DNA damaging agents: RT, TMZ and GEM, trigger cell cycle arrest via activation of ATM and 

ATR. Activation of ATM and ATR induced cell cycle arrest via the phosphorylation of p53, CHK1 

and CHK2. p53-dependant increase in p21, a cyclin-dependent kinase inhibitor triggers arrest 

at G1/S phase. CHK1 and CHK2 phosphorylate CCD25 phosphatases, marking them for 

degradation and downstream prevents the activation of CDK/cyclin complexes. This leads to 

cell cycle arrest during S phase or at G2/M. During cell cycle arrest, DNA damage can be 

repaired. If DNA repair is unsuccessful, cells will undergo apoptosis. 

 

2.4.3 Cell cycle arrest mediates treatment resistance 

Cell cycle checkpoints are essential in mammalian cells to maintain tissue structures and the 

integrity of the genome. However, these same mechanisms aid in attenuating the DNA 

damaging effects of cancer therapies and contribute to treatment resistance. Like normal 

cells, GBM and other malignant cells require stable DNA in order to survive and proliferate 

[70, 85]. RT and chemotherapies like TMZ and GEM induce DNA damage which can trigger 

tumour cell apoptosis. These treatments are also damaging to normal cells. In the event that 

treatment-induced DNA damage is only mild, tumour cells can initiate the cell cycle 

checkpoints and cell cycle arrest. Cell cycle arrest provide various DDR mechanisms the 

opportunity to repair treatment-induced DNA damage; essentially reversing any cytotoxic 

effects (Figure 2.5Error! Reference source not found.) [17, 18, 86]. 

 

It has been established that RT-induced DNA damage is sensed by ATM and ATR which 

phosphorylates its downstream targets, CHK1, CHK2 and p53, resulting in cell cycle arrest at 

G1 or G2/M phases [87]. Similarly, TMZ- and GEM-induced DNA damage triggers cell cycle 

arrest at G2/M checkpoint through the ATM/ATR-CHK1 signalling pathway and via 

phosphorylation of H2AX [88-90]. Knockdown of ATM and ATR prevented GBM cells from 

entering senescence and forced cells to undergo apoptosis causing an increase in GBM cell 

death [91, 92]. GBM cells with mutations in ATM and/or ATR were hypersensitive to TMZ [92]. 

Additionally, GEM in other cancer models has demonstrated synergy with several cell cycle 
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checkpoint kinase inhibitors, to further reduce tumour burden and increases the presence of 

γH2AX [93-98]. 

 

2.4.4 Implications of p53 role in GBM treatment responsiveness 

The tumour suppressing transcription factor, p53, is another major player in genomic stability, 

DNA damage repair and apoptosis [99]. In response to DNA damage, stabilisation of p53 

occurs via phosphorylation at serine 15 directly by ATM, CHK1 or CHK2. CHK1 and CHK2 can 

also phosphorylate p53 at serine 20 (Figure 2.5) [100-102]. Upon activation, p53 binds to a 

selection of gene promoters and increases the transcription of numerous genes promoting 

apoptosis or genes encoding for p21 which aids in G1 cell cycle arrest by inhibiting CDK4 [103].  

 

The role of p53 in mediating treatment responsiveness in GBM is unclear. TP53 is commonly 

mutated in GBM, with most TP53 mutations in GBM being missense mutations that act in a 

dominant negative fashion to disrupt wild-type p53, leading to a loss of tumour suppressive 

activities [104]. Reports demonstrate that GBM cell lines with TP53-wild-type were more 

resistant to DNA damaging agents than non-functioning mutated TP53 [105]. In contrast, 

other studies have described GBM cell lines that are TP53-mutant were more resistant to DNA 

damaging agents, more proliferative, more invasive and exhibited more stem-like 

characteristics [104, 106, 107]. p53 has also shown a complex association with RT resistance. 

p53 drives the transcription of apoptotic genes to promote a radioresistance phenotype in 

GBM [108]. Stabilisation and activation of p53 also plays a role in the G1 cell cycle checkpoint, 

but GBM with TP53-mutant or loss of wild-type p53 can switch to rely on the S and G2/M 

checkpoints for cell cycle arrest post-RT [109].  

 

Mutation to TP53 do not always represent an inactivation or loss-of-function of wild-type p53 

but could also be oncogenic gain-of-function mutations. Therefore, understanding the type 

of TP53 mutation is crucial to ascertain disease progression, outcome and response to 

treatment [110]. 
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2.4.5 Glioma stem cells upregulate cell cycle proteins 

GBM has also been hypothesised to contain a subpopulation of glioma stem cells that 

resemble neural stem cells [111-114]. Glioma stem cells display stem cell properties such as 

self-renewal and the ability to differentiate into various cell types of the central nervous 

system [111]. Glioma stem cells, like normal stem cells, can remain in a quiescent state, which 

further enables them to resist RT and other therapies [115, 116]. These intrinsic treatment 

resistant glioma stem cells can then initiate tumour regrowth which has been linked to GBM 

patients experiencing tumour recurrence at the primary site [114, 117, 118]. Studies have 

attempted to isolate glioma stem cells from cultures using specific markers such as CD133 

and CD44. Glioma stem cells that express CD133 and CD44 have demonstrated to be more 

resistant to DNA damaging agents and are more efficient at repairing treatment-induced DNA 

damage than non-stem like GBM cells [112, 114, 119-121]. A study showed cell cycle kinases 

ATM, ATR and especially CHK1 were upregulated in glioma stem cells [122]. CD133 expressing 

glioma stem cells have demonstrated resistance to RT which can be reversed with inhibition 

of ATR, CHK1 and CHK2 kinases through abrogation of radiation-induced G2/M checkpoint 

[121, 122].  

 

The absence of effective treatments for GBM means that survival outcomes for patients 

remain dismal. Additionally, recurrent tumours have a more aggressive phenotype and a 

greater subpopulation of glioma stem cells with acquired resistance to treatments [123]. 

Inhibition of cell cycle checkpoint activation and cell cycle arrest presents a therapeutic 

avenue to increase the sensitivity of numerous types of cancer cells, including GBM, to 

conventional DNA damaging therapies [124, 125]. 

 

2.5 Preclinical testing of cell cycle checkpoint kinase inhibitors in GBM 

Interfering with crucial components of the cell cycle checkpoints has been proven to prevent 

cell cycle arrest and downstream DDR activation, leading to an accumulation of damaged DNA 

and increased tumour cell death [126]. Inhibition of cell cycle checkpoint kinases has also 

been shown to be beneficial in enhancing the therapeutic efficacy of DNA damaging therapies 

in cancers other than GBM. These signalling pathways, as described above, are often altered 

in GBM and have been linked to treatment resistance. Therefore, inhibition of kinases such 
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as ATM, ATR and CHK1/2 may be a way to enhance the sensitivity of GBM cells to conventional 

DNA damaging agents. Indeed, there is published evidence demonstrating the relevance of 

this in GBM. In this review, I will focus on the preclinical testing of inhibitors for cell cycle 

kinases ATM, ATR, CHK1/2 and WEE1 in GBM (Figure 2.6).  
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Figure 2.6 Summary schematic showing the effect of cell cycle checkpoint kinase inhibitors 

on cell cycle progression. 

Inhibitors of ATM, ATR, CHK1/2 and WEE1 prevent activation of cell cycle checkpoints in the 

presence of DNA damage or stalled replication forks. Loss of cell cycle checkpoints allows for 

aberrant progression through the cell cycle inducing cell death by apoptosis. 

 

2.5.1 ATM and ATR inhibitors 

As previously described, ATM and ATR are the key cellular sensors of DNA damage and will 

activate cell cycle arrest and DDR in the presence of double- or single-strand DNA breaks. In 

GBM, it has been reported glioma stem cells were resistant to RT due to elevated 

phosphorylated ATM. Inhibition of ATM prohibited activation of cell cycle checkpoints and 
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increased RT-induced apoptosis to a greater extent than other cell cycle checkpoint kinase 

inhibitors such as CHK1 and ATR inhibitors [122, 127]. ATM specific inhibition also 

radiosensitised TP53-mutant gliomas more than TP53-wild-type gliomas [128, 129]. 

Therefore, ATM inhibitors like KU-55933, KU-60019 and AZD1390 have been investigated as 

potential radiosensitisers for GBM. Loss of ATM activation by KU-55933 or AZD1390 

subsequently caused a complete inhibition of downstream target, CHK2 and partially 

abrogated RT-induced G2/M cell cycle arrest [130, 131]. In vitro, KU-60019 caused TP53-

mutated GBMs to be more sensitive to RT than cells with TP53-wild-type [129]. Using patient-

derived xenograft models, RT combined with KU-60019 or AZD1390 significantly reduced 

tumour growth and increased survival [128, 131, 132]. AZD1390 has been further optimized 

to penetrate the BBB, making AZD1390 an ideal treatment option for brain tumours like GBM 

[131, 132].  

 

In addition to ATM, conventional GBM therapies induce replication stress and negatively 

affect the stability of replications forks during DNA synthesis. These processes activate ATR, 

making this kinase another potential target that could enhance the cytotoxicity of traditional 

DNA damaging agents in GBM [88]. AZD6738 is an ATR specific inhibitor that has been 

assessed as a possible therapy to radiosensitise GBM cells. Mass spectrometry analysis 

determined that AZD6738 readily penetrated the BBB and were able to reach 

pharmacologically relevant concentrations in the brain. Another ATR inhibitor, VX-970, also 

known as berzosertib, has demonstrated efficacy as a single agent in both established and 

patient-derived GBM cells. VX-970 also exhibited synergy with TMZ and the potential as a 

radiosensitiser [133, 134]. This supports the concept of using ATR inhibitors in GBM, as their 

favourable pharmacokinetic and drug interaction properties suggest that these drugs may 

sensitise GBM to traditional therapies.  

 

2.5.2 WEE1 inhibitors 

WEE1 is another kinase downstream the ATR/ATM pathway. WEE1 is involved in the 

regulation of G2/M checkpoint through the phosphorylation of CDC2 at Y15 which inactivates 

the CDC2/cyclin B complex and prevents mitotic entry [135].   In vitro, it has been shown that 

the WEE1 inhibitor, MK1775 (adavosertib) had cytotoxic effects on patient-derived GBM cell 

lines [136]. However, combinations of MK1775 and TMZ did not interact synergistically or 
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extend the survival of mice with intracranial GBMs when compared to monotherapy. In 

contrast, mice with subcutaneously implanted GBM cells survived longer when they were 

treated with RT or TMZ combined with MK1775 [136]. Mass spectrometry analyses of murine 

brain and tumour specimens suggested there was limited distribution of MK1775 in the brain, 

which may have contributed to lack of efficacy in orthotopically implanted tumours [136]. 

 

2.5.3 CHK1/2 inhibitors 

Downstream from ATR and ATM are the cell cycle checkpoint kinases, CHK1 and CHK2. When 

activated by phosphorylation, these two kinases phosphorylate a range of downstream 

substrates to engage the cell cycle checkpoints. Small molecular CHK1/2 inhibitor, AZD7762, 

inhibited clonogenic proliferation of GBM cells, U251, D54MG, U87 and SKMG3, in particular 

U251 and SKMG3 which are TP53-mutant cells [137, 138]. Pre-treatment of GBM6 cells with 

AZD7762 caused radiosensitisation, in vitro.  Following this, diffusion-weighted magnetic 

resonance imaging demonstrated treatment of AZD7762 alone created a dose-dependent 

regression of tumour growth, while co-administration with RT further impaired tumour 

growth [137, 138]. 

 

Besides this one published study, no other data exist for the combination of CHK inhibitors 

and DNA damaging agents in GBM. The co-administration of CHK inhibitors and DNA 

damaging agents has been extensively researched in other solid tumours. In pancreatic cancer 

cells, the combination of GEM with AZD7762 or PD-321852 potentiated a reduction in colony 

formation, triggered aberrant mitotic entry and increased γH2AX staining intensity of 

pancreatic cancer cells [139, 140]. In urothelial carcinoma cells, combining GEM and AZD7762 

synergistically reduced colony formation and cell viability [93]. AZD7762 also caused 

radiosensitisation in lung cancer cell lines [141]. These studies present CHK inhibition as a 

promising therapeutic avenue for cancers but requires further investigation in GBM.  

 

Further research is needed to establish whether cell cycle checkpoint kinase inhibitors have 

clinical relevance in GBM. These preclinical studies have mostly focussed on cell cycle 

checkpoint kinase inhibitors as radiosensitisers, but the chemosensitising abilities of these 

drugs are poorly understood for GBM. Furthermore, to be useful, agents will need to 

penetrate the BBB and enter tumour; studies exploring these characteristics are essential.  
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2.6 Cell cycle checkpoint kinase inhibitors in clinical trials 

Preclinical studies show that cell cycle checkpoint kinase inhibitors are cytotoxic to GBM cells 

and can also synergise with conventional DNA damaging agents, further enhancing their 

cytotoxicity. These studies support the potential use of cell cycle checkpoint kinase inhibitors 

in GBM treatment. To this end, several inhibitors of ATM, ATR, WEE1 and CHK1/2 have 

progressed to phase I and/or phase II clinical trials for various adult and paediatric cancers. 

The primary focus of these clinical trials is on determining drug safety, tolerability, and 

pharmacokinetics (clinical trials that are currently recruiting participants is summarised in 

Table 2.2). 

 

2.6.1 ATM and ATR inhibitors 

In early 2018, the ATM inhibitor AZD1390 entered phase I testing in combination with RT for 

patients with primary or recurrent GBM (NCT03423628). This is the first established clinical 

trial of AZD1390, and results will provide vital information about adverse effects, maximal 

tolerable dose and pharmacokinetics. 

 

ATR inhibitor, AZD6738, have also been in clinical trials for various advanced solid tumours. 

Preliminary results from a phase I study assessing AZD6738 combined with the PARP inhibitor 

olaparib or the PD-L1 inhibitor durvalumab concluded that the kinase inhibitor was well 

tolerated in combination, with early evidence of anti-tumour effects (NCT02264678). 

AZD6738 is also being investigated in combination with palliative RT in a phase I trial for 

various solid tumours (PATRIOT, NCT02223923) [142]. Phase II trials are assessing 

combinations with carboplatin in refractory malignancies (NCT02264678 and NCT02937818). 

There is also a newly established clinical trial assessing the combination therapy of AZD6738 

and GEM, which aims to gather preliminary anti-tumour evidence in various advanced solid 

tumours (NCT03669601). Preclinical data was encouraging for the use of AZD6738 in GBM, 

however, to date there are no trials of AZD6738 in GBM. 

 

2.6.2 WEE1 inhibitors 

There is conflicting data on the potential of WEE1 inhibitors in GBM. The WEE1 inhibitor 

MK1775 (adavosertib) did not penetrate brain efficiently in mice bearing orthotopically 
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implanted GBM and treated mice did not survive longer [136]. However, a phase 0 trial 

reported that pharmacologically active concentrations of adavosertib were found in GBM 

tumour samples [143]. Therefore, adavosertib has progressed to phase I clinical trial for newly 

diagnosed and recurrent GBM. This phase I trial is following the standard “Stupp protocol” [8, 

24], adding adavosertib to RT with concurrent and adjuvant TMZ (NCT01849146). Preliminary 

results show a maximum tolerated dose of 200 mg oral adavosertib when administered 

concurrently with RT and TMZ, while the dose can be increased to 425 mg when given with 

adjuvant TMZ [144]. Adavosertib is also being investigated in a phase I/II trial in combination 

with the topoisomerase I inhibitor, irinotecan, for patients less than 21 years of age with 

relapsed or refractory solid tumours, including central nervous system (CNS) tumours 

(NCT02095132). There are also several clinical trials underway investigating adavosertib in 

non-CNS cancers. In these studies, the WEE1 inhibitor is being tested in combination with 

other DNA damaging agents including RT and platinum-based chemotherapies cisplatin 

(NCT03028766, NCT03345784 and NCT02585973) or carboplatin (NCT02937818, 

NCT01827384 and NCT02513563). Encouraging data is emerging using this drug. For example, 

patients with newly diagnosed pancreatic cancer tolerated the combination of adavosertib, 

GEM and RT well, with preliminary evidence of survival benefits (NCT02037230) [145]. 

 

2.6.3 CHK1/2 inhibitors 

In preclinical GBM models the CHK1/2 inhibitor AZD7762 enhanced RT-induced tumour 

regression [138]. However, despite these promising data, there are no clinical trials in GBM 

which use inhibitors targeting CHK1 and/or CHK2 that I am aware of to date. Clinical trials 

combining AZD7762 with GEM or irinotecan in patients with advanced solid tumours 

(NCT00413686, NCT00937664 and NCT00473616) were terminated early due to 

unpredictable cardiac toxicity [146, 147] and production of AZD7762 has been terminated. 

 

The second generation CHK1/2 inhibitor, LY2606368 (prexasertib) was safe and tolerable in 

phase I trials, establishing a maximum tolerated dose of 105 mg/m2 as a single agent in 

squamous cell carcinoma (NCT01115790) [148]. Prexasertib has progressed to phase II trials 

as a monotherapy for advanced breast, ovarian and prostate cancers (NCT02873975, 

NCT02203513 and NCT02203513).  Reports suggest clinical activity and have noted that drug 

related adverse effects include nausea, leukopenia, neutropenia, anaemia, and 
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thrombocytopenia (NCT03057145) [149, 150]. A recently opened phase I/II clinical trial will 

be studying the three-drug combination of prexasertib with irinotecan and TMZ in patients 

with the rare non-CNS tumour, desmoplastic small round cell tumour and rhabdomyosarcoma 

(NCT04095221). Moreover, a recently established phase Ib study is open for children with 

refractory or recurrent medulloblastoma and will establish a safe dose of prexasertib in 

combination with DNA alkylator, cyclophosphamide, or GEM (NCT04023669). This clinical trial 

follows preclinical study which provided vital pharmacokinetics and BBB crossover data using 

a mouse model of group 3 medulloblastoma [151]. Another study demonstrated that 

LY2606368 specifically binds to CHK1 and CHK2 with an IC50 value of 1 nM and 8 nM, 

respectively. While, out of 224 other protein kinases only six other kinases had an IC50 value 

of less than 100 nM of LY2606368 [23]. Collectively, these studies aid for rapid and easy 

clinical trial design for adult brain tumours like GBM. In addition, the safety, tolerability, and 

optimal dosing of prexasertib combined with chemotherapies TMZ or GEM is already known, 

therefore, these combinations could be quickly tested in patients with GBM.  

 

There has been limited testing of cell cycle checkpoint kinase inhibitors in clinical trials for 

GBM. Preliminary data from phase I trials with ATM or WEE1 inhibitors in GBM provide 

reassuring evidence of safety and anti-tumour potential. Moreover, there are a range of 

preclinical and clinical studies that combined CHK1/2 inhibitors with RT, TMZ or GEM. These 

studies have clearly validated the clinical utility of CHK1/2 inhibitors, yet these drugs have not 

progressed to clinical trials for adults with GBM to date.   
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Table 2.2 Summary of completed clinical trials of the cell cycle checkpoint kinase inhibitors that were mentioned in this review. 

Abbreviations: glioblastoma (GBM), radiation therapy (RT), gemcitabine (GEM). Source: www.clinicaltrials.gov 

Target Drug Name Phase Indication Treatment Study aim(s)/results Clinical Trial 
Identifier 

Reference 

ATM AZD1390 I Healthy 
participants 

[11C] radiolabelled 
AZD1390 

Analyse AZD1390 brain penetrance 
in healthy males 

NCT03215381 [131] 

ATR AZD6738 
(Ceralasertib) 

I 
 

Chronic 
lymphocytic 
leukaemia, 
prolymphocytic 
leukaemia and B 
cell lymphomas 

Monotherapy Determine safety and tolerability of 
AZD6738 

NCT01955668  

Head and neck 
squamous cell 
carcinoma 

Monotherapy Biomarker study to assess the 
effects of AZD6738 pre-surgery 

NCT03022409  

Non-hodgkin’s 
lymphoma 

In combination 
with acalabrutinib 

Assess safety of drug combination NCT03527147  

II Small-cell lung 
cancer 

In combination 
with olaparib 

Assess efficacy of AZD6738 
combined with olaparib 

NCT03428607  

Platinum 
refractory 
extensive stage 
small-cell lung 
cancer 

In combination 
with olaparib 

Evaluate preliminary efficacy, safety 
and tolerability  

NCT02937818 [152] 

Metastatic triple 
negative breast 
cancer 

In combination 
with olaparib 

Analyse progress free survival NCT03330847 [153] 

http://www.clinicaltrials.gov/
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Ovarian cancer In combination 
with olaparib 

Study was withdrawn by sponsor 
due to a similar clinical trial showing 
insufficient efficacy 

NCT04239014 [154] 

VX-70 
(Berzosertib) 

I Advanced solid 
tumours 

In combination 
with GEM and/or 
cisplatin 

Berzosertib combined with GEM 
was tolerated and showed 
preliminary signs of efficacy 

NCT02157792 [155] 

CHK1/2 LY2606368 
(Prexasertib) 

I Advanced solid 
tumours  

Monotherapy Prexasertib was safe and tolerable 
in Japanese patients with advanced 
solid tumours 

NCT02514603 [156] 

Paediatric 
recurrent and 
refractory solid 
tumours 

Monotherapy Recommended phase II dose was 
defined as 150 mg/m2 given on day 
1 and 15 of a 28-day cycle 

NCT02808650 [157] 

Squamous cell 
cancer 

Monotherapy Prexasertib showed safety and 
efficacy when given as a single 
agent.  Recommended phase II dose 
was defined as 105 mg/m2 

NCT01115790 [148] 

Advanced 
cancer 

[14C] radiolabelled 
Prexasertib 

Provide information how 
prexasertib is broken down and how 
much passes from blood into urine, 
faeces or expired air 

NCT02778126  

Advanced or 
metastatic 
cancer, 
colorectal 
cancer and non-
small cell lung 
cancer 

In combination 
with ralimetinib 

Determine safety of LY2606368 in 
combination with ralimetinib 

NCT02860780  

Advanced solid 
tumours 

In combination 
with olaparib 

Examine if LY2606368 and olaparib 
is a safe combination  

NCT03057145  
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Head and neck 
cancers 

In combination 
with cisplatin and 
RT or cetuximab 
and RT 

Determine a recommended dose for 
LY2606368 in combination with 
cisplatin and RT or cetuximab and 
RT 

NCT02555644 [158] 

Advanced 
cancers  

In combination 
with LY3300054 

Combination was well tolerated and 
showed preliminary efficacy 

NCT03495323 [159] 

Metastatic 
cancer, 
colorectal and 
breast cancer 

 

In combination 
with cisplatin, 
cetuximab, 
pemetrexed, 
fluorouracil or 
LY3023414 

Combination was determined to be 
safe and showed anti-cancer 
activity. A dose of 80 mg/m2 

prexasertib 24 hour after cisplatin 
was selected for ongoing trials 

NCT02124148 [160] 

II Ovarian cancer Monotherapy Assess safety and efficacy in women 
with platinum-resistant or refractory 
recurrent ovarian cancer 

NCT03414047  

Small-cell lung 
cancer 

Monotherapy Evaluate safety and efficacy in 
participants with extensive stage 
disease small-cell lung cancer 

NCT02735980  

Ovarian, breast 
and prostate 
cancer 

Monotherapy Prexasertib was tolerable and 
displayed anti-cancer activity 

NCT02203513 [150] 

AZD7762 I Advanced solid 
tumours 

Monotherapy and 
in combination 
with GEM 

Terminated due to unpredictable 
cardiac toxicity 

NCT00413686 [146] 

Advanced solid 
tumours 

Monotherapy and 
in combination 
with GEM 

AZD7762 has been discontinued due 
to cardiac toxicity 

NCT00937664 [161] 
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Advanced solid 
tumours 

Monotherapy and 
in combination 
with irinotecan 

Participant recruitment was stopped 
due to cardiac toxicity 

NCT00473616 [162] 

WEE1 MK1775 
(Adavosertib) 

I Advanced solid 
tumours 

Monotherapy Anti-cancer activity was observed in 
participants with BRCA mutations 

NCT01748825 [163] 

Advanced solid 
tumours 

Monotherapy or in 
combination with 
GEM, carboplatin 
or cisplatin 

MK1775 as a single agent and in 
combination was safe and tolerable 

NCT00648648 [164] 

Advanced solid 
tumours 

Monotherapy or in 
combination with 
5-fluorouracil and 
cisplatin 

Study was terminated due to 
business reasons 

NCT01047007  

Ib Advanced solid 
tumours 

Monotherapy or in 
combination with 
carboplatin and 
paclitaxel 

Recommended phase II dose was 
determined as 175 mg twice a day 
for 2.5 days in combination with 
carboplatin and paclitaxel 

NCT02341456 [165] 

I/II Pancreatic 
adenocarcinoma 

In combination 
with GEM and RT 

MK1775 with GEM and RT was well 
tolerated and showed target 
inhibition 

NCT02037230 [145] 

Cervical cancer In combination 
with topotecan and 
cisplatin 

Terminated by the sponsor and not 
due to safety concerns 

NCT01076400  

II Ovarian cancer In combination 
with carboplatin 
and paclitaxel 

Clinical benefit was demonstrated. 
Progression free survival was 
improved by the combination 
treatment 

NCT01357161 [166] 

Non-squamous 
non-small cell 
lung cancer 

In combination 
with pemetrexed 
and carboplatin 

Terminated by the sponsor NCT02087241  
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2.7 Conclusion 

GBM is an incurable cancer, suggesting that cells are highly resistant to treatment-induced 

DNA damage and cytotoxicity. It is increasingly recognised that activation of cell cycle 

checkpoints and cell cycle arrest partly contribute to resistance towards traditional DNA 

damaging agents in GBM and other cancers. Kinases ATM, ATR, WEE1, CHK1 and CHK2 are 

major players in cell cycle arrest and their inhibition has demonstrated ability to sensitise 

cancer cells to DNA damaging agents such as RT, TMZ and GEM. Hence, combining traditional 

DNA damaging agents with targeted inhibition of cell cycle kinases presents a useful 

therapeutic strategy to enhance treatment efficacy in GBM. The limited preclinical studies 

exploring cell cycle checkpoint kinase inhibitors in GBM have established a solid rationale in 

support of early phase clinical trials for patients with GBM. Additionally, despite encouraging 

preclinical results in various advanced solid tumour models, the use of cell cycle checkpoint 

kinase inhibitors in GBM requires further investigation. In this thesis, I provide additional 

robust preclinical data to support these previous studies. This thesis showed that GBM cell 

death is enhanced by modulating cell cycle checkpoints concurrently with DNA damaging 

GBM therapies. These findings can be readily translated, with the potential to improve patient 

outcomes. 
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CHAPTER 3: MATERIALS AND METHODS 

 

3.1 Cell culture of established and patient-derived GBM cell lines 

All cell lines used in this thesis are summarised in Table 3.1. Established human GBM cell line 

U87MG (referred to herein as U87) was obtained from ATCC (USA) and cell line T98G was 

kindly provided by Dr. Kerrie McDonald (previously at University of New South Wales, AUS). 

U87 was grown in Dulbecco’s modified Eagle’s Medium (DMEM, #11960-069, Gibco, AUS) and 

T98G were cultured in Alpha modified Eagle’s medium (MEM, #12561-072, Gibco). Both 

were supplemented with 10% foetal calf serum (FCS), 2 mM glutamax (#35050-061, Gibco), 

with 100 units/mL penicillin and 100 µg/mL streptomycin (#15140-122, Gibco). Patient-

derived GBM cells JK2 and RN1 [167] were generously provided by Dr. Bryan Day (QIMR 

Berghofer, AUS) and GBM6 and GBM39 [168] were gifted by Prof. Terrance Johns (Telethon 

Kids Institute, AUS). All patient-derived GBM cells were grown in StemPro neural stem cell 

serum-free medium (#A1050901, Gibco). Heparin (#H3149-10KU, Sigma-Aldrich, AUS) was 

added to JK2 and RN1 culture media to aid uptake of fibroblast growth factor. JK2 and RN1 

were cultured on tissue culture plates that were coated with Matrigel® (#354234, Sigma-

Aldrich). While all other human GBM cells were grown on tissue culture-treated dishes at 37°C 

in humidified incubators containing 5% CO2.  

 

  



52 

Table 3.1 Summary of the GBM cell lines used in this thesis. 

Abbreviations: O6-methylguanine-DNA methyltransferase (MGMT), green fluorescent protein 

(GFP), firefly luciferase (Luc2 or Luc). 

Cell Line Species Molecular features Exogenous 
marker genes 

Culture type Reference(s) 

U87 Human - MGMT methylated 
- p53 wild-type 
- Pten mutated 

- GFP 
- Luc2 

- Adherent 
- Monolayer 

[169, 170] 

T98G Human - MGMT unmethylated 
- p53 mutated 

- Luc2 - Adherent 
- Monolayer 

[170-172] 

JK2 Human - MGMT unmethylated 
- IDH1 wild-type 
- p53 mutated  
- Cdkn2a deleted  
- Pten wild-type 

- Luc - Adherent  
- Monolayer 

[167] 

RN1 Human - MGMT unmethylated  
- IDH1 wild-type 

- Luc - Adherent  
- Monolayer 

[167] 

GBM6 Human - 57% MGMT methylated 
- p53 mutated 
- EFGRvIII 
- Pten wild-type 
- p16 null 

- GFP 
- Luc2 

- Spheroid 
- Suspension 

[168] 

GBM39 Human - 84% MGMT methylated 
- p53 wild-type 
- EGFRvIII 
- Pten wild-type 
- p16 null 

- GFP 
- Luc2 

- Spheroid 
- Suspension 

[168] 

mHGG-vIII Mouse - EGFRvIII 
- PtenKO 
- Cdkn2aKO 

- GFP 
- Luc2 

- Adherent 
- Monolayer 

[173] 

 

Each cell line was transduced with retroviral or lentivirus constructs to induce stable luciferase 

expression and enable tumour growth monitoring via bioluminescence imaging (BLI) (see 

section 3.11). U87 was previously transduced by Dr. Raelene Endersby (Telethon Kids 

Institute, AUS) with retroviral constructs MSCV-ires-GFP and MSCV-ires-pacluc2 to express 

green fluorescent protein (GFP) and a puromycin acetyltransferase/luciferase transfer protein 

(pacLuc2) [174]. T98G was only transduced with retroviral expression construct MSCV-ires-

pacLuc2. While spherical cultures, GBM6 and GBM39 were transduced with lentivirus pCL20-

MSCV-GFP-ires-Luc2 for the expression of GFP and Luc2. Retroviral and lentivirus constructs 

were kindly provided by Drs Suzanne Baker and Richard Williams of St Jude’s Children’s 

Research Hospital (Memphis, USA). Positively infected cells were selected on the basis of GFP 
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expression or via sensitivity to puromycin as relevant. JK2 and RN1 were provided to us 

already transduced to express luciferase (Luc) with a lentiviral transfer plasmid from a 

chimeric CMV enhancer/chicken beta actin promoter [167].  

 

Murine high-grade glioma cells expressing epidermal growth factor receptor vIII (EGFRvIII), 

referred to as mHGG-vIII, were generated from primary murine astrocyte cultures from 

PtenloxP/loxP;Cdkn2aloxP/loxP mice as previously described [173, 175]. Cells were transduced with 

the following retroviral constructs to drive expression of EGFRvIII, cre recombinase, GFP and 

Luc2: MSCV-EGFRvIII-ires-GFP, MSCV-creGFP and MSCV-pacLuc2, kindly provided by Drs 

Suzanne Baker and Richard Williams of St Jude Children’s Research Hospital. Thus mHGG-vIII 

cells recapitulate the most common genetic mutations in human GBM, these being the 

constitutively active variant of EGFR, EGFRvIII, and the loss of Pten and Cdkn2a [176, 177]. 

Cells were cultured in DMEM/F12 medium (#11330-057, Gibco) supplemented with 10% FCS, 

2 mM glutamax, 100 units/mL penicillin, 100 µg/mL streptomycin with 20 ng/ml murine 

epidermal growth factor (#01-101, Merck, USA). mHGG-vIII cells were grown on Corning 

Primaria (USA, #734-0072) dishes at 37°C in humidified incubators containing 5% CO2 and 5% 

O2.  

 

3.2 Compounds 

TMZ was obtained from ChemSupply (AUS) and was stored at 4°C. GEM (hydrochloride salt) 

and LY2606368 (hydrochloride salt) were purchased from MedChem Express (USA) and stored 

at -20°C in a desiccator. Table 3.2 summarises the effects and clinical use of the compounds 

used in this thesis. For in vitro use, stock solutions of all three compounds were prepared with 

dimethyl sulfoxide (DMSO, #D8418, Sigma-Aldrich) and stored in aliquots at -80°C. Drugs were 

further diluted in culture media immediately before use. 
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Table 3.2 Summary of compounds investigated in this project. 

Abbreviations: Temozolomide (TMZ), gemcitabine (GEM). 

Drug  Drug category Mechanism of Action Common clinical 
applications 

TMZ DNA alkylating 
agent 

Alkylating pro-drug that adds methyl groups to 
purine bases of DNA (O6-guanine, N7-guanine, 
and N3-adenine). O6-guanine mismatches with 
thymine during DNA replication creating nicks 
in DNA resulting to replication fork collapse. 

Front-line 
chemotherapy for 
glioblastoma. 

GEM Nucleoside 
analogue 

Pro-drug that is converted to GEM di- and 
triphosphate. GEM diphosphate inhibits 
ribonucleotide reductase and GEM 
triphosphate competes with endogenous 
dNTP. 

Pancreatic cancer,  
non-small cell lung 
cancer and bladder 
cancer. 

LY2606368 
(prexasertib) 

CHK1/2 
inhibitor 

Inhibits CHK1/2 and may potentiate the effects 
of traditional DNA-damaging agents by causing 
an accumulation of damaged DNA and 
enhancement of apoptosis. 

In clinical trials for 
breast, ovarian and 
prostate cancer, acute 
myeloid leukaemia 
and paediatric 
medulloblastoma. 

 

For in vivo drug administration (more details in Table 3.7), ORA-Plus® solution (Perrigo, AUS) 

was used as a vehicle for TMZ to make a suspension of 2.5 mg/ml. TMZ in ORA-Plus® solution 

was stored at 4°C for 60 days. LY2606368 was made up to 5 mg/ml with 20% Capitsol® 

(Sulfobutylether-β-Cyclodextrin, #HY-17031, MedChem Express) solution in water. A 

sonicating water bath was used to dissolve TMZ and LY2606368 in their respective vehicles. 

GEM was dissolved in saline to make a 10 mg/ml solution. Both LY2606368 and GEM stock 

solutions were stored at 4°C and used within a week. 

 

3.3 Cell viability assays 

Established cell lines T98G (100 cells/well), U87 (1,000 cells/well) and mHGG-vIII (100 

cells/well) were seeded onto 384-well flat-bottom tissue culture treated plates (#3764, 

Corning) using a Microlab NIMBUS (Hamilton, USA) in 50 µL of media. For both single drug 

and combination assays, drugs were immediately added after cell plating using a D300e digital 

dispenser (Tecan, Switzerland). After 72 hours (h) incubation, 5 µl of alamarBlue (0.6 mM 

resazurin, 1 mM potassium hexacyanoferrate (II) trihydrate, 1 mM potassium ferricyanide (III) 

and 2.5% methylene blue) was added to each well and plates were incubated a further 6 h 

before the production of resorufin was measured via fluorescence with excitation wavelength 

of 570 nm and emission wavelength of 590 nm using a Synergy MX plate reader (BioTek, USA). 



55 

Viability of drug treated cells was determined by calculating the fluorescence of resorufin as 

a percentage of the fluorescence from vehicle-treated control wells (percentage of control). 

 

For single drug sensitivity assays, each plate was seeded with one cell line and contained 

control (cells only) wells and blank wells with media only. On each plate, multiple drugs were 

tested at increasing concentrations (see section 4.5), with each concentration tested in 

quadruplicate (Figure 3.1). The ED50 (effective dose resulting in 50% reduction in cell survival) 

was calculated according to the best-fit non-linear regression dose-response curve defined by 

GraphPad Prism (v8). 

 

 

Figure 3.1 Schematic of a typical plate layout for single drug sensitivity assay. 

GBM cell lines were seeded onto 384-well plates to test multiple drug compounds at various 

drug concentrations on each plate. Each drug concentration was tested in quadruplicate. 
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For drug combination assays, drug concentrations were selected from a range between the 

doses that caused 10% and 90% reduction in cell survival (ED10 and ED90) and were added to 

cells to create a dose-response matrix. Each plate was used to test two pairwise drug 

combinations in one cell line (Figure 3.2). Treatment interactions from cell viability assays and 

clonogenicity assays were examined using two different types of software. The first software 

used was CompuSyn [178], which follows the method of Chou and Talalay [179]. This 

generated a combination index (CI) value which indicated if the drug:drug or drug:radiation 

interactions were synergistic (CI < 1), additive (CI = 1) or antagonistic (CI > 1). Data is reported 

as mean CI value with error bars indicating standard deviation from all pooled data. The other 

software used to assess treatment interaction was Combenefit [180] which processed results 

from combination assays using Loewe Additivity [181], Highest Single Agent (HSA) [182] and 

Bliss interaction [183] mathematical models of drug interactions. All interaction experiments 

were repeated on three independent occasions. 

 

 

Figure 3.2 Schematic diagram illustration the dose-response matrix used for the two 

pairwise drug combination assays. 

Single drug dose response curves were performed alongside a matrix of 30 different 

combinations of various concentrations for each drug pair. 
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3.4 Radiation of GBM cell lines in vitro 

An irradiator with a caesium-137 source (Gammacell, Best Theratronics, Canada) was used to 

irradiate cells in vitro. For clonogenicity (colony forming) assays, cells were collected into 50 

ml Falcon tubes immediately prior to treatment with 0.5 or 2 Gy of radiation. For preparation 

of protein lysates for immunoblotting assays, cells were seeded onto 10 cm tissue culture-

treated dishes, 24 h prior to 10 Gy irradiation. For flow cytometry experiments, cells were 

seeded on 6 cm dishes, 24 h prior to 10 Gy irradiation. In cultures treated with both 

LY2606368 and radiation, LY2606368 was applied to cells immediately prior to irradiation. 

Controls were treated with DMSO only (vehicle for LY2606368) and/or placed inside the 

Gammacell but not irradiated (mock controls).  

 

3.5 Clonogenicity assay 

Corning tissue culture-treated 6-well plates were coated with Matrigel® in preparation for 

plating cells. Matrigel® diluted to 0.1 mg/ml with DMEM media was added to each well (1 

mL/well) and placed in 37°C humidified incubator. After 1 h of incubation, each well was 

washed twice with 3 mL Dulbecco’s phosphate-buffered saline (DPBS, #14190-250, Gibco). 

GBM6 (1,000 cells/well), JK2 (2,000 cells/well) and RN1 (3,000 cells/well) were placed into 50 

mL Falcon tubes and treated with 0.5 or 2 Gy γ-radiation in media containing either DMSO or 

LY2606368. Immediately after treatment, cells were plated onto the Matrigel®-coated 6-well 

plates in 3 ml of media and incubated at 5% CO2 at 37°C. After 14 days of colony formation, 

media was removed, and colonies were washed with DPBS. Simultaneous fixing and staining 

of colonies was performed with 0.5% methylene blue in 50:50 DPBS:ethanol for 45 minutes 

(min). Using a stereoscopic microscope (Leica, Germany), colonies consisting of 50 or more 

cells were manually counted.  

 

3.6 Protein extraction and immunoblotting 

For analysis of protein expression and phosphorylation, cells were treated as described in the 

chapters 5-7. Harvested cells were lysed for 10 min on ice with radioimmunoprecipitation 

assay (RIPA) buffer (150 mM NaCl, 50 mM Tris pH 8, 0.1% sodium docecyl sulphate, 1% 

Nonidet P-40 and 0.5% sodium deoxycholate) containing Complete mini (EDTA-free) protease 
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inhibitor (#04693159001) and PhosSTOP phosphatase inhibitor cocktail tablets 

(#04906837001) (both from Roche, Switzerland). Insoluble protein was removed by 

centrifugation (13,300 g) for 20 min at 4°C and the supernatant was collected. Total protein 

concentration was quantified using a BCA protein assay kit (Pierce, USA). Protein (20 µg) was 

separated using precast 4-12% NuPAGE Bis-Tris Midi gels (#WG1402BOX) with 1x NuPAGE 

MES running buffer (#NP0002) (both from Invitrogen, USA) containing NuPAGE antioxidant 

(#NP0005, Invitrogen) at 200 Volts (V) for 55 min. Precision Plus (#161-0377, Bio-Rad, USA) 

pre-stained protein standards were used as size markers. Proteins were transferred to 0.2 µm 

nitrocellulose membrane (#162-0112, Bio-Rad) with 1x NuPAGE transfer buffer (#NP0006-1, 

Invitrogen) containing NuPAGE antioxidant and 20% methanol at 100 V for 2 h at 4°C.  

 

For immunodetection of proteins, nonspecific binding sites were blocked using 5% skim milk 

powder (Coles Supermarket, AUS) in 1x Tris-buffered saline (TBS) containing 0.1% Tween-20 

(TBS-T0.1%) for 1 h at room temperature. After blocking, the membranes were incubated 

overnight at 4°C with primary antibody (Table 3.3) diluted in 1% skim milk powder and 1% 

bovine serum albumin (BSA, #A3733, Sigma-Aldrich) dissolved in TBS-T0.1%. The following day, 

membranes were washed three times with TBS-T0.1% for 5 min and then incubated with the 

appropriate horseradish peroxidase (HRP)-conjugated secondary antibody diluted in 1% skim 

milk powder and 1% BSA dissolved in TBS-T0.1% for 1 h at room temperature (Table 3.4). After 

secondary antibody incubation, the membranes were washed thrice with TBS-T0.1% and 

antibody binding was detected using SuperSignal west dura substrate detection kit (#34075, 

Thermo Scientific) and a BioRad Chemidoc with Image Lab software. For the detection of 

loading control, β-actin, Clarity Western ECL Substrate was used (#170-4085, Bio-Rad) instead 

of SuperSignal. 
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Table 3.3 List of primary antibodies used for immunoblotting. 

Target Brand Product # Species Dilution Detection 
method 

Phospho-CHK1 (S296) Cell Signalling 2349 Rabbit 1:1000 SuperSignal 

Phospho-CHK1 (S345) Cell Signalling 2348 Rabbit 1:1000 SuperSignal 

Total CHK1 Cell Signalling 2360 Mouse 1:1000 SuperSignal 

Phospho-CHK2 (S516) Cell Signalling 2669 Rabbit 1:1000 SuperSignal 

Total CHK2 Cell Signalling 6334 Rabbit 1:1000 SuperSignal 

Phospho-CDC2 (Y15) Cell Signalling 4539 Rabbit 1:1000 SuperSignal 

Total CDC2 Sigma-Aldrich 06-923 Rabbit 1:1000 SuperSignal 

Phospho-Histone H2A.X (γH2AX) Cell Signalling 9718 Rabbit 1:1000 SuperSignal 

p53 Cell Signalling 9282 Rabbit 1:1000 SuperSignal 

β-actin (clone AC-15) Sigma-Aldrich A1978 Mouse 1:10000 ECL 

 

Table 3.4 List of secondary antibodies used for immunoblotting. 

Secondary Antibody Brand Product # Dilution 

Rabbit IgG, HRP linked  Cytiva NA934 1:2500 

Mouse IgG, HRP linked Cytiva NA931 1:2500 

 

3.7 Flow cytometry 

To assess cell cycle distribution and apoptotic populations, GBM cells were treated as 

described in section 4.10. Forty-five min prior to each time point, 10 µM 5-ethynyl-2′-

deoxyuridine (EdU, #C10633, Invitrogen) was added to each culture dish to identify cells 

undergoing DNA synthesis. Cells were harvested as appropriate for each cell line. Cell pellets 

were washed with 1% BSA in DPBS, then fixed with 1x Click-iT fixative (#C10633, Invitrogen) 

and stored at 4oC until required.   

 

The detection of EdU was performed using an AlexaFluor488 Click-IT Flow Cytometry Assay 

Kit (#C10633, Invitrogen) according to the manufacturer’s instructions. Following EdU 

detection, apoptotic and mitotic cells were identified by incubation with a cocktail of 

AlexaFluor647-conjugated anti-cleaved PARP (D214) and PE-conjugated anti-phospho-

histone H3 (S10) antibodies (Table 3.5) diluted in 0.5% BSA in DPBS for 1 h at room 

temperature protected from light. Cells were washed with 1x Click-iT saponin-based 
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permeabilisation wash reagent (#C10633, Invitrogen), then DNA was stained using 4′,6-

diamidino-2-phenylindole (DAPI, #D3571, Invitrogen) in 500 µl of 1x Click-iT saponin-based 

permeabilization wash reagent to provide a final concentration of 3 µM. 

 

Table 3.5 List of antibodies used to label cells for flow cytometry analysis. 

Target Brand Product # Species Dilution 

Cleaved PARP (D214) AlexaFluor647 conjugate Cell Signalling 6987 Rabbit 1:50 

Phospho-histone H3 (S10) PE conjugate Cell Signalling 5764 Rabbit 1:50 

 

Stained cells were analysed on a LSRFortessa X20 (BD, USA) counting a minimum of 100,000 

events. FlowJo software (v10) was used for population gating and quantification. The gating 

strategy is shown in Figure 3.3. In brief, single cell populations were gated to identify 

apoptotic cells via cleaved PARP positivity. In addition, single cells were assessed to identify 

cells positive for phospho-histone H3 (pHH3) to mark mitotic cells. The remaining cells were 

defined into subG1, G1, S, and G2 phases. SubG1 cells were identified as cells with less than 

2n DNA content while G1 was marked by 2n DNA content. S phase was defined as cells with 

greater than 2n but less than 4n DNA content and was split into EdU+ S (active DNA synthesis) 

and EdU- S (S phase arrested) populations. Cells in G2 had 4n DNA content. pHH3+ 

populations were further gated to define mitotic cells with 4n DNA content (normal mitosis) 

and mitotic cells with less than 4n DNA (aberrant mitosis) (Figure 3.3). Quantification graphs 

were created using GraphPad Prism (v8) to display mean frequency of total single cell 

population with error bars of standard deviation from at least two independent experiments. 

Unpaired two-tailed Student’s t tests were performed to determine statistically significant 

difference between treatment groups, with p<0.05 considered significant.  
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Figure 3.3 Gating strategy for flow cytometry analysis to separate live single GBM cells. 

From the live single cell population, cells that were apoptotic (cleaved PARP+) or mitotic 

(pHH3+) were distinguished. From the pHH3- population, GBM cells were gated into the 

different phases of the cell cycle (subG1, G1, EdU+ S, EdU- S and G2) according to EdU 

incorporation and DNA content (DAPI staining). 
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3.8 Intracranial implantation of GBM cells 

All in vivo studies were approved by Telethon Kids Institute Animal Ethics Committee in 

accordance with the National Health and Medical Research Council of Australia’s Code for the 

Care and Use of Animals for Scientific Purposes (Animal Ethics Committee approval numbers 

307 and 331). RT experiments were conducted using NOD-Rag1-/- mice (Jackson Labs, USA) 

while Balb/c nude mice (Animal Resources Centre, AUS) were used for experiments examining 

chemotherapy only. A total 100,000 mHGG-vIII or 500,000 U87 or GBM6 cells, suspended in 

5 µL Matrigel® were injected into the cortex of anaesthetised mice at a depth of 3 mm, 1 mm 

right of midline and directly between bregma and lambda landmarks using a Hamilton syringe 

(#80008, Hamilton, USA). Mice were monitored for the development of tumours using BLI 

(see section 3.11) and phenotypic welfare scoring (Table 3.6). When animals reached the 

humane endpoint, as defined by welfare scoring criteria (Table 3.6) with symptoms including 

hunched posture, ataxia, lethargy, weight loss and/or head doming, they were humanely 

euthanized by anaesthesia using Avertin (2,2,2-tribromoethyl alcohol, #T48402, Sigma-

Aldrich) and transcardial perfusion using phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA, #158127, Sigma-Aldrich) in PBS. To remove the whole brain, mouse 

heads were decapitated, and incisions in the skin were made along the midline from the base 

of the skull to the nose. Once the skin was peeled back, the skull was snipped at the base 

towards the ear holes, along the midline and across in nose bridge via the eye sockets. Then, 

the skull was peeled away from the brain and using a pair of forceps the whole brain was 

scooped out starting from the olfactory bulbs towards the start of the spinal cord. The whole 

brain was kept and processed for immunohistochemistry (IHC) analysis (see section 3.12 and 

3.13).  
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Table 3.6 Phenotypic welfare scoring criteria of mice implanted with GBM. 

Score Description Action required 

A Animal is healthy and active None 

B Animal is slightly dusty / not grooming 
OR 
You are suspicious that there are subtle signs 
of tumour development but not sure 

Notify a member of the research team directly by 
phone, text or email (not voicemail). 
BUT do not start a “Sick Animal” monitoring sheet 

C 
 
 
 

Animal is not well groomed but remains 
active  
OR 
Animal has dropped up to 10% body weight 
according to researcher-performed 
monitoring  

Notify member of the research team directly by 
phone, text or email (not voicemail).  
Researcher will monitor and weigh daily until 
mouse recovers.  
AND notify the Animal Welfare Officer 
BUT do not start a “Sick Animal” monitoring sheet 

D Animal is active but displays any of the 
following: 

• Mild head tilt (probably to the right) 

• Mild ataxic gait  

• Head doming 

• Weight loss between 10-19% 

Notify member of the research team directly by 
phone, text or email (not voicemail).  
Researcher will monitor and weigh daily until 
mouse recovers. If animal does not regain weight 
it will be euthanized. 
AND notify the Animal Welfare Officer 

E Animal is: 

• Hunched 

• Displays lateral recumbency or 
rolling 

• Inactive 

• Away from the group 

• Equal or very close to 20% weight 
loss  

Animal requires euthanasia by a member of the 
research team.  
The person making the observation must notify 
member of the research team directly by phone, 
text or email (not voicemail).  
 

F Animal is found dead Notify researcher directly by phone, text or email 
(not voicemail). 
Place animal immediately in fridge. 
Researcher to liaise with Animal Welfare Officer to 
coordinate necropsy 
Researcher to notify Animal Ethics Committee via 
adverse event form 

 

3.9 Preclinical RT using X-RAD SmART 

RT to mice was delivered using a small-animal image-guided radiation system, the X-RAD 

SmART (Precision X-Ray, USA), which delivers kilovolt energy x-ray (photon) beams that are 

shaped using collimators. Mice were anaesthetised by inhalation of 4-5% isoflurane in oxygen 

in an induction chamber. Mice were positioned prone on a carbon fibre stage, secured with 

medical tape and anaesthesia maintained using continuous flow 1.5-2% isoflurane in oxygen 

delivered via anaesthetic nose cone.  Three-dimensional cone-beam computed tomography 
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(CBCT) images of the head were collected using Pilot software. DICOM (digital imaging and 

communications in medicine) image files of the CBCT were used for treatment planning via 

SmART Plan software (Precision X-Ray). The region within the brain between bregma and 

lambda was defined as the target of interest. The total radiation dose for therapy was 20 Gy, 

except for GBM6 which was treated with a total of 16 Gy (see section 4.12.1). This was divided 

into 10 fractions of 2 Gy, each administered five days per week, Monday to Friday. For each 

fraction, two static x-ray beams were used to deliver 1 Gy RT each from each side of the 

mouse head using a 10 mm circular collimator, to deliver a total of 2 Gy to the targeted area.  

 

3.10 In vivo survival studies 

Drug treatments (formulations defined in section 3.2) began day seven post-implantation 

while RT began day 10 post-implantation. Tumour-bearing mice were treated with 20 Gy RT 

(as explained in section 3.9), 20 mg/kg TMZ or 60 mg/kg GEM and/or with 20 mg/kg 

LY2606368. TMZ was administered orally using disposable feeding tubes (#FTP-20-38, Instech 

Laboratories, USA) twice a week, while GEM was administered intravenously once weekly. 

LY2606368 in combination with RT was administered daily (Monday to Friday) for two weeks 

and was administered intravenously 2 h before each RT treatment. LY2606368 in combination 

with chemotherapy, was given intravenously twice a week, 6 h after TMZ or GEM treatment 

(Figure 3.4). These dosing schedules are summarised in Table 3.7. Animals were monitored 

daily for signs of toxicity and tumour-related symptoms (Table 3.6). When applicable, blood 

samples from the submandibular vein were collected via cheek punch. Blood samples were 

analysed using Mindray BC-5000 Auto Haematology analyser (AUS).   
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Figure 3.4 Experimental treatment schedule. 

Immunocompromised mice implanted with GBM xenografts were treated with LY2606368 in 

combination with (A) RT, (B) TMZ or (C) GEM. 

 

Table 3.7 Summary of drug treatments for in vivo experiments. 

Abbreviations: Temozolomide (TMZ), gemcitabine (GEM), radiation therapy (RT). 

Drug Vehicle Route of 
Administration 

Dose Frequency Treatment 
duration 

TMZ ORA-Plus® 
suspension 

Oral gavage 20 mg/kg Twice 
weekly 

3 weeks 

GEM Saline Intravenous 
injection 

60 mg/kg Once 
weekly 

3 weeks 

LY2606368  
(in combination with 
RT) 

20% Captisol®  
in water 

Intravenous 
injection 

20 mg/kg Daily, 
Monday to 

Friday 

2 weeks 

LY2606368  
(in combination with 
chemotherapy) 

20% Captisol® 
in water 

Intravenous 
injection 

20 mg/kg Twice 
weekly 

3 weeks 
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For survival studies, Kaplan-Meier analyses were performed using GraphPad Prism (v8), 

measuring morbidity-free survival based on number of days post-implantation until 

euthanasia due to tumour-related morbidity. Mice euthanised for non-tumour related 

reasons (e.g., bowel obstruction, development of thymoma, age, >10% weight loss or end of 

experiment) were censored. Log-rank tests were performed to compare survival curves with 

a Bonferroni correction to adjust for multiple comparisons, only p≤0.01 were statistically 

significant (Bonferroni corrected threshold p=0.05 divided by the number of comparisons 

made, K=5: p=0.01). 

 

3.11 Bioluminescence imaging 

For the longitudinal monitoring of GBM xenografts expressing luciferase, BLI was performed 

weekly using an IVIS Spectrum (Caliper Sciences, USA). Eight min prior to imaging, mice 

received an intraperitoneal injection of 200 µL of 15 mg/mL D-luciferin potassium salt 

(#PKI122799, PerkinElmer, USA) dissolved in PBS. Post-injection, mice were anaesthetised by 

inhalation with 3% isoflurane in air and remained anaesthetised with 1-1.5% isoflurane in air 

during imaging. For imaging, mice were placed in the prone position with the front and hind 

legs extending away from the body and snouts placed in the nose cones attached to the 

anaesthesia manifold inside the IVIS imaging chamber. Using Living Image software 

(PerkinElmer), bioluminescence flux (photons/second) and images were acquired every 1 min 

for 20 segments with “mouse” as the selected imaging subject and auto exposure settings. 

Peak bioluminescence flux was used as an estimate of tumour size. For experiments 

measuring treatment response via animal survival, mice were randomised into treatment 

groups based on bioluminescence signal to ensure each treatment group had approximately 

equal mean tumour sizes with similar standard deviations (SD). 

 

3.12 Tissue processing and hematoxylin and eosin staining 

Following harvest as described in section 3.8, mouse brains were fixed overnight in 4% PFA in 

PBS at 4oC. The following day, brains were cut coronally along the mid-line and placed into a 

cassette before being kept in PBS until processed. Brains were processed using an ASP200 

vacuum tissue processor (Leica) as follows: mouse brains were dehydrated with 70% ethanol 

for 5 min followed by another 70% ethanol for 1 h and 15 min, then twice in 95% ethanol for 



67 

1 h and 15 min each, then by two lots of absolute ethanol for 1 h and 15 min then 1 h and 30 

min, respectively. Alcohol clearing was completed by placing cassettes twice in xylene for 1 h 

each, followed by another round of xylene for 1 h and 30 min. Cassettes were then placed in 

paraffin wax three times, twice for 1 h and 30 min and the last for 1 h. Brains were then 

embedded in paraffin with EG1150 H paraffin embedding module (Leica). Paraffin blocks were 

cut using a rotary microtome (Leica) to generate 5 µm thick tissue sections. Three brain 

sections were mounted per Superfrost Plus glass slide (#MENSF41296SP, ThermoFisher 

Scientific).  

 

Utilising a ST5010 autostainer (Leica) brain sections were hematoxylin and eosin (H&E) 

stained to examine tumour presence and morphology. Brain sections on glass slides were 

deparaffinised with xylene three times for 5, 3 and 3 min and then washed in a series of 

ethanol: 95%, 70% and 40% for 1 min each. Sections were rinsed in running distilled water 

(dH2O) for 1 min before being placed in Gill’s haematoxylin (#H3401, Vector Laboratories, 

USA) for 5 min and then rinsed in dH2O for 5 min. After, sections were dipped 10 times in 2% 

acetic acid, rinsed with dH2O for 20 seconds (sec) before being placed in bluing solution 

(#ALP7301, Richard-Allan Scientific, USA) for 45 sec and then rinsed again with dH2O for 20 

sec. To counterstain, sections were placed in a series of ethanol washes: 40% and 70% for 30 

sec then placed in alcoholic eosin (#ALP7111, Richard-Allan Scientific) for 5 min. Sections were 

dehydrated in 95% ethanol for 30 sec and two changes of absolute ethanol for 30 sec. Sections 

were placed in xylene three times for 3, 3 and 5 min. Lastly, a coverslip (Brand GmbH & Co 

KG, Germany) was mounted onto each slide using Permount (#SP15-500, Fisher Scientific, 

USA). Images of stained brain sections were collected using a Panoramic MIDI II digital slide 

scanner (3DHISTECH, Hungary).  

 

3.13 Immunohistochemistry 

Brain sections (5 µm) were deparaffinised using Leica autostainer with xylene and rehydrated 

by a series of ethanol washes as described in section 3.12. Antigen retrieval was executed 

using a microwave pressure cooker by submerging sections in boiling sodium citrate buffer 

(pH 6.0) and heated at 720 W power for 2 min. Sections were left in the pressure cooker and 

boiling sodium citrate buffer for an additional 4 min and then allowed to cool for 20 min. 
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Sections were washed in TBS for 10 min before endogenous peroxidase activity was inhibited 

by placing sections in 3% hydrogen peroxide (#516813, Sigma-Aldrich) in TBS for 10 min. 

Sections were rinsed in TBS for 5 min, then washed in 1x TBS containing 0.01% Tween-20 

(TBS-T0.01%) for 5 min. Slides were transferred to a humidified chamber and sections were 

blocked with 10% normal goat serum (#S1000, Vector Laboratories) in TBS-T0.01% containing 

0.01% thimerosal for 1 h. Sections were then incubated overnight at 4°C with antibodies 

against phospho-CHK1 (S345), γH2AX, Ki67 or cleaved caspase 3 (for concentrations see Table 

3.8). Primary antibodies were diluted in 2% normal goat serum in TBS-T0.01% containing 0.01% 

thimerosal. 

 

Table 3.8 List of primary antibodies used for IHC. 

Target Brand Product # Species Dilution 

Phospho-CHK1 (S345) Cell Signalling 2348 Rabbit 1:200 

Phospho-Histone H2A.X (γH2AX) Cell Signalling 9718 Rabbit 1:500 

Ki67 (human specific) Cell Signalling 9027 Rabbit 1:400 

Ki67 (mouse specific) Cell Signalling 12202 Rabbit 1:400 

Cleaved caspase 3 BD Biosciences 559565 Rabbit 1:500 

 

The following day, sections were washed three times in TBS-T0.01% for 5 min and then 

incubated for 2 h with biotinylated goat anti-rabbit or anti-mouse IgG secondary antibody. 

The secondary antibodies against rabbit or mouse IgG were purchased as part of the Elite ABC 

kit from Vector Laboratories and were diluted in 2% normal goat serum in TBS-T0.01% 

containing 0.01% thimerosal (Table 3.9). Following the secondary antibody incubation, 

sections were washed three times with TBS-T0.01% for 5 min and incubated for 30 min with 

pre-prepared ABC solution. ABC solution was prepared during secondary antibody incubation, 

following the manufacturer’s guide (Vector Laboratories) (Table 3.9), with a slight 

modification of using double the amount of reagent A (avidin) and reagent B (biotinylated 

HRP) for detection of phospho-CHK1 (S345) and cleaved caspase 3. After incubation with ABC 

solution, sections were washed three times for 5 min with TBS-T0.01%. Antibody binding was 

detected using the chromogenic substrate NovaRED (#SK4800, Vector Laboratories) following 

the manufacturer’s guide. After stains developed, the reaction was stopped by rinsing in dH2O 

and then sections were counterstained with Gill’s haemotoxylin for 5 min at room 
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temperature. Sections were again rinsed with running dH2O before being dipped 10 times in 

2% acetic acid, followed by 10 dips in dH2O, then placed in bluing solution for 45 sec and 

dipped in dH2O another 10 times. Dehydration and mounting of coverslips with Permount 

were performed as described in section 3.12. 

 

Table 3.9 List of secondary antibodies used for IHC. 

Secondary Antibody Brand Product # Dilution Used for 

Rabbit IgG, Peroxidase Vector Laboratories PK-6101 1:200 IHC 

Mouse IgG, Peroxidase Vector Laboratories PK-6102 1:200 IHC 

 

To quantify IHC staining, three randomly selected images of each slide were obtained at 20x 

magnification using a Nuance multispectral camera (PerkinElmer) mounted on a DMLB 

microscope (Leica). Spectral images were analysed using InForm Tissue Finder software 

(PerkinElmer) which enabled image segmentation to identify tumour tissue and tumour cell 

nuclei and quantitation of NovaRED intensity. For scoring, Ki67 and cleaved caspase 3 was 

scored as negative or positive. For γH2AX and phospho-CHK1 (S345) the intensity of staining 

was evaluated (0, 1+, 2+ and 3+). A score of 0 or 1+ were considered as negative while a score 

of 2+ or 3+ were positive. Results were graphed using GraphPad Prism (v8), which was also 

used to perform one-way ANOVA with Tukey’s Honest Significant Difference post-hoc test to 

evaluate statistical significance between treatment groups, with p≤0.05 considered as 

significant. Representative images of tissue sections were acquired using a Nikon Eclipse Ci 

microscope with DS-L3 camera control unit at 20x magnification.  
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CHAPTER 4: OPTIMISATION OF MATERIALS AND METHODS 

 

4.1 Production of luciferase and GFP expressing GBM cell lines 

4.1.1 Driving luciferase expression in GBM cell lines 

For this thesis, I planned to use multiple GBM cell lines for in vivo experiments obtained 

through collaboration (see section 3.1). Some of these GBM cell lines had been previously 

transduced to express luciferase and some were needing transducing here (see section 3.1 

and 3.11). Before implanting these cells into murine brain, I confirmed luciferase expression 

using an in vitro luciferase assay.  

 

Cells were harvested and washed twice in DPBS. 106 cells were pelleted and resuspended in 

200 µL cell lysis buffer (25 mM Tris-phosphate pH 7.8, 2 mM DTT, 2 mM DCTA, 10% glycerol, 

1% Triton X-100 and MilliQ water). Lysates were vortexed for 15 sec and then centrifuged 

(13,300 g) for 1 min at 4°C. Supernatant was collected and stored on ice. Three samples (20 

µL each) of neat lysate, a 1:10 dilution and a 1:100 dilution was dispensed in triplicate into a 

solid white flat 96-well plate (Corning, USA). Promega luciferase assay system (#E1501) was 

used to measure luciferase activity.  Luciferase assay reagent (100 µL) was added to each well, 

mixed briefly, and luminescence (relative light units (RLU) detected over 1 sec) was measured 

immediately using a Synergy MX plate reader (BioTek, USA). Results demonstrated that all 

GBM cell lines expressed luciferase and linear correlation with dilution factor was observed 

(Figure 4.1). Expression of luciferase and GFP in U87 cells was previously confirmed by Dr. 

Raelene Endersby and is not described here. 
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Figure 4.1 Confirmation of luciferase activity in GBM cell lines. 

GBM cells were lysed with cell lysis buffer and the supernatant was diluted by 1:10 and 1:100. 

Luciferase assay reagent was added to each sample and luminescence (RLU) was measured 

using SynergyMx plate reader. Each cell line showed differing luciferase activity, but all 

presented a linear relationship between emitted RLU and number of cells. Each data point 

represents mean RLU ± SEM from two independent experiments. Only one independent 

experiment was completed for GBM39. 
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4.1.2 GFP expression was confirmed in spheroid GBM6 and GBM39 cultures 

To facilitate preclinical studies, the lentiviral vector used to modify GBM6 and GBM39 also 

enabled expression of GFP. Following transduction, GFP-positive cells were sorted by Dr. 

Arunesh Mohandas (Telethon Kids Institute, AUS), using fluorescence activated flow sorting 

(FACS) via BD FACSAria III Cell Sorter. After sorting, collected GFP-positive GBM6 and GBM39 

were grown for one week to allow spheroid formation. Then wide-field epifluorescence 

images were obtained using an inverted Nikon Ti Eclipse with 450-490nm excitation and 500-

540nm emission filters and confirmed GBM6 and GBM39 spheroids expressed GFP in vitro 

(Figure 4.2).  

 

 

Figure 4.2 GFP expression of spheroid patient-derived GBM cells. 

GBM6 and GBM39 cells were transduced with lentivirus to drive expression of GFP and Luc2 

and GFP-positive cells were collected using FACS. After transduction and sorting, GBM6 and 

GBM39 were grown for a week to create spheres and the wide-field epifluorescence images 

of GFP-positive (A) GBM6 and (B) GBM39 were taken with an inverted Nikon Ti Eclipse with 

450-490 excitation and 500-540nm emission filters. Scale bar is 100 µm. 
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GBM6 and GBM39 cells are known to have amplification of a constitutively active form of 

EGFR called EGFRvIII. To confirm the cells maintained this genetic feature post-transduction, 

I used immunoblotting as described in section 3.6 using the antibodies described in Table 4.1, 

to check EGFR and EGFRvIII expression [168]. As a positive control, mHGG-vIII cells were used 

(see section 3.1). Immunoblot analysis confirmed the presence of wild-type EGFR as well as 

EGFRvIII post-transduction with MSCV.ires.GFP.Luc2 (Figure 4.3). It has also been reported 

that both GBM6 and GBM39 have a wild-type Pten status [168]. Immunoblotting verified this 

previous report as both GBM6 and GBM39 expressed Pten which associated with a lack of 

phospho-Akt (S473) expression suggesting no activation of Akt (Figure 4.3). mHGG-vIII cells 

derived from Pten conditional knockout mice acted as a negative control for Pten expression. 

 

Table 4.1 List of antibodies used for characterising GBM cell lines via immunoblot. 

Target Brand Product # Species Dilution Detection 
method 

Phospho-EGFR (Y1068) Cell Signalling 4407 Rabbit 1:1000 SuperSignal 

Phospho-EGFR (Y1173) Cell Signalling 3777 Rabbit 1:1000 SuperSignal 

Total EGF Receptor Cell Signalling 4267 Mouse 1:1000 SuperSignal 

Phospho-Akt (S473) Cell Signalling 9271 Rabbit 1:1000 SuperSignal 

Total Akt Cell Signalling 4691 Rabbit 1:1000 SuperSignal 

Pten Cell Signalling 9559 Rabbit 1:1000 SuperSignal 

β-actin (clone AC-15) Sigma-Aldrich A1978 Mouse 1:10000 ECL 
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Figure 4.3 Immunoblot analysis confirmed EGFR and PTEN status in GBM cell lines. 

mHGG-vIII, GBM6 and GBM39 cells were grown in optimal culture conditions and protein was 

harvested as described in section 3.6. Immunoblotting was used to examine the expression 

of the indicated proteins. β-actin was used to demonstrate equal protein loading. The 

displayed immunoblot is a representative of an individual experiment. 

 

4.2 Characterisation of murine high-grade glioma 

In addition to the models of human GBM, I also created and utilised a model of murine high-

grade glioma referred here as mHGG-vIII (also referred to in above immunoblotting studies 

as a positive control) following previously published work [173, 175] (also described in section 

3.1). This model replicates several common mutations seen in human GBM [176, 177]: 

EGFRvIII over-expression and inactivation of the tumour suppressor genes Pten and Cdkn2a.  
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4.2.1 In vitro characterisation of mHGG-vIII 

To confirm that mHGG-vIII expressed characteristics of GBM cells and the transduced 

mutations, immunofluorescence (IF) was performed on cultured cells.  Cells were seeded 

10,000 cells in 100 µL per well of poly-D-lysine coated 8-well culture slides (Falcon, USA). The 

following day, media was removed, and each chamber was washed with 200 µL DPBS three 

times for 5 min with agitation. Cells were fixed with 2% PFA in PBS for 15 min at room 

temperature, followed by DPBS washes and then stored at 4°C. mHGG-vIII cells were then 

washed with TBS for 5 min and washed twice more with TBS-T0.01%. After washes, each 

chamber was blocked for 1 h in a humidified chamber using 10% normal goat serum (Vector 

Laboratories, USA) in TBS-T0.01% containing 0.01% thimerosol and 0.2% TX100. mHGG-vIII cells 

were stained for total EGFR, GFAP, Nestin and GFP (Table 4.2 and Figure 4.4A-C) in 2% goat 

serum in TBS-T0.01% with 0.01% thimerosol overnight at 4°C. The following day, the chambers 

were washed with TBS-T0.01% three times for 5 min and then fluorescent secondary antibodies 

were added for 2 h in the dark (Table 4.2). NucBlue (Invitrogen, USA) nuclear staining was 

completed following manufacturer’s guideline. After staining, the chamber was carefully 

removed, and a coverslip (Brand GmbH & Co KG, Germany) was mounted using VectaShield 

Hard set with no DAPI (Vector Laboratories). IF confirmed high expression of EGFR 

demonstrating expression of the transduced mutation (Figure 4.4A) as well as recapitulated 

a common gene amplification seen in GBM [176]. mHGG-vIII cells were also positive for GFAP, 

a commonly used marker of astrocytes and Nestin, a biomarker of glioma stem cells (Figure 

4.4B-C) [184].  

 

Table 4.2. List of immunofluorescent antibodies used. 

Target Brand Product # Dilution Secondary Antibody 

GFAP Sigma G3893 1:400 Mouse Cy3 (1:400) 

Nestin Chemicon MAB5326 1:400 Mouse Cy3 (1:400) 

GFP Molecular Probes A11122 1:1000 Rabbit AlexaFluor488 (1:200) 

EGFR Cell Signalling D38B1 1:50 Rabbit Cy3 (1:400)  
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Figure 4.4  Characterisation of a murine model of high-grade glioma. 

mHGG-vIII cells were generated as described in section 3.1, then seeded onto poly-D-lysine 

slides and IF stained for (A)EGFR, (B) GFAP and (C) Nestin. Images shown are a representative 

of three independent staining attempts. (D) Following implantation of mHGG-vIII into mouse 

brain, tumours were immunohistochemically stained with total EGFR, GFP, Nestin, phospho-

Akt (S473) and Pten as shown. Images are representative of three individual tumours. Scale 

bar is 50 µm. 

 

EGFRvIII expression and cre-mediated deletion of Pten was also confirmed using 

immunoblotting (following the method described in section 3.6) (Figure 4.3). Luciferase 
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activity was also confirmed with in vitro luciferase assay as described above (Figure 4.1), 

further demonstrating that these cells expressed the transduced Luc2, although the RLU were 

low compared to other GBM cell lines. 

 

4.2.2 mHGG-vIII tumour development and immunohistochemical characterisation 

To confirm that in vitro immunofluorescent characterisation markers were retained in vivo, 

brains from implanted mice (see section 3.8) were stained using IHC as described in sections 

3.12 and 3.13. Antibodies used were specific for EGFR, GFAP, Nestin, phospho-Akt (S473) and 

Pten (Table 4.3). IHC confirmed overexpression of membrane-associated EGFRvIII, loss of Pten 

and the associated activation of Akt (Figure 4.4D). The infiltrative appearance of these 

tumours (via H&E staining) and the expression of GBM-associated markers, GFAP and Nestin, 

verified that this mHGG-vIII model represents GBM [176, 177, 184]. 

 

Table 4.3 List of antibodies used for histochemical characterisation of mHGG-vIII. 

Target Brand Product # Dilution Secondary Antibody 

GFAP Sigma G3893 1:400 Mouse (1:200) 

Nestin Chemicon MAB5326 1:400 Mouse (1:200) 

EGFR Cell Signalling D38B1 1:50 Rabbit (1:200) 

Pten Cell Signalling 138G6 1:200 Rabbit (1:200) 

Phospho-Akt (S473) Cell Signalling 9271 1:50 Rabbit (1:200) 

 

4.3 Optimisation of cell seeding density and treatment time for high-throughput 

drug sensitivity assays 

To evaluate the anti-GBM effects of the treatments examined in this thesis, the optimisation 

of GBM cell growth in 384-well plates was required. Ideal seeding density and assay 

incubation time was determined for each cell line. U87, mHGG-vIII or T98G cells were plated 

at 12 different seeding densities in 384-well plates and incubated for 24, 48, 72, 96 and 120 

h. At each incubation time point, an alamarBlue assay (section 3.3) was performed (Figure 

4.5). Optimal seeding densities and incubation time were identified as those that allowed the 

cells to expand consistently over several days without reaching confluence. Based on the 

results, the optimal seeding density for U87 was 1,000 cells/well, while for mHGG-vIII and 
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T98G, a seeding density of 100 cells/well was ideal. For all cell lines, a 72 h incubation time 

was optimal (Figure 4.5).  

 

 

Figure 4.5 Optimisation of seeding density and culture time for alamarBlue assay for GBM 

cells grown in 384-well plates. 

U87, mHGG-vIII or T98G (top to bottom) cells were plated at the seeding densities indicated 

and alamarBlue assays were performed as a measure of cell viability. Graphs were created 

using GraphPad Prism (v8) showing fluorescence intensity plotted over time. Each data point 

displays mean fluorescence ± SEM from two independent experiments. 
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4.4 Other cell cycle checkpoint kinase inhibitors assessed in the course of this thesis 

Prior to the decision to focus on evaluating the CHK1/2 inhibitor LY2606368 during this 

project, two other kinase inhibitors were assessed. AZD6738, an inhibitor of ATR and MK1775, 

a WEE1 inhibitor were also investigated (Table 4.4). Both compounds were purchased from 

MedChem Express and were only tested in in vitro experiments. Stock solutions of AZD6738 

and MK1775 were prepared in DMSO, and aliquots were stored at -80°C. For use in in vitro 

assays, these compounds were further diluted in culture media.  

 

Table 4.4 Other inhibitors of cell cycle kinase investigated in this project. 

Abbreviations: Ataxia telangiectasia and Rad3 (ATR). 

Drug 
compound 

Drug category Mechanism of Action Common uses 

AZD6738 ATR inhibitor AZD6738 selectively inhibits the 
activity of kinase ATR which 
downstream prevents ATR-mediated 
cell cycle checkpoint activity in 
response to DNA damage. 

In clinical trials for renal 
carcinoma, leukaemia, gastric 
carcinoma head and neck 
carcinoma, non-small cell lung 
carcinoma, lymphoma, breast 
and prostate cancer. 

MK1775 
(Adavosertib) 

WEE1 inhibitor MK1775 is a small molecule inhibitor 
of kinase WEE1 which is a critical 
component for the G2/M cell cycle 
checkpoint.  

Currently in clinical trials for 
glioblastoma, renal carcinoma, 
pancreatic carcinoma, 
leukaemia, ovarian, breast and 
prostate cancer. 

 

4.5 Determination of ED50 value for treatments tested in GBM cell lines 

Following optimisation of seeding density and incubation time for U87, mHGG-vIII and T98G 

in 384-well plates, I determined the ED50 values of LY2606368, AZD6738, MK1775, GEM and 

TMZ in each cell line (Figure 4.6). U87, mHGG-vIII and T98G cells were treated with a range of 

doses of LY2606368, AZD6738, MK1775, GEM and TMZ as described in section 3.3.  

Percentage survival was calculated relative to vehicle-treated control wells and ED50 values 

were calculated by interpolation from non-linear regression analyses using GraphPad Prism 

(v8) (Figure 4.6). LY2606368 was efficacious in mHGG-vIII and T98G with ED50 values of 0.073 

µM and 0.004 µM respectively, whereas 11.4 µM was required to decrease U87 cell survival 

by 50%.  Similarly, the effect of AZD6738 varied between cell lines. AZD6738 was most 

effective in T98G with an ED50 value of 0.808 µM, while in mHGG-vIII a higher dose of 3.13 

µM was needed to reduce cell survival by 50%. The dose-response curve was unable to 
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confidently predict the ED50 value of AZD6738 in U87 as the maximal effect plateaued around 

50% reduction in cell survival, therefore the ED75 value was determine as 2.93 µM (Figure 4.6). 

Low doses of MK1775 were needed to reduce mHGG-vIII and T98G cell survival by 50% (0.065 

µM and 0.164 µM respectively), while U87 required a much higher dose of 12.3 µM to 

decreased cell survival by 50%. The ED50 values for GEM ranged between 0.0011 and 0.0025 

µM. GEM was most potent in T98G, producing a steep dose-response curve. Additionally, 

GEM was more potent in U87 than mHGG-vIII, but its maximal efficacy was lower in U87 

(Figure 4.6). These ED50 values for each cell line were used in subsequent in vitro experiments 

described in this thesis such as the assessment of signalling pathway activity using 

immunoblotting and for cell cycle analysis by flow cytometry.  

 

TMZ failed to induce significant toxicity in these assays. This is because the cytotoxic 

mechanism of TMZ requires multiple cycles of mismatch repair [45, 46]; hence, a 72 h time 

point was not sufficient to reduce cell viability. Therefore, for TMZ, 60 µM was used for 

immunoblotting and flow cytometry as per the results from clonogenic assays (see next 

section). 
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Figure 4.6 Dose response curves demonstrate sensitivity of GBM cells to chemotherapies. 

mHGG-vIII, T98G and U87 (indicated at top) were treated with the agents indicated at left, 

and % viability relative to vehicle-treated controls was determined using alamarBlue. At least 

three independent experiments were performed, indicated by the different colours. A best-

fit dose response curve was determined from all independent experiments combined using 

GraphPad Prism (v8) which was used to interpolate the ED50 values indicated on each graph. 
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4.6 Optimising the conditions for clonogenicity assays using GBM cells 

Clonogenicity assays were used for the accurate measurement of the anti-proliferative effects 

of radiation and TMZ treatment on slow growing patient-derived GBM cells as alamarBlue 

assays were not suitable. This assay measures the ability of a single cell to survive treatment 

and re-initiate proliferation. The protocol used was kindly shared by Dr. Lenka Munoz and her 

research team (University of Sydney, AUS) and is described in section 3.5. Dr. Munoz’s team 

had previously optimised seeding density for JK2 and RN1, advising optimal colony formation 

was achieved when seeded at 2,000 and 3,000 cells/well in a tissue-cultured 6-well plate, 

respectively, and I confirmed this was the case (Supplementary Figure 1A-B). In addition to 

these cells, clonogenicity assays were also performed using a third patient-derived GBM cell 

line: GBM6. To determine the best seeding density for GBM6, 1,000, 3,000 or 5,000 cells/well 

were seeded in a 6-well plate and colonies were left to grow for 14 days. It was found 5,000 

cells/well caused over confluency, thus single colonies were undistinguishable, whereas 1,000 

cells/well resulted to approximately 110 colonies after 14 days of incubation which was 

manageable for manual counting (Figure 4.7A and Supplementary Figure 1A), therefore this 

seeding density was used in all other experiments. GBM cell lines: U87, T98G and mHGG-vIII 

were also tested; however, even at low seeding densities, became confluent after 14 days 

incubation (data not shown). Patient-derived GBM39 cells were not included in clonogenicity 

assay for this thesis.  
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Figure 4.7 Optimisation of treatment concentrations and seeding density for clonogenic 

assays. 

Patient-derived GBM cells (A) GBM6, (B) JK2 and (C) RN1 were plated into 6-well plates to 

determine the following: the ideal optimal seeding density, dose of RT and concentration of 

TMZ and LY2606368 for clonogenic assay as described in section 3.5. Each data point 

represents mean value from individual experiments with overall mean ± SEM. 

 

These assays were to be used to measure the effects of TMZ and LY2606368 on survival and 

proliferation, therefore I next wanted to determine the optimal concentration of each agent. 

I aimed to select 2-3 doses of each agent for the assays, that did not result in either 100% 

survival nor 100% death, as the ultimate purpose for this assay was to assess if combinations 

with LY2606368 will further decrease clonogenicity. To confirm that the doses of each 

treatment selected for the assays were appropriate, each cell line was treated with increasing 

amounts of each agent and the number of colonies were counted as described in section 3.5. 

The effect of each treatment and dose was calculated as a percentage of no treatment control 

(% of control) (Figure 4.7). As recommended by Dr. Lenka Munoz, I tested 60 µM and 90 µM 
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TMZ in JK2 and RN1, which were suitable doses that reduced colony numbers (Figure 4.7B-C 

and Supplementary Figure 1B-C). I also trialled 60 µM and 90 µM TMZ in GBM6, however no 

colony formation was observed (data not shown). Therefore, TMZ was reduced to 5, 10 and 

15 µM. GBM6 colony formation decreased in a dose dependant manner and showed that 5 

and 10 µM reduced clonogenicity by approximately 30% and 60% respectively (Figure 4.7A 

and Supplementary Figure 1A), hence for further experiments with GBM6, I used 5, 7.5 and 

10 µM TMZ. In GBM6, I tested 1, 5, 10, 20 and 30 nM LY2606368, results showed that 

clonogenicity was decreased with increasing doses of LY2606368. For further experiments, I 

treated GBM6 with 10 and 20 nM LY2606368 as optimisation experiments demonstrated that 

these doses reduced colony numbers by 40% and 70% respectively (Figure 4.7A and 

Supplementary Figure 1A). Additionally, lower doses of 1 and 5 nM LY2606368 were 

satisfactory to reduce clonogenicity of JK2 and RN1 by 20-50% and these doses were used for 

subsequent experiments (Figure 4.7B-C and Supplementary Figure 1B-C). 

 

This colony forming assay was also used to evaluate the in vitro impact of radiation on GBM 

cells. I trialled 0.5 and 2 Gy radiation in all cell lines and found these doses suitable for further 

experiments as clonogenicity was decreased in a dose dependent manner, with 2 Gy inducing 

approximately 50-60% reduction in colony numbers (Figure 4.7).  

 

4.7 Identifying the optimal radio-/chemosensitising agent for GBM 

The major goal of this thesis was to identify novel drugs that may enhance the effectiveness 

of conventional therapies for GBM, namely TMZ and RT. Drug combinations using another 

clinical chemotherapy, GEM, were also evaluated as this drug is a brain penetrable drug which 

has previously been examined in GBM clinical trials. As mentioned above, the novel drugs 

initially examined as potential augmentative therapies for RT, TMZ or GEM in GBM were the 

CHK1/2 inhibitor LY2606368, ATR inhibitor AZD6738 and the WEE1 inhibitor MK1775. To 

determine the optimal radio-/chemosensitizer, treatment interaction assays were performed 

combining each of these novel drugs with radiation, TMZ and GEM. Treatment interactions 

were determined using the method of Chou and Talalay [179] as mentioned in section 3.3.  
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AZD6738 exhibited a mostly additive interaction with radiation in JK2 and RN1 cells (Figure 

4.8 and Table 4.5). When combined with TMZ, AZD6738 demonstrated variable interactions 

across the different GBM cell lines, exhibiting additivity in U87 and RN1 cells, synergy in 

mHGG-vIII and antagonism in JK2 (Figure 4.8 and Table 4.5). When combined with GEM, 

AZD6738 was synergistic in two out of the three cell lines tested (Figure 4.8 and Table 4.5). 

Similar diverse results were observed across the GBM cell lines when MK1775 was examined 

in combination with TMZ and GEM, with synergy observed in some cases and additivity in 

others (Figure 4.8 and Table 4.5). The interaction between MK1775 and radiation was not 

examined. While there was some synergy observed, overall, these data suggested that 

AZD6738 and MK1775 may not be broadly compatible with traditional GBM therapies, at least 

in the models studied. Consequently, AZD6738 and MK1775 were not investigated further. 

On the other hand, the data described in the rest of this thesis show that LY2606368 exhibited 

the greatest synergism with traditional GBM therapies across multiple cell lines and thus 

combinations with LY2606368 became the focus of my research.  

 

 

Figure 4.8 Interaction assays between AZD6738 or MK1775 and traditional GBM therapies. 

CI values of GBM cell lines treated with different treatment combinations were determined 

using CompuSyn software where CI values < 1 show synergy, CI = 1 display additive 

interactions (dotted line) and CI values > 1 demonstrate antagonism. Data shows the mean CI 

of each independent experiment with overall mean CI value ± SD from at least two 

independent experiments. Only one independent experiment was performed on GEM and 

MK1775 in U87 cells. 
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Table 4.5 Summary of CI results from treatment interaction assays shown in Figure 4.8. 

Overall mean CI values ± SD for the interaction of the indicated treatment combinations in 

GBM cell lines. Green values indicate synergy, black indicates additivity and red indicates 

antagonistic interactions. At least one independent experiment was performed. ND indicates 

not determined. 

 Cell Line   JK2 RN1 U87 mHGG-vIII T98G 

C
o

m
b

in
at

io
n

s 
as

se
ss

e
d

 Radiation 
AZD6738 

1.189±0.230 0.857±0.128 ND ND ND 

TMZ 
AZD6738 

1.361±0.335 1.011±0.239 0.919±0.165 0.604±0.335 ND 

GEM 
AZD6738 

ND ND 0.679±0.046 0.475±0.040 1.003±0.046 

TMZ 
MK1775 

ND ND 0.439±0.123 1.047±0.200 ND 

GEM 
MK1775 

ND ND 1.185±0.001 1.146±0.093 0.650±0.127 

 

4.8 Optimisation of time points for immunoblotting analyses 

In order to understand the mechanisms of DNA-damaging therapies and kinase inhibition in 

GBM cells, I first needed to determine the optimal time point post-treatment to detect 

activation of the DDR pathway. Patient-derived GBM6 and GBM39 cells were treated with 10 

Gy radiation (section 3.6) and protein was harvested from cells after 4 and 6 h. 

Immunoblotting was performed to detect the induction of DNA damage using γH2AX, 

activation of CHK1, CHK2, p53, as well as downstream Y15-phosphorylation of CDC2 (Figure 

4.9) as described in section 3.6.  

 

 



87 

 

Figure 4.9 DDR signalling in GBM cells lines examined at multiple time points post-radiation. 

GBM6 and GBM39 cells were treated with 10 Gy radiation (+) or were mock treated (-). At 2, 

4 or 6 h post-radiation protein was harvested and immunodetection was performed for the 

specified antibodies. Shown immunoblot is a representative of two independent experiment. 

β-actin was used as a loading control. 

 

Activation of CHK1 was evident at 2, 4 and 6 h post-radiation as indicated by phosphorylation 

of S345 (Figure 4.9), confirming that the pathway was engaged by radiation in these cells. 

Furthermore, this correlated with an increase in p53 levels relative to untreated cells, 

consistent with activation of a DDR. CHK2 levels were reduced following radiation at all time 

points in both cell lines. Phosphorylation of CDC2 at Y15 was also largely unchanged (Figure 

4.9). The optimal pathway response was determined to be 2 h post-radiation, since an 

induction of CHK1 phosphorylation at S296 was observed in GBM39 and in both cell lines, 

S345-phosphorylated CHK1 was increased with radiation. In addition, γH2AX levels increased 

in GBM39 cells (Figure 4.9). Therefore, for further immunoblotting analyses following 
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treatment of GBM cells with radiation and LY2606368, I chose to harvest protein at 2 h post-

radiation and these data are presented in section 5.2.3. 

 

In this thesis, the optimisation of protein harvest time points after TMZ or GEM treatment 

was not investigated; however, should be considered for future experiments. This limitation 

is further discussed in sections 6.3 and 7.3. 

 

4.9 Effect of traditional GBM therapies and LY2606368 on CHK2 expression 

LY2606368 inhibits activation of both CHK1 and CHK2 by blocking autophosphorylation of 

CHK1 at S296 and CHK2 at S516 [185-188]. Studies have shown that LY2606368 has a higher 

affinity for CHK1 [23, 185, 189]. To understand if LY2606368 was affecting CHK2 in GBM cells, 

I investigated the expression of CHK2 and phosphorylation status at S516 using immunoblot 

with the antibodies described in Table 4.6. Protein was harvested after treatment with 

radiation, TMZ or GEM combined with LY2606368 as described in 3.6.  

 

Table 4.6 List of CHK2 antibodies used for immunoblotting. 

Target Brand Secondary 
antibody 

Dilution Used for 

Phospho-CHK2 (S516) Cell Signalling Rabbit 1:1000 Immunoblot 

Total CHK2 Cell Signalling Rabbit 1:1000 Immunoblot 

 

4.9.1 Radiation decreased total CHK2 expression 2 h post-treatment 

After 2 h, radiation induced a small increase in expression of S516-phosphorylated CHK2 only 

in T98G cells, which slightly increased in the presence of LY2606368 (Figure 4.10). 

Phosphorylation of CHK2 at S516 remained unchanged with either LY2606368 monotherapy, 

radiation or the combination treatment in all other cell lines examined (Figure 4.10). In 

contrast, radiation and combination of radiation and LY2606368 induced a reduction in total 

CHK2 protein levels in all cell lines except mHGG-vIII, although this could not be determined 

in U87 cells due to a technical difficulty (Figure 4.10). Treatment with LY2606368 

monotherapy for 2 h did not change the expression of total CHK2 in comparison to controls 

(Figure 4.10). Since CHK2 expression was unchanged with LY2606368 monotherapy, these 

results suggest that radiation reduced CHK2 expression irrespective of LY2606368. 
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Figure 4.10 Exploring the expression of CHK2 after treatment with radiation and LY2606368. 

U87, GBM6, T98G, GBM39 and mHGG-vIII cells were treated with radiation, LY2606368 or co-

treated with radiation and LY2606368. Protein was collected 2 h post-radiation as described 

in section 3.6 and immunodetection was completed for the indicated antibodies. These data 

are representative of three independent experiments. Samples that were treated as controls 

were either taken to Gammacell irradiator but not irradiated or were treated with 0.1% 

DMSO. β-actin was used as a protein loading control. 
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4.9.2 LY2606368 decreased total CHK2 expression 48 h post-treatment 

The impact of LY2606368 on CHK2 was also investigated at later timepoints. Treatment of 

GBM cells with LY2606368 either alone, or in combination with TMZ resulted in a reduction 

of total CHK2 in all cell lines investigated, indicating that 48 h treatment with LY2606368 

reduced CHK2 expression irrespective of TMZ. LY2606368 alone or in combination with TMZ, 

had no apparent effect on S516-phosphorylated CHK2 expression in any of the cell lines 

examined (Figure 4.11), suggesting that the impact of LY2606368 on CHK2 phosphorylation is 

minimal in GBM cells.  Expression of S516-phosphorylated CHK2 remained unchanged 

compared to controls after 48 h of treatment with TMZ, demonstrating that at this particular 

time point, any effect of TMZ on CHK2 phosphorylation was not captured. This suggests 

further time point optimisation is required to observe the induction of CHK2 phosphorylation 

and subsequent activation.  
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Figure 4.11 CHK1 protein expression in GBM cells post-treatment with TMZ and LY2606368. 

U87, GBM6, T98G, GBM39 and mHGG-vIII were treated with 60 µM TMZ, the indicated dose 

of LY2606368 or the combination of TMZ and LY2606368 for 48 h. Protein was collected as 

described in section 3.6 and immunodetection was completed phospho-CHK2 S516 and total 

CHK2. The immunoblot shown is a representative of three independent experiments. Control 

samples were treated with 0.1% DMSO. β-actin was used as a protein loading control. 
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4.9.3 GEM and LY2606368 reduced total CHK2 expression 24 h post-treatment 

Protein lysates were also harvested 24 h post-drug treatment in several experiments. These 

experiments showed that at this time point, LY2606368 had little effect on CHK2 levels, 

although a reduction was seen in T98G cells (Figure 4.12). LY2606368, GEM or the 

combination of GEM and LY2606368 caused no change in S516-phosphorylated CHK2, with 

levels comparable to DMSO control (Figure 4.12); although, the levels appeared very low and 

perhaps beyond the limits of sensitivity in this assay. These data suggest that GEM did not 

sufficiently induce CHK2 activation at this time point and highlights that further time point 

optimisation is needed to observe this.  
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Figure 4.12 Assessing CHK2 expression after treatment with GEM and LY2606368. 

U87, GBM6, T98G, GBM39 and mHGG-vIII were treated for 24 h with 20 nM GEM, the 

indicated dose of LY2606368 or co-treated with GEM and LY2606368. Protein was collected 

and immunodetection was completed for the indicated antibodies as described in section 3.6. 

These data are a representative from three independent experiments. Samples that were 

treated as a control were treated with 0.1% DMSO. β-actin was used to confirm equal protein 

loading. 
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In summary, here I examined the expression levels of S516-phosphorylated CHK2 and total 

CHK2 following treatment with radiation, TMZ or GEM and the additional effects of 

LY2606368. To re-emphasise, phosphorylation of CHK2 at S516 was only induced by radiation 

in one cell line, but not TMZ or GEM in any of the GBM cell lines at the doses or time points 

examined. While low expression levels consistently made it difficult to determine, these 

results suggest that LY2606368 does not inhibit phosphorylation of CHK2 at S516, because in 

the one instance where phosphorylation of S516 was induced (radiation of T98G), the 

addition of LY2606368 did not reduce its expression. Instead, results show that LY2606368 

may inhibit the expression of total CHK2, since LY2606368 reduced total CHK2 expression at 

24 and 48 h, either as a monotherapy or in combination, implicating that LY2606368 affects 

CHK2 expression irrespective of inhibition of autophosphorylation of CHK2 at S516. 

Additionally, 2 h post-LY2606368, CHK2 expression remained unchanged compared to 

controls. This reiterates the requirement of further time point optimisations for radiation, 

TMZ, GEM and combination therapies to determine the impact on S516-phosphorylated CHK2 

and total CHK2 expression.  Nevertheless, these results suggest that CHK2 is not greatly 

activated in GBM cells following the standard therapies examined in this thesis. In contrast, 

CHK1 is rapidly and intensely activated as well as greatly inhibited by LY2606368 (shown in 

subsequent sections 5.2.3, 6.2.3 and 7.2.3) and for this reason, was decided as a major focus 

of my work in the remaining chapters of this thesis.  

 

4.10 Time point optimisation for the analysis of cell cycle distribution of GBM cells 

after treatment 

DNA damaging agents (RT, TMZ and GEM), as well as the kinase inhibitor being studied in this 

project (LY2606368) are known to impact cell cycle and cell death, I aimed to mechanistically 

characterise the impact of these treatments in GBM cells using flow cytometry. DNA 

damaging agents: RT, TMZ and GEM are known to induce cell cycle arrest. To determine the 

time point(s) at which these DNA damaging agents caused cell cycle arrest, GBM6 and U87 

were treated with 10 Gy radiation, 60 µM TMZ or 20 nM GEM. Cells were pulsed with EdU for 

45 min then harvested and fixed at several different time points, and flow cytometry was 

performed after cells were stained with DAPI, pHH3, to define mitotic cells and cleaved PARP, 

as a marker of apoptotic cells (see section 3.7). At the same time points, I also examined how 
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LY2606368 alters cell cycle progression when used as a monotherapy or in combination with 

traditional GBM therapies. It has been demonstrated that CHK1 inhibition via LY2606368 

abrogated cell cycle checkpoints particularly at S and G2/M checkpoints, forcing cells with 

unrepaired DNA into mitosis and lead cells to cell death via apoptosis [23, 185, 189]. Here, I 

hypothesised that LY2606368 will prevent cell cycle arrest induced by traditional GBM 

therapies causing an increase in apoptotic cells.  

 

4.10.1 The impact of radiation and LY2606368 on GBM cell cycle progression 

To determine the optimal time point(s) at which to examine the effect of radiation and 

LY2606368 on cell cycle, GBM6 cells were treated with LY2606368, radiation or the 

combination of radiation and LY2606368 then harvested and fixed at 6, 24 and 30 h post-

treatment. Cells were stained and then analysed by flow cytometry as detailed above and 

described in section 3.7.  Mock (cells that were taken to the Gammacell irradiator but not 

irradiated) and DMSO (LY2606368 vehicle) treatment groups were included as controls. It is 

worth noting that results between the control groups were comparable.  

 

To determine the impact of radiation, LY2606368 and the combination treatment on mitosis, 

GBM6 cells were stained with pHH3. At 6 h post-radiation there was a significant reduction in 

the pHH3+ population suggesting GBM6 cells stopped dividing and that radiation induced cell 

cycle arrest (Figure 4.13A,C). This remained after 24 h, while at 30 h pHH3+ populations were 

comparable to controls, indicating that cells were no longer in cell cycle arrest (Figure 

4.13A,C). Interestingly, at 6 h, the pHH3+ population did not decrease after combination 

radiation and LY2606368 treatment, but rather significantly increased when compared to 

controls and radiation alone, an effect that was sustained at 24 h in comparison to radiation 

alone (Figure 4.13A,C). This is as expected, since blockade of CHK1 prevents activation of cell 

cycle arrest that has been triggered by radiation-induced DNA damage. Of note, GBM6 cells 

treated with LY2606368 monotherapy also demonstrated an increase in pHH3+ populations 

at 6 and 24 h, compared to radiation alone suggesting that LY2606368 alone can promote 

mitosis in GBM6 cells (Figure 4.13A,C). This could be associated with the TP53-mutant status 

of GBM6 cells [168], meaning that GBM6 have a constitutive accumulation of DNA damage 

and are unable to effectively regulate damaged DNA via G1 checkpoint (mediated by p53), 

therefore rely on CHK1 to arrest cells in S and G2 checkpoints [190].  
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Figure 4.13 Changes in cell cycle distribution after radiation and LY2606368. 

GBM6 treated with 1 µM LY2606368, 10 Gy radiation or the combination of radiation and LY2606368 for the indicated time points. Cells were 

stained with pHH3, a marker of mitotic cells, as well as EdU and DAPI. (A) Representation plots separating mitotic cells (pHH3+) from non-mitotic 

cells (pHH3-). (B) Representative plots showing cells gated according to Figure 3.3 to distinguish cell cycle phases: subG1, G1, EdU+ S, EdU- S and 

G2. (C-D) Quantification graphs display % of cells from total DAPI/EdU gate with mean % of cells ± SD from at least two individual experiments. 

Unpaired Student’s t test was completed to determine significant difference between treatments; *, p≤0.05 **, p≤0.01, ***, p≤0.001 and ****, 

p≤0.0001 
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To examine the impact of combining radiation with LY2606368 on cell cycle distribution, cells 

were separated into cell cycle phases using EdU and DAPI staining as follows: G1 marked by 

cells with 2n DNA content, S phase marked by EdU+ or EdU- and by cells with DNA content 

between 2n and 4n, G2 was identified as cells with 4n DNA content and subG1 was defined 

as cells with less than 2n DNA content. As explained above, radiation significantly reduced 

pHH3+ mitotic populations suggesting radiation-induced DNA damage caused cell cycle 

arrest. During cell cycle arrest, cells are undergoing DNA repair, therefore, it is expected that 

the synthesis of new DNA would reduce [70, 85]. Hence, the amount of EdU incorporation 

was investigated.  

 

At 6 h, in GBM6 cells, none of the treatments had an impact on EdU incorporation and all 

were comparable to DMSO control (Table 4.7). While, at 24 and 30 h, both radiation and 

LY2606368 alone resulted in a significantly increased proportion of cells expressing EdU 

compared to DMSO controls (Table 4.7). Additionally, there was a reduction in EdU staining 

intensity as seen as a downward shift in the EdU+ population in the representative plots 

(Figure 4.13B), implying that DNA synthesis was slowed but not completely ceased post-

treatment in these groups. GBM6 cells treated with radiation combined with LY26063068 only 

demonstrated a slight but not significant increase in EdU incorporation at 24 and 48 h when 

compared to controls, suggesting that the combination also affected DNA synthesis (Figure 

4.13B and Table 4.7). Interestingly, this could be associated with the increase in EdU- S 

population detected when GBM6 cells were treated with combination treatment compared 

to radiation alone (Figure 4.13B,D), demonstrating that cells are still in S phase but no new 

DNA is being synthesised. However, it should be noted that no difference was established 

between LY2606368 monotherapy and combination therapy (Figure 4.13B,D), suggesting that 

the increase in EdU- population was mediated by LY2606368. 
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Table 4.7 Percentage of GBM6 cells in S and G2 phases of cell cycle after radiation and 

LY2606368 treatment. 

Percentage of total DAPI/EdU population in the different phases of cell cycle. Each value is 

the mean % ± SD from at least two independent experiments. Unpaired t test was used to 

compared DMSO control to the different treatment groups (*, p≤0.05, **, p≤0.01, ***, 

p≤0.001 and ****, p≤0.0001). 

 Frequency of EdU+ S population, DAPI/EdU (Mean %±SD) 

 Mock DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

6 h 34.6±0.04 35.6±0.03 31.1±0.01 35.9±0.1 33.7±0.1 

24 h 18.8±0.03 19.9±0.1 36.6±0.1* 42.8±0.03** 29.8±0.04 

30 h 18.2±0.03 21.8±0.01 34.4±0.001*** 26.7±0.01* 24.2±0.02 

 Frequency of EdU- S population, DAPI/EdU (Mean %±SD) 

 Mock DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

6 h 3.2±0.01 3.1±0.01 3.7±0.01 4.4±0.01 4.4±0.004 

24 h 3.2±0.01 3.9±0.02 18.9±0.03** 5.4±0.01 22.0±0.02*** 

30 h 2.6±0.01 2.2±0.01 29.0±0.02** 5.1±0.004 30.8±0.03** 

 Frequency of G2 population, DAPI/EdU (Mean %±SD) 

 Mock DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

6 h 7.9±0.02 8.9±0.02 7.1±0.03 8.7±0.02 6.8±0.03 

24 h 10.0±0.03 11.3±0.03 14.9±0.1 22.4±0.03** 15.4±0.1 

30 h 7.5±0.02 7.6±0.01 13.6±0.02 40.4±0.02** 20.1±0.04* 

 

The effects of radiation, LY2606368 and the combination treatment is also apparent through 

the quantification of cells in G2 phase. As explained above, at 6 h, radiation resulted in a 

significant reduction of pHH3 expressing GBM6 cells, suggesting radiation prevented mitosis 

and caused cell cycle arrest (Figure 4.13A,C). Radiation induced cell cycle arrest was 

reinforced by the accumulation of GBM6 cells in G2, which was first evident at 24 h and 

became significantly increased by 30 h, when the proportion was significantly higher 

compared to both DMSO controls and cells treated with the combination of radiation and 

LY2606368 (Figure 4.13B and Table 4.7).  Again, this was as expected, as CHK1 inhibition by 

LY2606368 subsequently blocks radiation-induced cell cycle arrest.  
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GBM6 cells were also stained with cleaved PARP, as a marker of apoptotic cells, to determine 

whether combining radiation with LY2606368 would significantly induce apoptosis compared 

to each therapy alone. At 6 h, there was no change in the proportion of apoptotic cells in any 

treatment group compared to controls (Figure 4.14A,C). Investigation of later time points of 

24 and 30 h demonstrated that GBM6 cells co-treated with radiation and LY2606368 had a 

greater proportion of cells undergoing apoptosis than controls (Figure 4.14A,C). However, 

LY2606368 monotherapy caused an equivalent increase in apoptotic proportions and 

statistical analysis presented no different between radiation alone and the combination 

(Figure 4.14A,C). Repeating this experiment with investigations of longer time points could 

demonstrate a significant increase in the proportion of GBM6 cells undergoing apoptosis after 

treatment with radiation and LY2606368. 
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Figure 4.14 Apoptosis of GBM cells post-treatment with radiation and LY2606368. 

(A,C) GBM6 and (B,D) U87 cells treated with LY2606368, radiation or radiation and LY2606368 

were stained for cleaved PARP, as a marker of apoptotic cells. Representative plots of (A) 

GBM6 and (B) U87 distinguish cells undergoing apoptosis (cleaved PARP+) from non-apoptotic 

cells. (C-D) Quantification graphs display % of apoptotic cells from total DAPI/EdU gate, with 

mean % of apoptotic cells ± SD of at least two independent experiments. Unpaired Student’s 

t test was completed to determine significant difference between treatments; *, p≤0.05, **, 

p≤0.01, ***, p≤0.001 and ****, p≤0.0001. 

 

In summary, at 6 h, radiation induced cell cycle arrest in GBM6 cells as demonstrated by the 

loss of a pHH3+ population. This was blocked by the addition of LY2606368 with radiation, 

since GBM6 cells treated with this combination showed an increase in mitotic activity (Figure 

4.13A,C). At the later time point of 30 h, reduced mitotic activity in the radiation alone group 

associated with decreased DNA synthesis and an accumulation of GBM6 cells in G2. 

Furthermore, at 30 h, GBM6 cells co-treated with radiation and LY2606368, also presented a 



101 

decrease in EdU incorporation and increase in G2 population but to lesser extent than cells 

treated with radiation alone (Figure 4.13B,D).  

 

I repeated the same experiment in another GBM cell line, U87 (Figure 4.15). In U87, mitotic 

activity was reduced after 6 h post-radiation, as the pHH3+ population significantly decreased 

in comparison to controls, indicating radiation-induced cell cycle arrest (Figure 4.15A,C). 

Whereas, radiation combined with LY2606368 significantly increased the pHH3+ population 

compared to all other treatments (Figure 4.15A,C) which implies that CHK1 inhibition via 

LY2606368 blocked radiation-induced cell cycle arrest. Interestingly, at 24 and 30 h, radiation 

and LY2606368 caused a significant decrease in pHH3+ populations, while U87 cells treated 

with radiation appeared to regain mitotic activity as pHH3+ populations were comparable to 

DMSO control (Figure 4.15A,C).  
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Figure 4.15 Cell distribution of GBM cells post-treatment with radiation and LY2606368. 

U87 cells treated with 1 µM LY2606368, 10 Gy radiation or co-treated with radiation and LY2606368 were stained with pHH3, a marker of mitotic 

cells, as well as EdU and DAPI. (A) Representative plots distinguishing mitotic cells (pHH3+) from non-mitotic cells (pHH3-). (B) Representative 

plots of U87 cells gated into the different phases of cell cycle: subG1, G1, EdU+ S, EdU- S and G2. (C-D) Quantification graphs display % of cells 

from total DAPI/EdU gate with mean % of cells ± SD from at least two individual experiments. Unpaired Student’s t test was completed to 

determine significant difference between treatments; *, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001. 
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DNA synthesis was also examined via EdU incorporation. At 6 h, the different treatments had 

no significant impact on U87 cells incorporating EdU (Figure 4.15B,D). Although, at 24 h, 

radiation alone significantly decreased the proportion of U87 in EdU+ S phase compared to 

DMSO controls (Table 4.8), demonstrating that the synthesis of new DNA was slowed down. 

Notably, at the same time point, the proportion of cells in EdU+ S phase after co-treatment 

with radiation and LY2606368 was not statistically different to DMSO controls (Table 4.8). 

However, investigation of EdU- S populations showed that treatment with radiation and 

LY2606368 significantly increased this population after 30 h when compared to controls and 

each treatment alone (Figure 4.15B,D and Table 4.8). This suggests that LY2606368 prevented 

radiation-induced cell cycle arrest, with U87 cells remaining in S phase while no new DNA was 

being synthesised. LY2606368 monotherapy had the same impact on EdU- S phase and no 

difference was observed been LY2606368 monotherapy and the combination treatment 

(Figure 4.15B,D).  
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Table 4.8 Percentage of U87 cells in S or G2 phases after radiation and LY2606368. 

Percentage of total DAPI/EdU population in the EdU+, EdU- S phase or G2 phase. Each value 

is the mean % ± SD of at least two individual experiments. Unpaired t test was used to 

compared DMSO control to the different treatment groups (*, p≤0.05, **, p≤0.01, ***, 

p≤0.001 and ****, p≤0.0001). 

 Frequency of EdU+ S population, DAPI/EdU (Mean %±SD) 

 Mock DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

6 h 28.6±0.1 27.9±0.1 27.1±0.1 34.6±0.1 23.4±0.1 

24 h 20.0±0.1 18.5±0.04 20.6±0.02 8.8±0.02* 12.4±0.02 

30 h 21.9±0.01 23.6±0.04 14.2±0.02 16.4±0.1 12.4±0.004 

 Frequency of EdU- S population, DAPI/EdU (Mean %±SD) 

 Mock DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

6 h 2.0±0.02 3.0±0.01 2.1±0.004 2.9±0.02 3.3±0.03 

24 h 1.5±0.01 1.9±0.02 8.5±0.01 2.7±0.01 9.8±0.1 

30 h 1.1±0.01 1.1±0.01 15.0±0.03* 2.6±0.01 14.4±0.02* 

 Frequency of G2 population, DAPI/EdU (Mean %±SD) 

 Mock DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

6 h 13.6±0.02 12.1±0.01 8.2±0.01** 18.9±0.04 9.3±0.01* 

24 h 12.5±0.02 13.5±0.003 31.0±0.1* 29.0±0.1* 21.0±0.04* 

30 h 14.1±0.01 13.0±0.01 34.1±0.1* 15.4±0.03 20.1±0.004* 

 

The reduction of pHH3+ population observed at 6 h post-radiation treatment correlated with 

an increase in U87 cells in G2 phase compared to cells treated with combination radiation and 

LY2606368, emphasising radiation triggered G2 arrest, while the addition of LY2606368, 

abrogated radiation-induced G2 arrest (Figure 4.15B,D). By 30 h, U87 cells treated with 

radiation were no longer in G2 arrest, as populations were comparable to DMSO control 

(Table 4.8). Intriguingly, at later time points of 24 and 30 h, U87 cells treated with LY2606368 

or radiation with LY2606368 were also accumulating in G2 phase compared to DMSO control 

(Table 4.8). As explained above, at 24 and 30 h, U87 showed a decrease in EdU incorporation 

as the EdU- population increased (Figure 4.15B,D). Lack of EdU incorporation and 

accumulation in G2 could propose that LY2606368 allowed U87 cells to continue cycling 

despite radiation-induced DNA damage.  
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To examine if the addition of LY2606368 to radiation would further trigger apoptosis, U87 

cells were also stained with cleaved PARP, to mark apoptotic cells. At 6 and 24 h, apoptotic 

populations after all treatments were consistent (Figure 4.14B,D). After 30 h co-treatment of 

U87 cells with radiation and LY2606368, increased apoptotic populations when compared to 

DMSO control (Figure 4.14B-C). However, statistical analysis presented no difference 

between the combination and each therapy alone (Figure 4.14B,D). Additional investigation 

of longer time points may portray that the addition of LY2606368 to radiation can further 

prompt apoptosis in U87. 

 

In summary, in U87 cells, radiation induced cell cycle arrest was discerned at 6 h as pHH3 

positivity significantly decreased compared to DMSO controls (Figure 4.15A,C). The impacts 

of radiation-induced cell cycle arrest were captured at 6 and 24 h with an increase in G2 

population and reduction in EdU+ S phase, respectively. At 6 h, radiation with LY2606368 

increased the mitotic activity of U87 cells and then at 24 and 30 h pHH3+ decreased 

suggesting a reduction in mitotic activity. The effects of the combination on U87 cells were 

also consistently observed at 24 and 30 h as EdU incorporation decreased and cells 

accumulated in G2 phase.  

 

Overall, radiation-induced cell cycle arrest was observed at the 6 h time point in both GBM6 

and U87 cell lines. Additionally, the changes in cell cycle after treatment with radiation and 

LY2606368 were most apparent at 30 h for GBM6 and consistent between 24 and 30 h in U87. 

Therefore, to emphasise the impacts of radiation, LY2606368 and the combination of 

radiation and LY2606368, I chose to only present 6 and 30h time points in the results sections 

5.2.4 - 5.2.6. Mock controls were also excluded from these sections as they were no different 

from DMSO controls.  

 

4.10.2 The impact of combining TMZ and LY2606368 on cell cycle distribution 

To determine the optimal time point to observe the impact of TMZ and LY2606368 on cell 

cycle, GBM6 cells were treated with LY2606368, TMZ or the combination of TMZ and 

LY2606368 and initially harvested at 24, 48, 72 h post-treatment. As it is known that the 

cytotoxic effects of TMZ are reliant on multiple mismatch repair cycles [45],  I investigated 

time points beyond 72 h and harvested GBM6 cells at 96, 120, 144 and 196 h post-treatment. 
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Cells were fixed, stained with EdU, DAPI, pHH3, and cleaved PARP, and then analysed by flow 

cytometry as detailed in section 3.7. Cell were also treated with DMSO (LY2606368 and TMZ 

vehicle) as controls.  

 

To assess the effect of TMZ, LY2606368 and the combination of TMZ and LY2606368 on 

mitosis, GBM6 cells were stained with pHH3. At 24 and 48 h, none of the treatments 

significantly altered the pHH3+ population (Figure 4.16A,C). While at 72 h, TMZ alone caused 

a significant reduction in pHH3+ population compared to DMSO controls (Figure 4.16A,C), 

suggesting that TMZ prevented GBM6 from entering mitosis and caused cell cycle arrest. TMZ 

continued to reduce the pHH3+ population upon comparison to controls, at 96, 120 and 144 

h time points, however, it should be noted that results were not statistically significant at 96 

or 120 h (Figure 4.16B-C). LY2606368 and the combination of TMZ and LY2606368 also 

reduced pHH3+ populations at 72 h, but at later time points of 96 and 120 h, GBM6 cells 

treated with TMZ and LY2606368 showed a significantly greater proportion of pHH3+ cells 

than cells treated with TMZ only (Figure 4.16B-C). This was as expected, as these data suggests 

LY2606368 blockade of CHK1 has prevented TMZ-induced cell cycle arrest. By 168 h, pHH3+ 

populations after all treatments were comparable to DMSO controls, indicating that the 

treatments no longer influenced GBM6 cells. 

 



107 

 

Figure 4.16 The impact of TMZ and LY2606368 on mitosis. 

GBM6 were treated with 1 µM LY2606368, 60 µM TMZ or the combination of TMZ and 

LY2606368. Cells were firstly fixed post-treatment at (A) 24, 48 and 72 h and then longer time 

points of (B) 96, 120, 144 and 168 h were investigated. Representative plots show pHH3+ 

(mitotic) population separated from pHH3- (non-mitotic) cells. (C) Quantification graphs 

shows % of mitotic cells (pHH3+) from total DAPI/EdU population with mean % of cell 

populations ± SD from three independent experiments. Unpaired Student’s t test was 

completed and *, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001 were considered 

significant. 

 

Using EdU and DAPI staining, GBM6 cells were gated into the different cell cycle phases as 

described earlier. TMZ prevented GBM6 cells from entering mitosis at 72 h and continued to 

reduce pHH3 positivity at 96, 120 and 144 h, suggesting that TMZ caused cell cycle arrest 

(Figure 4.17). Cell cycle arrest provides cells the opportunity to repair damaged DNA, 

therefore, the synthesis of new DNA is expected to be reduced while DNA is being repaired 
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[85]. EdU incorporation was quantified to determine the effect of TMZ, LY2606368 and 

combination treatment of TMZ and LY2606368 on DNA synthesis. It was expected that TMZ 

would reduce DNA synthesis and thus cause a decrease in the proportion of GBM6 cells in 

EdU+ S phase. However, GBM6 cells treated with TMZ, were still able to incorporate EdU 

(Figure 4.17A) and EdU+ populations were significantly greater than DMSO controls at 24 and 

72 h (Table 4.9). Although the proportion of EdU+ S phase cells increased, the staining 

intensity was reduced (Figure 4.17A-B), indicating that GBM6 cells are making new DNA post-

TMZ but not as much as GBM6 cells that were treated with DMSO. This was also apparent at 

96 and 120 h (Figure 4.17B). While, at 144 and 168 h, TMZ treatment caused near ablation of 

EdU incorporation (Figure 4.17B), implying that at these time points the majority of GBM6 

cells were finally in cell cycle arrest. In contrast, GBM6 cells co-treated with TMZ and 

LY2606368 showed significant reductions in EdU+ S populations when compared to TMZ 

alone at 48, 72 and 96 h time points, indicating that unlike TMZ alone, the combination 

treatment prevented synthesis of new DNA. This correlated with the EdU- S populations, as 

treatment with TMZ and LY2606368 produced a significant increase in EdU- S populations 

compared to TMZ alone, at 24, 48 and 72 h (Figure 4.17A,C) and DMSO control, at every time 

point investigated (Table 4.9). These data demonstrate that although no new DNA is being 

synthesised, GBM6 cells still progressed through the cell cycle post-treatment with TMZ and 

LY2606368. However, it should be noted that there was no statistically significant difference 

in cell populations between LY2606368 monotherapy and the combination therapy (Figure 

4.17). As explained above, GBM6 cells are TP53-mutant [168], therefore, it was expected that 

LY2606368 monotherapy will have an impact of GBM6 cell cycle progression.  
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Figure 4.17 The effect of TMZ and LY2606368 on cell cycle distribution. 

GBM6 cells were treated with 0.1% DMSO, 1 µM LY2606368, 60 µM TMZ or the combination 

of TMZ and LY2606368. Cells were firstly fixed at (A) 24, 48 and 72 h time points, and then 

longer time points of (B) 96, 120, 144 and 168 h were investigated. (A-B) Representative plots 

display cells gated into the different phases of cell cycle after being stained with EdU and 

DAPI. (C) Quantification was performed with FlowJo software (v10) and displays % of cells 

from total DAPI/EdU populations as shown in Figure 3.3. Data also includes mean % of cell ± 

SD of three individual experiments. Unpaired Student’s t tests compared the groups; *, 

p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001. 
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Table 4.9 Percentage of GBM6 cells in S and G2 phase post-treatment with TMZ and 

LY2606368. 

Proportion of total DAPI/EdU population in EdU+, EdU- S phase or in G2 phase. Each value is 

the mean ± SD from three individual experiments. Unpaired t test was used to compared 

DMSO control to the different treatment groups (*, p≤0.05, **, p≤0.01, ***, p≤0.001 and 

****, p≤0.0001). 

 Frequency of EdU+ S population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 TMZ TMZ+LY2606368 

24 h 21.8±0.01 38.2±0.01**** 41.4±0.01**** 39.0±0.02*** 

48 h 23.1±0.02 14.6±0.02** 25.5±0.02 12.0±0.03** 

72 h 24.6±0.03 5.6±0.01*** 43.4±0.01*** 4.9±0.01*** 

96 h 21.9±0.03 18.9±0.04 35.1±0.1 14.4±0.003* 

120 h 18.0±0.04 18.6±0.02 21.8±0.1 11.1±0.04 

144 h 13.8±0.003 15.5±0.03 6.1±0.03** 6.1±0.04 

168 h 9.7±0.01 12.6±0.02 6.3±0.03 5.4±0.02 

 Frequency of EdU- S population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 TMZ TMZ+LY2606368 

24 h 3.2±0.004 17.9±0.02*** 3.6±0.002 17.6±0.03** 

48 h 3.1±0.004 35.7±0.1** 4.0±0.004 40.9±0.05*** 

72 h 2.6±0.003 32.1±0.1** 5.1±0.004*** 34.6±0.05*** 

96 h 2.5±0.003 9.7±0.01**** 14.6±0.1 22.4±0.05** 

120 h 2.4±0.002 10.6±0.02** 23.4±0.1 23.0±0.1** 

144 h 2.8±0.001 9.5±0.02** 28.3±0.1*** 22.8±0.1* 

168 h 3.7±0.0004 9.0±0.03* 22.6±0.1** 16.0±0.04** 

 Frequency of G2 population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 TMZ TMZ+LY2606368 

24 h 10.7±0.01 14.3±0.01 15.2±0.003*** 15.6±0.02** 

48 h 8.2±0.01 24.9±0.11 14.7±0.0001** 24.3±0.1** 

72 h 8.6±0.01 35.0±0.06** 16.8±0.02** 33.4±0.1** 

96 h 5.1±0.01 12.1±0.04 15.2±0.10 20.9±0.1 

120 h 4.8±0.01 10.9±0.02 22.0±0.09 16.3±0.04* 

144 h 4.2±0.01 10.3±0.03 28.3±0.03*** 19.2±0.1 

168 h 3.7±0.0004 9.0±0.03* 22.6±0.05** 16.0±0.04** 

 

TMZ, LY2606368 and the combination of TMZ and LY2606368 also impacted G2 populations. 

Starting at 24 h, G2 populations increased after TMZ, and remained significantly high at 48, 

72, 144 and 168 h when compared to DMSO controls (Table 4.9). This could indicate that TMZ-
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induced G2 arrest in GBM6 cells. Interestingly, at 72 h, GBM6 cells treated with TMZ and 

LY2606368 showed a significant increase in G2 population than cells treated with TMZ alone 

(Figure 4.17A,C), demonstrating that inhibition of CHK1 by LY2606368 forced GBM6 cells to 

progress through cell cycle and accumulate in G2 phase, despite incurring DNA damage from 

TMZ. Again, it is worth noting, that LY2606368 alone also caused GBM6 cell to accumulate in 

G2 and no significant difference was established between LY2606368 monotherapy and 

combination therapy (Figure 4.17A,C).  

 

GBM6 cells were also stained with cleaved PARP, as a marker for cells undergoing apoptosis, 

to examine whether combining TMZ with LY2606368 would further trigger apoptosis 

compared to each treatment alone. At 24 h, the combination of TMZ and LY2606368 

demonstrated a greater proportion of apoptotic cells than DMSO controls (Figure 4.18A,C). 

Apoptotic populations continued to rise with combination treatment at all time points 

investigated (Figure 4.18). Statistical analyses show that combining TMZ with LY2606368 

significantly increased apoptotic populations compared to TMZ alone at 48 and 96 h (Figure 

4.18), while the combination treatment was only significantly greater than LY2606368 

monotherapy at 96 h (Figure 4.18B-C). 
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Figure 4.18 Apoptosis increased post-treatment with TMZ and LY2606368. 

GBM6 cells treated with LY2606368, TMZ or the combination of TMZ and LY2606368 were 

stained with cleaved PARP, to define cells undergoing apoptosis. Representative plots of cells 

fixed at (A) 24, 48 and 72 h and longer time points of (B) 96, 120, 144 and 168 h, show cells 

gated into apoptotic (cleaved PARP+) and non-apoptotic cells. (C) Quantification graphs show 

% of apoptotic cells from total DAPI/EdU gate, with mean % of apoptotic cells ± SD of three 

independent experiments. Unpaired Student’s t test determined significant difference 

between treatments; *, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001. 

 

To summarise, in GBM6 cells, TMZ began to have a significant impact on cell cycle 

distributions at 72 h, where pHH3+ populations were significantly lower than DMSO controls 

(Figure 4.16). Conversely, starting at 96 h, co-treatment with TMZ and LY2606368 significantly 
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increased pHH3+ populations while GBM6 cells treated with TMZ had a smaller percentage 

of pHH3+ cells at this time point. This was sustained at 120 h (Figure 4.16B-C). Other 

noteworthy changes to cell cycle distributions caused by combining TMZ with LY2606368 

include reduction in EdU+ S phase and the concurrent increase in EdU- S phase. These changes 

were most apparent at 48 and 72 h (Figure 4.17A,C). Additionally, investigation of apoptotic 

populations via cleaved PARP staining, showed that combining TMZ with LY2606368 

significantly promoted apoptosis (Figure 4.18). This was most obvious at 96 h as the 

combination therapy caused a significantly increase in apoptosis compared to both therapies 

alone (Figure 4.18).  

 

Simultaneously, I performed a similar time point optimisation in U87 cells. In the first 

instance, U87 cells were harvested and fixed 24, 48 and 72 h time points and then longer time 

points of 96 and 120 h were investigated, as TMZ required multiple cell cycles to have 

cytotoxic effects [45]. Longer time points of 144 and 168 h were also investigated (data not 

shown), but at these time points U87 became too confluent and stopped actively cycling, 

therefore, these data were excluded.  

 

To assess the impact of TMZ, LY2606368 and the combination of TMZ and LY2606368 on 

mitotic activity, U87 cells were stained with pHH3. At all time points investigated, the 

percentage of pHH3+ cells after DMSO and TMZ were comparable (Figure 4.19). Although at 

72 h, TMZ caused a reduction in pHH3+ population, although, this was not statistically 

different than DMSO control (Figure 4.19A,C). This implies that TMZ did not effectively block 

mitotic entry and induce cell cycle arrest in U87 cells. Intriguingly, combining TMZ with 

LY2606368 significantly reduced pHH3+ population at 72 h when compared to DMSO controls 

(Figure 4.19A,C), demonstrating that the combination treatment prevented U87 cells from 

entering mitosis at this time point.  
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Figure 4.19 Treatment with TMZ and LY2606368 altered mitosis. 

U87 cells were treated with 1 µM LY2606368, 60 µM TMZ or the combination of TMZ and LY2606368. Cells were firstly fixed post-treatment at 

(A) 24, 48 and 72 h and then at longer time points of (B) 96 and 120h.  After fixation, cells were stained with pHH3, to define mitotic cells. 

Representative plots show pHH3+ (mitotic) population separated from pHH3- (non-mitotic) cells. (C) Quantification graphs shows % of mitotic 

cells (pHH3+) from total DAPI/EdU population, with mean % of mitotic cells ± SD from at least two individual experiments. Unpaired Student’s t 

test was completed and *, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001 were considered significant. 
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DNA synthesis was also examined in U87 via EdU and DAPI staining, to observe the effect of 

TMZ, LY2606368 and the combination of TMZ and LY2606368 on cell cycle distribition. As 

mentioned above, TMZ did not significantly reduce mitotic activity in U87 (Figure 4.19), 

implying that TMZ did not effectively induce cell cycle arrest. However, quantification of EdU+ 

S populations show that TMZ prevented the synthesis of new DNA as EdU+ S populations were 

significantly reduced compared to DMSO controls at 48 and 72 h (Table 4.10). A reduction in 

new DNA synthesis could indicate that U87 are undergoing DNA repair post-TMZ. At the same 

time points, U87 cells treated with TMZ and LY2606368 also had reduced EdU+ S populations 

compared to DMSO controls (Table 4.10), but not difference was observed between the 

combination therapy and each therapy alone (Figure 4.20A,C). Additionally, upon comparison 

to DMSO control, TMZ and TMZ combined with LY2606368 significantly increased EdU- S 

populations at 72, 96 and 120 h (Table 4.10), suggesting that cells were still actively cycling 

but not synthesing new DNA. At these time points, EdU- S populations were greater after 

combined therapy than TMZ alone treatment, implying that the addition of LY2606368 and 

inhibition of CHK1 further promoted cell cycle progression even in the presence of DNA 

damage, though, there was no statistical significant difference (Figure 4.20). 
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Table 4.10 Proportion of U87 cells in S and G2 phases after treatment with TMZ and 

LY2606368. 

Proportion of U87 cells of total DAPI/EdU population in EdU+ S, EdU- S or in G2 phase. Each 

value shows mean % ± SD of at least two independent experiments. Unpaired t test was used 

to compared DMSO control to the different treatment groups (*, p≤0.05, **, p≤0.01, ***, 

p≤0.001 and ****, p≤0.0001). 

 Frequency of EdU+ S population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 TMZ TMZ+LY2606368 

24 h 23.0±0.01 18.4±0.01* 30.1±0.01** 22.1±0.02 

48 h 16.6±0.01 6.6±0.02* 10.0±0.003* 5.8±0.02* 

72 h 11.4±0.01 5.6±0.03* 2.2±0.01** 5.3±0.1* 

96 h 14.5±0.01 11.9±0.1 15.8±0.1 8.5±0.1 

120 h 6.7±0.03 12.2±0.1 14.0±0.1 9.1±0.1 

 Frequency of EdU- S population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 TMZ TMZ+LY2606368 

24 h 2.0±0.02 12.4±0.1 0.8±0.01 16.0±0.1 

48 h 0.9±0.01 21.2±0.1 13.3±0.1 28.9±0.11 

72 h 0.6±0.004 15.8±0.1 11.9±0.1 23.6±0.1* 

96 h 2.6±0.01 7.3±0.03 12.9±0.01*** 13.8±0.04* 

120 h 2.1±0.01 6.5±0.01** 9.6±0.02** 11.1±0.03** 

 Frequency of G2 population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 TMZ TMZ+LY2606368 

24 h 9.3±0.02 33.9±0.003** 9.4±0.02 30.5±0.02* 

48 h 10.3±0.03 32.4±0.1* 50.8±0.1* 32.4±0.001* 

72 h 9.+±0.03 35.5±0.03* 66.9±0.1** 33.4±0.2 

96 h 9.4±0.02 15.560.1 17.3±0.1 20.7±0.1* 

120 h 10.4±0.03 14.5±0.1 38.7±0.03*** 20.4±0.1 
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Figure 4.20 Cell cycle distribution was altered by treatment with TMZ and LY2606368. 

U87 cells were treated with 0.1% DMSO, 1 µM LY2606368, 60 µM TMZ or the combination of 

TMZ and LY2606368. Cells were at (A) 24, 48 and 72 h time points, and then longer time points 

of (B) 96 and 120 h. (A-B) Representative plots show cells gated into the different phases of 

cell cycle after being stained with EdU and DAPI. (C) Quantification was performed using 

FlowJo software (v10) and displays % of cells from total DAPI/EdU populations, including 

mean % of cell ± SD from at least two individual experiments. Unpaired Student’s t test was 

completed; *, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001. 

 

The impact of TMZ, LY2606368 and the combination of TMZ and LY2606368 was also 

observed through the changes in the G2 populations. As explained above, TMZ did not 

significantly reduce pHH3 expression, but EdU incorporation was hindered, demonstrating 

that TMZ did not effectively induce cell cycle arrest but prevented the synthesis of new DNA. 

Interestingly, at 48, 72 and 120 h, TMZ compared to DMSO control significantly increased G2 

populations (Table 4.10), proposing that TMZ caused G2 arrest. Excitedly, at these exact time 

points, combining TMZ with LY6206368 also increased G2 populations but to a significantly 
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lesser extent than TMZ alone (Figure 4.20) which is to be expected as blockade of CHK1 via 

LY2606368 abrogates TMZ-induced G2 arrest. Of note, no statistical difference was seen 

between combination therapy and LY2606368 monotherapy (Figure 4.20).  

 

U87 were also stained with cleaved PARP, to determine if combining TMZ with LY2606368 

will increase the percentage of cells undergoing apoptosis. At 24, 48 and 72 h, there were no 

significant changes in apoptotic population post-treatment. While, at 96 h, LY2606368 

monotherapy and TMZ both significantly induced apoptosis of U87 cells compared to DMSO 

controls (Figure 4.21B-C); combining TMZ with LY2606368 significantly increased the 

percentage of apoptotic cells when compared to each treatment alone, an effect that was 

sustained at 120 h (Figure 4.21B-C). 
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Figure 4.21 Combining TMZ with LY2606368 further increased apoptosis. 

U87 cells treated with LY2606368, TMZ or co-treated with TMZ and LY2606368 were stained 

with cleaved PARP, to mark apoptotic cells. Representative plots of cells fixed at (A) 24, 48 

and 72 h and longer time points of (B) 96and 120 h distinguish cells into apoptotic (cleaved 

PARP+) and non-apoptotic cells. (C) Quantification graphs show % of apoptotic cells from total 

DAPI/EdU gate, with mean % of apoptotic cells ± SD from at least two independent 

experiments. Unpaired Student’s t test determined significant difference between 

treatments; *, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001. 

 

To reiterate, in U87, TMZ did not notably prevent mitotic activity at all time points 

investigated (Figure 4.19). Although, at 48 and 72 h, TMZ began to have a significant impact 

on cell cycle, in which EdU incorporation was slowed causing reduction in EdU+ S populations 

and conversely an increase in EdU- S populations (Figure 4.20A,C). Simultaneously, TMZ 

caused U87 cells to arrest in G2, hence G2 populations significantly increased when compared 

to DMSO controls (Figure 4.20A,C). This was also seen at 120 h (Figure 4.20B-C). TMZ 

combined with LY2606368 also reduced EdU incorporation and increased G2 population at 48 
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and 72 h, but to a lesser extent than TMZ (Figure 4.20A,C). Most importantly, at 96 h, 

combining TMZ with LY2606368, significantly induced U87 cells to undergo apoptosis 

compared to each therapy alone (Figure 4.21B-C).  

 

Overall, these optimisation experiments helped to define the time points where the most 

significant impacts of TMZ and LY2606368 on GBM cells were observed. These effects of TMZ, 

such as slowed EdU incorporation and G2 arrest, were most apparent at 72 h for GBM6 and 

at 48 and 72h for U87. The combined effects of TMZ and LY2606368 were also demonstrated 

at 48 and 72 h in both GBM6 and U87. Importantly, an increase in apoptotic populations after 

the combination treatment were first observed at 96 h and sustained at later time points. 

Therefore, to emphasise on the impacts of TMZ, LY2606368 and the combination of TMZ and 

LY2606368, I chose to report 72 and 96 h time points in results sections 6.2.4 - 6.2.6.   

 

4.10.3 The impact of combining GEM and LY2606368 on cell cycle progression 

Flow cytometry analysis was also used to determine the effects of GEM, LY2606368 and the 

combination of GEM and LY2606368 in GBM6. Post-treatment GBM6 was fixed at 6, 24, 48 

and 72 h, then stained with EdU, DAPI, pHH3, to mark mitotic cells and cleaved PARP, to mark 

apoptotic cells and then analysed by flow cytometry as described above and detailed in 

section 3.7. DMSO controls (LY2606368 and GEM vehicle) were also included.  

 

To determine the effect of GEM, LY2606368 and the combination of GEM and LY2606368 on 

mitotic activity, GBM6 cells were stained with pHH3. Immediately, at 6 h, there was a 

significant reduction in the pHH3+ population post-GEM compared to DMSO treatment 

(Figure 4.22A,C). This persisted at 24 and 48 h (Figure 4.22A,C), demonstrating that GBM6 

cells were not dividing and were in cell cycle arrest. As expected, GBM6 cells treated with the 

combination of GEM and LY2606368 still exhibited mitotic activity and in fact, had a greater 

proportion of pHH3+ cells than DMSO and GEM alone at 6 and 24 h (Figure 4.22A,C). This 

clearly shows that CHK1 inhibition by LY2606368 had subsequently prevented GEM-induced 

cell cycle arrest and GBM6 cells continued mitotic progression. By 48 and 72 h, the mitotic 

activity of GBM6 cells treated with the combination treatment diminished (Figure 4.22A,C), 

suggesting that cells are no longer cycling due to arrest or cell death via apoptosis.  
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The effect of GEM, LY2606368 and the combination of GEM and LY2606368 on cell cycle 

phases was studied next. GBM6 cells were stained with EdU and DAPI as described before. 

After 6 h, G1 populations significantly increased after LY2606368 and the combination of GEM 

and LY2606368 when compared to DMSO controls (Table 4.11). Furthermore, at 24, 48 and 

72 h, G1 populations after GEM and LY2606368 remained comparable to DMSO controls 

(Table 4.11). Whereas, at the exact time points, both GEM and LY2606368 as monotherapies 

significantly reduced G1 populations when compared to DMSO control (Table 4.11) and the 

combined therapy (Figure 4.22B,D) 
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Figure 4.22 Effect of GEM and LY2606368 on cell cycle distributions. 

GBM6 cells were treated with 0.1% DMSO, 1 µM LY2606368, 20 nM GEM or the combination 

of GEM and LY2606368. Cells were fixed at the indicated time points before being stained 

with pHH3, EdU and DAPI to gate cells into the different phases of cell cycle. (A) 

Representative plots separating mitotic cells (pHH3+) from non-mitotic cells (pHH3-). (B) 

Representative plots of GBM6 cells gated into the different phases of cell cycle: subG1, G1, 

EdU+ S, EdU- S and G2. (C-D) Quantification graphs display % of cells of total DAPI/EdU gate 

with mean % ± SD of cells from three independent experiments. Unpaired Student’s t test 

compared the different treatment groups and *, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, 

p≤0.0001 were considered significant.  
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Table 4.11 Proportion of GBM6 cells in G1 and S phases post-treatment with GEM and 

LY2606368. 

Proportion of total DAPI/EdU population in G1, EdU+ or EdU- S phase after GEM and 

LY2606368 treatment. Each value is the mean % ± SD from three individual experiments. 

Unpaired t test was used to compared DMSO control to the different treatment groups (*, 

p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001). 

 Frequency of G1 population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 GEM GEM+LY2606368 

6 h 49.4±0.01 54.8±0.01** 52.5±0.03 58.6±0.01*** 

24 h 61.8±0.02 25.0±0.02**** 31.8±0.03*** 61.8±0.02 

48 h 61.9±0.03 20.2±0.02**** 27.8±0.03*** 62.8±0.03 

72 h 61.5±0.02 20.5±0.004**** 43.3±0.1* 56.4±0.02* 

 Frequency of EdU+ S population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 GEM GEM+LY2606368 

6 h 36.6±0.02 30.1±0.02** 28.3±0.04* 17.4±0.01**** 

24 h 21.8±0.02 36.4±0.03** 52.7±0.1*** 9.4±0.02** 

48 h 23.8±0.03 14.3±0.02** 56.8±0.04*** 4.4±0.004*** 

72 h 24.8±0.02 6.0±0.01**** 34.1±0.1 3.4±0.01**** 

 Frequency of EdU+ S population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 GEM GEM+LY2606368 

6 h 2.7±0.01 3.1±0.01 7.0±0.02* 10.2±0.01** 

24 h 2.8±0.01 18.6±0.02*** 6.7±0.01** 13.2±0.02*** 

48 h 2.9±0.01 37.2±0.1*** 6.4±0.02 15.8±0.02*** 

72 h 2.3±0.01 38.2±0.1*** 6.9±0.02* 14.7±0.02*** 

 

Further analysis of the proportion of cells in S phase correlated with the changes observed in 

G1. As explained above, GEM monotherapy caused a significant reduction in G1 populations 

when compared to DMSO control and the combination of GEM and LY2606368 (Table 4.11 

and Figure 4.22B,D) and a corresponding increase in GBM6 cells in S phase, both positive and 

negative for EdU. The GEM-induced rise in EdU+ S phase was significantly greater than DMSO 

control (Table 4.11) and the combination of GEM and LY2606368 at 24 and 48 h (Figure 

4.22B,D), demonstrating that GEM-induced S phase arrest and that the addition of LY2606368 

inhibited arrest from occurring. Of note, during cell cycle arrest it is expected that synthesis 

of new DNA will cease as the cells are busy repairing damaged DNA. Indeed, at every time 
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point, especially 6 and 24 h, the brightness of EdU in the GEM-treated samples were less than 

controls (Figure 4.22B,D), which reinforces that GEM impedes DNA synthesis.  

 

The percentage of cells in G1 for samples treated with the combination of GEM and 

LY2606368 was not different compared to DMSO controls. However, the EdU+ S population 

in the combination-treated samples were significantly less than the GEM alone group at all 

time points investigated (Figure 4.22B,D), showing that the synthesis of new DNA was 

hindered by GEM and LY2606368. Furthermore, at 24, 48 and 72 h, GBM6 cells co-treated 

with GEM and LY2606368 had a greater proportion of EdU- S phase cells than cells treated 

with GEM (Figure 4.22B,D); thus, suggesting the combination treatment induced a more 

persistent S phase arrest than GEM alone. From the 24 h time point through to 72 h, 

LY2606368 alone appeared to also induce S phase arrest, where EdU+ S populations were less 

than DMSO controls and EdU- S populations were significantly higher than all other group, 

but to a lesser extent than the combination therapy (Figure 4.22B,D). This is likely due to the 

TP53-mutant status of these cells where CHK1 inhibition is known to induce some synthetic 

lethality [191].  

 

Staining with cleaved PARP was used to examine if combining GEM with LY2606368 will 

promote apoptosis in GBM6 cells. An increase in cleaved PARP+ populations was observed at 

48 and 72 h (Figure 4.23A,C). As described above, GBM6 cells treated with GEM and 

LY2606368 demonstrated increase in mitotic populations at 6 and 24 h, while at 48 and 72 h, 

pHH3+ populations were decreased compared to DMSO, portraying that mitotic activity over 

time diminishes. Together, these data suggest that combining GEM with LY2606368 forced 

GBM6 into aberrant mitosis leading to apoptotic cell death. Moreover, GEM combined with 

LY2606368 induced a significantly greater proportion of apoptosis compared to GEM alone, 

however, it is worth mentioning, that LY2606368 alone also promoted apoptosis in GBM6 

cells (Figure 4.23A,C), as expected for GBM6 which are TP53-mutated.  
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Figure 4.23 Changes in apoptotic populations post-treatment with GEM and LY2606368. 

(A,C) GBM6 and (B,D) U87 cells treated LY2606368, GEM or co-treated with GEM and 

LY2606368 were stained for cleaved PARP, to define apoptotic cells. Representative plots of 

(A) GBM6 and (B) U87 separated into apoptotic (cleaved PARP+) from non-apoptotic cells. 

(C,D) Quantification graphs display % of apoptotic cells of total DAPI/EdU gate, with mean % 

of apoptotic cells ± SD from at least two individual experiments. Unpaired Student’s t test was 

used to identify significant difference between treatments; *, p≤0.05, **, p≤0.01, ***, 

p≤0.001 and ****, p≤0.0001. 

 

To sum up, GEM monotherapy had an instant impact on GBM6 cells, with pHH3+ populations 

significantly reducing at 6 h and remaining low compared to DMSO at 24 and 48 h (Figure 
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4.22A,C). The effects of GEM-induced cell cycle arrest were captured at 24, 48 and 72 h, in 

which G1 populations decreased and S phase arrest was evident (Figure 4.22B,D). The effects 

of GEM combined with LY2606368 were that at 6 and 24 h, mitosis was higher than in cells 

treated with GEM alone (Figure 4.22A,C). At 24 and 48 h post-treatment, there were less EdU+ 

cells in S phase compared to GEM alone, suggesting a more persistent S phase arrest, and a 

significant enhancement of apoptosis was seen in the cultures (Figure 4.23A,C).  

 

I repeated similar time point optimisation using U87 cells. In GBM6, the effects of GEM and 

LY2606368 were prominent at 24 and 48 h, therefore, I investigated 6, 24, 30 and 48 h time 

points in U87 cells. At 6 h, no treatments caused a significant change to mitosis (as shown by 

pHH3 staining). Whereas, at 24 h, GEM significantly reduced pHH3+ populations compared to 

DMSO control (Figure 4.24A,C), demonstrating that GEM stopped cells from entering mitosis. 

Unexpectedly, the combination of GEM and LY2606368 was comparable to the effects of GEM 

alone (Figure 4.24A,C). Additionally, at these time points, U87 cells treated with LY2606368 

only were generally consistent with DMSO controls (Figure 4.24A,C). The effect of GEM, 

LY2606368 and co-treatment with GEM and LY2606368 on the other cell cycle phases were 

also determined. At 6 h, the proportion of cells in each phase were similar in all treatment 

groups. At 24, 30 and 48 h, G1 populations were greater after treatment with GEM and 

LY2606368 compared to DMSO controls (Table 4.12). Conversely, at the same time points, 

both GEM or LY2606368 as monotherapies reduced G1 populations when compared to 

combination therapy (Figure 4.24B,D) and DMSO controls (Table 4.12). 
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Figure 4.24 Changes in cell cycle distribution after GEM and LY2606368 treatment. 

U87 cells were treated with 0.1% DMSO, 1 µM LY2606368, 20 nM GEM or the combination of 

GEM and LY2606368. Cells were fixed at the indicated time points before being stained with 

pHH3, EdU and DAPI. (A) Representative plots show mitotic (pHH3+) and non-mitotic cells 

(pHH3-). (B) Representative plots of U87 cells gated into the different cell cycle phases: subG1, 

G1, EdU+ S, EdU- S and G2. (C-D) Quantification of the different cell cycle phases. Graphs 

display % of cells, including mean % ± SD of cells from at least two independent experiments. 

Unpaired Student’s t test determined significant difference between treatments; *, p≤0.05, 

**, p≤0.01, ***, p≤0.001 and ****, p≤0.0001. 
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Table 4.12 Percentage of U87 cells in G1 and S phase after GEM and LY2606368 exposure. 

Percentage of cells in G1 or S phase (separated into EdU+ and EdU-) following treatment with 

DMSO, GEM, LY2606368, or GEM and LY2606368. Each value is the mean % ± SD from at least 

two individual experiments. Unpaired t test was used to compared DMSO control to the 

different treatment groups (*, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001). 

 Frequency of G1 population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 GEM GEM+LY2606368 

6 h 46.4±0.02 51.5±0.03 47.6±0.1 53.8±0.1 

24 h 54.5±0.01 33.7±0.01**** 26.0±0.1** 75.6±0.02*** 

30 h 51.4±0.04 32.8±0.03* 31.5±0.2 66.6±0.02* 

48 h 32.3±0.03 42.9±0.1* 39.1±0.1 72.4±0.02** 

 Frequency of EdU+ S population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 GEM GEM+LY2606368 

6 h 29.5±0.1 29.0±0.1 32.3±0.1 23.7±0.1 

24 h 24.9±0.01 20.5±0.03* 65.5±0.1** 3.6±0.01**** 

30 h 29.7±0.1 12.3±0.01 52.5±0.3 1.2±0.001* 

48 h 18.8±0.04 14.4±0.1 25.9±0.2 1.8±0.01** 

 Frequency of EdU- S population, DAPI/EdU (Mean %±SD) 

 DMSO LY2606368 GEM GEM+LY2606368 

6 h 3.8±0.01 4.0±0.01 4.8±0.03 7.4±0.03 

24 h 4.3±0.02 9.6±0.02* 3.3±0.03 10.7±0.02* 

30 h 3.1±0.001 14.3±0.0001**** 5.8±0.1 17.2±0.01** 

48 h 3.1±0.02 13.0±0.1 11.4±0.1 11.7±0.02**   

 

Further analysis of both EdU+ and EdU- S phase correlated with the changes observed in G1. 

As described above, GEM caused G1 populations to decrease at 24, 30 and 48 h time points. 

This correlated with a rise in EdU+ S populations which was significantly greater than DMSO 

controls and cells treated with the combination of GEM and LY2606368 (Table 4.12 and Figure 

4.24B,D), at 24 h. Moreover, this was simultaneous with reduced pHH3+ populations also 

observed at 24 h (Figure 4.24A,C), suggesting that GEM triggered S phase arrest in U87 cells. 

It was also observed at all time points, that the intensity of EdU staining post-GEM was 

hindered and portrayed a downward shift in representative plots (Figure 4.24B,D), reinforcing 

that GEM-induced cell cycle arrest as U87 cells have slowed down new DNA synthesis to repair 

damaged DNA. 
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While EdU+ S populations increased with GEM, the combination of GEM and LY2606368 

reduced EdU+ S populations. At 24 and 30 h, EdU+ S population after combination therapy 

were significantly less than DMSO control (Table 4.12) and GEM alone (Figure 4.24B,D). 

Similarly, at 24 and 30 h, EdU+ S populations were reduced by LY2606368 alone when 

compared to DMSO, but to a lesser extent than the combination therapy (Figure 4.24B,D). 

These data demonstrate that combining GEM with LY2606368 completely halted synthesis of 

new DNA. Furthermore, at 24 h, EdU- S populations were greater after co-treatment with 

GEM and LY2606368 than after GEM (Figure 4.24B,D), which also shows that U87 are no 

longer making new DNA.  

 

U87 cells were also stained with cleaved PARP to determine if combining GEM with 

LY2606368 enhanced apoptosis. Unfortunately, at all time points investigated, no statistically 

significant difference was established between the combination therapy and each therapy 

alone as well as DMSO control (Figure 4.23B,D), reflecting that in U87, the combination of 

GEM and LY2606368 does not enhance apoptosis. Previously, examination of pHH3 showed 

mitotic activity between the different treatment groups were similar (Figure 4.24A,C). These 

data insinuate that the addition of LY2606368 to GEM did not promote cell cycle progression 

despite GEM inducing DNA damage and thus apoptosis was not promoted in U87 cells. 

 

Overall, in both GBM6 and U87, GEM alone showed evidence of cell cycle arrest at 24 h, with 

reductions in pHH3 populations and accumulation of cells in S phase. Co-treating cells with 

GEM and LY2606368 caused changes to cell cycle distribution at 24 and 48 h. At these time 

points, GEM and LY2606368 reduced EdU+ populations while increasing EdU- populations. In 

GBM6, apoptotic populations were greater after co-treatment than GEM at 48 h. Whereas, 

apoptosis was not further promoted by GEM and LY2606368 in U87. Thus, to concentrate on 

the significant impacts of GEM, LY2606368 and the combination of GEM and LY2606368, I 

chose to report 24 and 48 h time points in results sections 7.2.4 - 7.2.6. 

 

4.11 Evaluation of orthotopic GBM xenograft models 

The use of murine xenograft models of GBM in this thesis was crucial for testing the efficacy 

of combining LY2606368 with RT, TMZ or GEM. Prior to using the models in these preclinical 
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treatment studies, each cell line was implanted into immune-deficient mice and tumour 

growth and animal survival was characterised. GBM6, U87, mHGGvIII, GBM39, T98G or JK2 

cells were implanted into the cortex of mouse brains as described in section 3.8 (Figure 4.25). 

Figure 4.25A presents Kaplan-Meier survival curves (see section 3.8) of mice implanted with 

GBM cells that were treated with vehicle control or given no treatment. The median survival 

of mice implanted with mHGG-vIII, GBM6 and U87 was 21, 24 and 28 days respectively. 

Tumours also developed with GBM39, however, took a median of 105 days to present with 

tumour-related morbidity, with two out of five mice requiring euthanasia due to bowel 

obstruction prior to this. Similarly, only one out of the three mice implanted with T98G was 

euthanized due to tumour-related morbidity at 106 days post-implant. The other two mice 

were euthanized due to bowel obstruction. JK2 cells were implanted into two different 

immunodeficint mouse strains, Balb/c nude mice and NOD/Rag1-/- mice, however tumours 

failed to grown in either host (Figure 4.25), with many NOD/Rag1-/- mice needing euthanasia 

due to the development of thymoma, a known complication for aging mice of this strain [192]. 

In vivo tumour growth was monitored via BLI (see section 3.11). BLI confirmed the survival 

data and reinforced that JK2 did not establish tumours in mice (Figure 4.25A-B). Of note, 

bioluminescence flux of mHGG-vIII tumours were relatively low, suggesting small or no 

tumour establishment (data not shown); however, observation of mice via phenotypic 

welfare scoring criteria (Table 3.6) indicated that mice were morbid due to tumour 

establishment. H&E staining and GFP fluorescence imaging was used to visual tumour growth 

within the brain, when applicable (Figure 4.25C-E). For this thesis, I used all cell lines for in 

vitro experiments but only implanted GBM6, U87 and mHGG-vIII for in vivo studies due to 

reliability of tumour growth and to avoid the long latency of tumour development with 

GBM39 and T98G cell lines and low tumour penetrance of JK2 cells.  
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Figure 4.25 Growth of multiple xenograft models of GBM in immunocompromised mice. 

GBM6, U87, mHGG-vIII, GBM39, T98G and JK2 cells were implanted into the cortex of 

immunocompromised mice. (A) Kaplan-Meier survival curve of mice harbouring intracranial 

xenografts of the GBM cells used in this thesis. Mice were euthanized upon the presentation 

of tumour-related morbidity. Mice euthanized due to age, bowel obstruction or the 

development of thymoma were censored from the analysis. (B) Tumour growth of GBM6, 

U87, T98G and JK2 was monitored weekly or fortnightly by BLI. (C-D) Representative H&E 

stained coronal sections of the whole brain and tumour tissue from recipient mice. Scale bars 

as indicated. (E) Fluorescence imaging confirmed that xenografts from GBM6, U87 and 

mHGG-vIII expressed GFP as expected. 

 

4.12 Optimisation and testing of preclinical RT protocols using X-RAD SmART 

The use of RT is a vital therapy for the treatment of GBM. The current standard protocol for 

RT is a total of 60 Gy given as 2 Gy fractions for five consecutive days over six weeks [8].  The 

purposes of the next few experiments were to firstly determine a safe dose of RT to be 

delivered to tumour bearing mice without diminishing the animal’s welfare. Secondly, to 

establish a RT beam planning protocol using the X-RAD SmART platform, that delivered RT to 

an intracranially implanted tumour while avoiding radiation exposure to the jaw and soft 

palate.  These in vivo experiments were performed to mimic as closely as possible clinical RT 

in our in vivo models, however, animal welfare concerns caused us to proceed with caution.  

 

4.12.1 Determining the frequent of RT fractions 

External-beam RT was delivered to mice using the X-RAD SmART (see section 3.9). To identify 

the best method for delivery of therapy, two different RT protocols were initially tested using 

immunocompromised mice implanted with GBM6 cells (section 3.8). In the first instance I 

treated with a total of 16 Gy RT, fractionated into eight 2 Gy doses, with a treatment schedule 

of Monday, Wednesday, and Friday in the first week and Monday to Friday in the second week 

(Figure 4.26). This was a precautionary dosing schedule as there were animal welfare 

concerns that RT would trigger an inflammatory response, and cause swelling of the brain. 

Daily monitoring (as described in Table 3.6) revealed mice appeared healthy and active post-

RT. Euthanasia was only required when mice developed tumour-related morbidity. Therefore, 
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in the next protocol, I increased the RT dose to a total of 20 Gy, in 2 Gy fractions, Monday to 

Friday for two weeks (Figure 4.26) as this schedule more closely mimics a clinical protocol. 

Mice were closely observed and did not exhibit any RT-related side effects. Importantly, this 

treatment also resulted in a survival benefit to mice, although was not curative; thus, 

replicating the clinical effects of RT in GBM. Therefore, subsequent cohorts were treated with 

this dose and schedule.  

 

 

Figure 4.26 Schematic illustrating two different RT dosing protocol used for optimisation 

studies. 

Mice were treated with 2 Gy RT (blue arrow) on the days shown resulting in delivery of (A) 16 

Gy or (B) 20 Gy total dose. 

 

4.12.2 Testing different beam planning protocols to deliver RT to GBM xenografts 

X-ray beams are shaped by the use of different collimators to direct radiation to the targeted 

area while minimising exposure to surrounding areas. In addition, the radiation source on the 

X-RAD SmART is on a rotating gantry, enabling the angle of the beam to be optimised. I 

assessed two different RT beam plans for their efficacy at targeting GBM xenografts growing 
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in murine brain. The first beam plan was designed to focally target the area of the brain where 

GBM cells were implanted, between the bregma and lambda landmarks. This target area was 

labelled as tumour (Figure 4.27A). Using SmART Plan software, the defined tumour was set as 

the isocentre to which I directed two rotating beams to each deliver 1 Gy. A collimator that 

shaped the beam into a 5 mm diameter circle was used. The first beam started on the right 

side of the mouse 60° to the right of vertical and delivered an arc of 1 Gy radiation finishing 

at 120° to the right of vertical. This was repeated on the left side to deliver a total of 2 Gy to 

the isocentre (Figure 4.27A). The purpose of the rotating beams was to minimise radiation 

exposure to the normal brain, jaw, and soft oral tissues. The software uses a Monte-Carlo 

simulation algorithm to calculate the expected amount of radiation exposure given the 

presence of skin, skull, and other brain tissue. This determined that 35 – 40% of the defined 

target volume received 2 Gy RT with a total treatment time of 43.1 sec (Figure 4.27A). 
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Figure 4.27 X-RAD SmART beam planning to target GBM xenografts in a murine brain. 

Representative CBCT images from SmART Plan software showing axial, sagittal and coronal 

cross sections of the mouse head. The x-ray beams are indicated by green shading in the 

upper left panel, while the heat map (right) indicates the calculated amount of RT being 

delivered to the desired target (indicated by the green circle). (A) The first RT protocol (called 

focal RT) was designed using 5 mm circular collimator to deliver two rotating x-rays beams of 

1 Gy from either side of the mouse head. The relative dose calculations (at right) indicate that 

approximately 40% of the desired target received 2 Gy total RT. (B) The second protocol 

(called whole brain RT) used a 10 mm circular collimator, to deliver two static x-ray beams of 

1 Gy from either side of the mouse head. The relative dose calculations indicate that 

approximately 50% of the desired target (indicated by the thin blue line on the CBCT images) 

received a total of 2 Gy. 

 



136 

I also tested an alternative beam plan that was faster to deliver, although targeted a larger 

portion of the brain (Figure 4.27B). Here, the whole brain was defined as the target and set 

the implantation site, which was identified using the landmarks bregma and lambda, as the 

isocentre for beam planning. A collimator that shaped the beam into a 10 mm diameter circle 

was used. The x-ray source was rotated so that it was positioned 90° from the vertical to the 

right side of the mouse’s head and a static beam was used to delivery 1 Gy to the isocentre. 

This was repeated on the left side (Figure 4.27B). This protocol also prevents off-target 

exposure of delicate structures in the mouse head such as the oral cavity. The calculated 

treatment time was 42s and the relative dose calculations demonstrated approximately 50% 

of the defined whole brain received the planned 2 Gy RT (Figure 4.27B). Due to ease of 

planning, and the fact that this protocol targeted a larger region of the brain, meaning there 

was a higher likelihood that the entire implanted GBM was being exposed to radiation, this 

protocol (named whole brain RT protocol) was selected for studies reported in this thesis and 

is described in section 3.9. 

 

4.13 Post-RT brain harvest time point optimisation for IHC analysis 

To select a suitable time point to harvest whole brain tissue post-RT, U87 cells were 

intracranially implanted into a cohort of Balb/c nude mice. At the presentation of mild 

tumour-related symptoms, mice were treated with a single dose of 20% Captisol® in water 

(vehicle for LY2606368), 20 mg/kg LY2606368, 2 Gy RT using X-RAD SmART or the combination 

of LY2606368 and RT. Whole brain was harvested 6 or 24 h post-RT. Using IHC, γH2AX and 

Ki67 expression were quantified as explained in section 3.12 and 3.13, to determine the 

optimal time point when changes in DNA damage (γH2AX) and/or proliferation (Ki67) could 

best be measured and demonstrate the damaging effects of x-ray beams delivered by X-RAD 

SmART. 

 

Compared to vehicle control, LY2606368, RT or the combination of RT and LY2606368 

significantly increased γH2AX expression at both 6 and 24 h post-treatment (Figure 4.28A). 

There was a trend of higher γH2AX expression at 6 h post-treatment than after 24 h, however, 

there was no statistically significant difference between the two time points for the same 

treatment groups (Figure 4.28A). At 6 and 24 h post-treatment, all treatment groups caused 
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no significant change to Ki67 when compared to tumours treated with vehicle control (Figure 

4.28B). When comparing the two time points, there was also no significant difference in Ki67 

expression for the same treatment groups (Figure 4.28B).I concluded that while the 

expression of γH2AX and Ki67 does change between 6 and 24 h post-RT, the changes are 

small, not statistically significant and the trends seen between groups remain consistent. 

Therefore, due to logistics of experiments, I decided to proceed with harvesting whole brain 

tissue 24 h post-RT.  
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Figure 4.28 γH2AX and Ki67 IHC staining intensity was equivalent at 6 h and 24 h post-RT 

treatment. 

Immunocompromised mice were intracranially implanted with U87 cells and at the 

presentation of tumour-related symptoms were treated with a single dose of 20 mg/kg 

LY2606368, 2 Gy RT or 2 Gy RT and 20 mg/kg LY2606368. Mice were euthanised and the whole 

brain was collected 6 or 24 h post-treatment and processed for IHC staining for (A) γH2AX and 

(B) Ki67. Scale bar is 50 µm. Positive cells stained brown in the nucleus and were quantified 

using Inform software. Data represents mean quantification score ± SEM. Statistical analysis 

was performed using one-way ANOVA with Tukey’s post-hoc test; *, p≤0.05; **, p≤0.01; ***, 

p≤0.001 and ****, p≤0.0001 were considered significant.  
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4.14 Determining the safe maximal dose of TMZ for administration to tumour 

bearing Balb/c nude mice 

To determine the maximum tolerated dose of TMZ for GBM xenograft bearing Balb/c nude 

mice, I searched the literature for published treatment schedules. Several different doses of 

TMZ, ranging from 40 mg/kg to 66 mg/kg, had previously been tested using various routes of 

administration and treatment schedules [193-195]. In one study, mice harbouring intracranial 

GBM xenografts were administered 40 mg/kg TMZ intravenously, three times a week for 

three weeks [195]. However, as TMZ is given as oral tablets to GBM patients, I desired to 

mimic the same route of administration for these studies.  Other studies showed tumour 

bearing immunocompromised mice tolerated 42 mg/kg [194] or 50 mg/kg and 66 mg/kg TMZ 

[193] well when given via oral gavage on day 1-5 every 28-days until mice required 

euthanasia. These treatment schedules mimic the clinical TMZ schedule, where GBM patients 

are given adjuvant TMZ orally for five consecutive days every 28-days for a total of six cycles 

[196]. Hence, in Balb/c nude mice intracranially implanted with U87 cells, I planned to treat 

with 42 mg/kg TMZ via oral gavage for five consecutive days (Monday to Friday), as this dose 

was the lowest in published literature and the treatment schedule mimicked clinical practice 

(Figure 4.29A). Instead of treating for five consecutive days on a 28-day cycle however, I 

proposed to treat for three continuous weeks, as the GBM xenograft models chosen for the 

studies succumb to tumour within a month (Figure 4.25A). Additionally, since I was interested 

in the combination of TMZ and LY2606368, I also assessed if mice tolerated 42 mg/kg TMZ 

and 20 mg/kg LY26066368. Unfortunately, after two treatment days, all but one mouse in 

each treatment group were euthanised due to more than 20% weight loss caused by severe 

diarrhea. The last remaining mice in the treatment groups were euthanised due to weight not 

returning. This was in contrast to mice in the vehicle group, which were all euthanised due to 

tumour-related morbidity several weeks after treatment (Figure 4.29B). 
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Figure 4.29 Dose finding study for TMZ in GBM bearing Balb/c nude mice. 

Balb/c nude mice were intracranially implanted with U87 cells. At day 7 post-implantation, 

mice were treated with vehicle control, 42 mg/kg TMZ or 42 mg/kg TMZ combined with 20 

mg/kg LY2606368. (A) Schematic diagram of the treatment schedule. (B) Kaplan-Meier curve 

was created using GraphPad Prism (v8) and displays euthanasia due to drug toxicity or 

tumour-related morbidity. Dotted line on Kaplan-Meier curve corresponds to the days when 

drugs were administered.   

 

Since a single 42 mg/kg TMZ dose caused diarrhoea within a 24 h period, I wanted to assess 

whether a statistically meaningful cytotoxic effect could still be achieved with a reduced dose 

of 10 mg/kg and 20 mg/kg TMZ before performing survival studies. To do this, U87 cells were 

implanted into the cortex of mice and tumour development monitored by physical 

measurements and BLI (see sections 3.8 and 3.11). Once BLI signal was greater than 109 

photons/s and symptoms of tumour formation were observed, mice were treated with ORA-

Plus® solution (vehicle for TMZ), 10 mg/kg, or 20 mg/kg TMZ then humanely euthanised 24 h 

post-treatment. Both doses were well tolerated. The whole brain was collected and processed 

for IHC (sections 3.12 and 3.13). IHC was first performed for γH2AX, a marker of double-

stranded DNA breaks, which should be increased following TMZ treatment. IHC quantification 
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confirmed that both 10 mg/kg and 20 mg/kg TMZ induced DNA damage, since the presence 

of γH2AX positive cells significantly increased compared with vehicle control, but there was 

no significant difference between the two doses of TMZ (Figure 4.30A). Ki67 staining was used 

as a marker of tumour cell proliferation and showed no difference between treatment groups 

(Figure 4.30B). Therefore, for the next cohort of mice, I selected 20 mg/kg TMZ as this was 

the highest tolerated dose with confirmed DNA damaging effects.  
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Figure 4.30 Determining the safe maximal dose of TMZ for in vivo experiments. 

Balb/c nude mice intracranially implanted with U87 cells were treated with vehicle control, 

10 mg/kg or 20 mg/kg TMZ at the presentation of tumour-related symptoms. Brain tissue was 

harvested 24 h following treatment and processed for IHC. Brain sections were stained for (A) 

DNA damage marker, γH2AX and (B) cell proliferation marker, Ki67 which both stain nuclei 

brown. Positive (brown) cells were quantified as a percentage of total cells from at least three 

images per mouse using Inform software. Data points represent mean % of positive cells per 

mouse, with overall mean ± SEM shown for each treatment group. Statistical analysis was 

performed using one-way ANOVA with Tukey’s post-hoc test; *, p≤0.05 and **, p≤0.01 were 

considered significant. Scale bar is 50 µm. 

 

The next cohort of mice was implanted with mHGG-vIII and I planned to treat with 20 mg/kg 

TMZ and/or 20 mg/kg LY2606368 for five consecutive days (Monday to Friday) for a total of 

three weeks (Figure 4.31A). Treatment was delayed until day 14 post-implantation, during 

which time mice were given mushy and gel food to increase their weight, as it was noted in 

the previous cohort that lighter mice were the first to show treatment-related toxicity. Mice 

were treated for two consecutive days with no signs of diarrhea or weight loss, however, 

weight loss of approximately 10% was observed in the combination groups following the third 

dose, causing us to cease treatment (Figure 4.31B). Besides weight loss due to diarrhea, mice 

appeared active and did not display ataxic gait, thus were administered saline 

intraperitoneally to prevent dehydration and aid recovery. Despite these measures, mice 

continued to experience diarrhea causing more than 20% weight loss, thus mice reached the 

humane endpoint and were euthanised (Figure 4.31C).  Mice treated with TMZ or LY2606368 

monotherapy appeared to tolerate the drugs well and were all able to complete the study, 

being humanely euthanised due to tumour burden (Figure 4.31C). Thus, I decided to reduce 

the frequency of dosing to twice weekly: Monday and Thursday, as explained in section 3.10 

(Figure 3.4B). This optimised treatment schedule was completed for three consecutive weeks 

without mice presenting symptoms of treatment-toxicity such as diarrhea, or weight loss.  
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Figure 4.31 Establishing the optimal dose and schedule of TMZ for GBM xenografts. 

mHGG-vIIIs were implanted into the cortex of Balb/c mice. At day 7 post-implantation, mice 

were randomised into four treatment groups: vehicle control, 20 mg/kg LY2606368, 20 mg/kg 

TMZ or the combination of 20 mg/kg TMZ and 20 mg/kg LY2606368. (A) Representative 

diagram of the proposed treatment schedule. (B) The weight (g) of drug treated mice were 

recorded and tracked on the proposed treatment days. (C) Kaplan-Meier survival curve shows 

death by euthanasia due to >20% weight loss or tumour-related morbidity. Dotted line 

indicates when treatment was administered.   
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4.15 Discussion 

In this chapter, I have described a number of experiments performed to develop and optimise 

protocols used in the rest of this thesis. Commercially available, established cell line, U87, is 

the most commonly used GBM cell line which has been used for many decades and has well 

known tumourigenic capabilities in immunocompromised mice. However, long term cell 

culture selection pressure in this and other similar cell lines may have altered their growth 

characteristics so that they no longer accurately faithfully recapitulate patient tumour 

heterogeneity [197]. Indeed, one factor that has attributed to no new therapies being 

successful in GBM clinical trials is the frequent use of established cell lines. To reinforce the 

translatability of our studies to the clinic, I investigated a number of patient-derived GBM cell 

lines: GBM6, GBM39 and JK2. Additionally, I trialled another commercially available 

established GBM cell line, T98G. Firstly, I modified GBM cell lines to stably express luciferase 

and GFP using viral expression systems. These experiments were important for in vivo studies, 

as expression of luciferase assisted in confirming tumour establishment and allowed for 

tumour growth monitoring via BLI. Expression of GFP was important to help distinguish 

between tumour and normal brain tissue ex vivo. I next needed to confirm and characterise 

the growth of these cells in mice and successfully demonstrated that GBM6, GBM39 and T98G 

developed tumours in immunocompromised mice, whereas JK2 cells did not. Due to the long 

latency of GBM39 and T98G cells, I only considered GBM6 for in vivo experiments. I also 

utilised mHGG-vIII, a previously published model of murine high-grade glioma [173]. mHGG-

vIII exhibits gain-of-function mutation EGFRvIII, inactivation of tumour suppressor gene Pten 

and loss of Cdkn2a which are common mutations found in GBM [176]. These mutations 

contributed to the development of a rapid and reproducible allograft model. IHC and 

immunoblot analysis confirmed expression of GBM markers GFAP, Nestin, EGFRvIII and loss 

of Pten which associated with expression of phospho-Akt (S473).  

 

Once tumour models were established, dose finding studies for clinical and experimental 

therapies were crucial to avoid toxicity, while obtaining a statistically meaningful response for 

survival studies. In the clinic, adjuvant TMZ is taken as an oral tablet for five consecutive days 

every 28-days for a total of six cycles [196]. However, since tumour growth in the selected 

models were rapid, it was predicted that only a single, 28-day cycle would be achieved before 

mice would succumb to tumours. Thus, I investigated a treatment schedule of five 
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consecutive days for three weeks. The doses of 42 mg/kg TMZ were chosen based on 

previously reported studies in mice [193-195] and I chose to use the oral route rather than 

intravenous, in order to mimic clinical route of administration. These doses were extremely 

toxic, causing severe diarrhea and ataxic gait by the second dose. I then chose to reduce the 

dose, confirming that it would still induce a cytotoxic effect in brain tumours first, and found 

that daily 20 mg/kg TMZ given orally was well tolerated by Balb/c nude mice. However, the 

dose frequency of TMZ had to be reduced to twice weekly when combined with LY2606368, 

due to toxicity and the maximum tolerated dose of this combination was determined as 20 

mg/kg TMZ and 20 mg/kg LY2606368 twice weekly. The elevated toxicity as both drugs were 

combined was possibly attributed to both being cleared by the kidneys.  

 

Our laboratory was the first in Australia to acquire a small animal radiation therapy platform. 

Thus, dose and beam planning for this platform, the X-RAD SmART, required optimisation to 

reduce off-target exposure of x-ray beams to structures in the mouse head and oral cavity, 

while maximising tumour exposure to radiation. For these experiments, I tested two different 

beam plans, both of which caused no phenotypically observable negative effects to mouse 

welfare. For further survival studies, I chose the whole brain RT protocol due to faster deliver, 

ease of planning and higher likelihood of exposing the whole tumour to radiation.    

 

Preclinical and clinical use of AZD6738 and MK1775 has been previously investigated in GBM 

report limited efficacy [136, 143, 198, 199]. Preclinically, AZD6738 did not improve survival of 

mice implanted with GBM [198] and currently there are no clinical trials for AZD6738 in GBM 

patients. Similarly, MK1775 produced no sensitising effect when combined with TMZ in GBM6 

and GBM22 cells in vitro and had limited brain penetration in mice [136], although, a phase 0 

clinical trial showed MK1775/advosertib achieved pharmacologically active concentrations in 

GBM tumours (NCT02207010) [200]. Optimisation studies performed here support these 

findings since the combination of AZD6738 or MK1775 with traditional therapies, RT, TMZ or 

GEM also lacked efficacy in GBM patient-derived cell lines. Preclinical studies of LY2606368 in 

GBM are rare, with only one study reporting that the ED50 value of LY2606368/prexasertib, 

was 2.6 nM in paediatric GBM cell line SJ-GBM2 [201]. The experiments performed here 

highlighted that LY2606368 exhibited the greatest synergy with traditional GBM therapies, 
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hence, this thesis focuses on combinations of RT or traditional chemotherapies with 

LY2606368.  

 

Next, I explored the mechanism of LY2606368 as a monotherapy and in combination via 

immunoblot assays. The results chapters presented later in this thesis will describe the 

inhibitory effect of LY2606368 on CHK1 autophosphorylation at S296. However, as LY2606368 

is a dual inhibitor of CHK1 and CHK2 [23], here, I explored the changes in S516-

phosphosphorylated CHK2 and total CHK2 expression after treatment. Immunoblot analysis 

demonstrated that radiation was the only DNA-damaging therapeutic that induced 

phosphorylation of CHK2 at S516 and it did this only in one cell line. LY2606368 and 

combination therapies reduced expression of total CHK2 but did not alter expression of S516-

phosphorylated CHK2. I experienced difficulty detecting CHK2 in these cells, and as the results 

were discordant across the different cell lines used, and were not consistent following 

treatment with RT, TMZ or GEM, therefore, I chose to focus on the effects of CHK1 in the 

subsequent chapters.  Limitations of these studies include that I did not perform an extensive 

investigation into other antibodies against other CHK2 phosphorylation sites such as T68 [185, 

189, 202], nor were many additional time points examined.  

 

Finally, to examine changes to cell cycle distribution, I used flow cytometry. From these time 

point optimisations, I have reported select time points to emphasise the impact of traditional 

GBM therapies as well as LY2606368 on cell cycle and apoptosis. 
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CHAPTER 5: INHIBITION OF CELL CYCLE CHECKPOINT KINASE 1 

SENSITISES GLIOBLASTOMA TO RADIATION THERAPY 

 

5.1 Introduction 

RT is an essential non-surgical therapy for GBM, the deadliest primary brain tumour. The use 

of RT for GBM was introduced as standard of care in the 1980s after a study showed post-

surgical RT improved survival outcomes for GBM patients [203]. The current standard of care 

for GBM in people under 70 years age involves maximal surgical resection followed by RT 

delivered to the resection cavity and surrounding areas [5, 6] as five consecutive sessions of 

2 Gy per day for six weeks, to provide a total of 60 Gy with adjuvant and concomitant TMZ [8, 

28]. Even with advances in surgical resection and RT delivery methods, patients still have a 

poor median survival time of only 12 to 15 months from diagnosis [8]. Additionally, different 

RT dose escalation and de-escalation as well as different schedules have been tested but none 

have successfully improved patient outcomes [204].  

 

The main purpose of RT for GBM is to target infiltrating tumour that was not removed during 

surgical resection and to prevent tumour recurrence. However, therapeutic efficacy is limited 

due to a phenomenon commonly known as radioresistance, where GBM cells are able to 

avoid radiation-induced death. This involves multiple intrinsic factors and may also be 

mediated by the tumour microenvironment [7, 109]. To improve survival for GBM patients, 

new strategies to sensitise GBM cells to RT are needed.  

 

One approach to improve the efficacy of RT is to alter the protective response within cells 

following DNA damage. RT induces both single-strand and double-strand DNA breaks by direct 

action, or indirectly by the production of reactive oxygen species which in turn damage DNA. 

Upon DNA damage, both normal and cancer cells activate signalling pathways to induce cell 

cycle arrest, followed by DNA repair. This is mediated by ATM and ATR kinases [17, 18]. ATM 

and ATR phosphorylate CHK1 and CHK2 causing their activation [19, 20]. CHK1 and CHK2 then 

trigger a signalling cascade involving phosphatases and CDKs that results in cell cycle arrest, 

which provide cells the chance to repair RT-induced DNA damage via multiple DNA repair 
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mechanisms [70, 205]. GBMs often contain a population of cells that have enhanced activity 

of kinases ATM, ATR, CHK1 and CHK2 which contribute to more efficient DNA repair 

mechanisms such as increased G2/M checkpoint activation [86, 121], and hence improved 

cell survival.  

 

Previous studies have shown that a selective inhibitor of CHK1, SAR-020106, abrogated RT-

induced G2/M arrest in GBM cultures, leading to an increase in apoptosis [206]. However, the 

therapeutic advantage of SAR-020106 in vivo is yet to be determined. AZD7762, an inhibitor 

of CHK1/2, that was in early phase clinical trial, sensitised GBM to RT, causing a further 

reduction in colony-forming capabilities and impaired tumour growth rates in vivo [137, 138]. 

Clinical trial results demonstrated unpredictable cardiac toxicity, resulting in AZD7762 not 

advancing to late phase clinical trials [146]. Additionally, no clinical trial tested AZD7762 in 

combination with RT.  

 

In this current study, another small molecule CHK1/2 inhibitor, LY2606368, also known as 

prexasertib, has been investigated. LY2606368 blocks the autophosphorylation of CHK1 and 

CHK2, thus preventing CHK kinase activation and subsequent cell cycle arrest [23]. LY2606368 

can effectively cross the BBB [151, 207] and potentiated the effects of several DNA damaging 

chemotherapies in various preclinical models [189, 201].  LY2606368 is currently in phase I 

clinical trial for head and neck cancers, in combination with RT and chemotherapy (cisplatin) 

and the EGFR targeting monoclonal antibody cetuximab (NCT02555644). Although, no results 

from this clinical trial are yet reported, the objectives were to determine the maximum 

tolerated dose and to collect pharmacokinetic data without any mention of brain penetration 

investigations.  

 

Encouraging data from previous studies that have investigated CHK inhibition and RT [137, 

138, 206], lead us to hypothesise that blockade of CHK1 will prevent RT-induced cell cycle 

arrest in GBM, resulting in an improvement of RT efficacy and a sensitisation of GBM cells to 

RT. Here, this study provides the first investigations of LY2606368, a CHK1/2 inhibitor in 

advanced clinical trials, in combination with RT in preclinical models of GBM. 
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5.2 Results 

5.2.1 LY2606368 sensitised GBM cell lines to radiation in vitro 

To determine if LY2606368 sensitises GBM to RT, I performed clonogenicity assays. Patient-

derived GBM cell lines: JK2, RN1 [167] and GBM6  [168] were treated with increasing doses 

of radiation, LY2606368 or the combination of both. Cultures were incubated for 14 days 

before colonies were fixed, stained, and counted (section 3.5). Here, only JK2, RN1 and GBM6 

were used, as the nature of this assay was not suited for rapidly dividing cells such as U87, 

T98G and mHGG-vIII which even at low seeding density, became confluent after 14 days 

incubation (explained in section 4.6).  

 

Colony formation of all three cell lines was inhibited in a dose-dependent manner by both 

radiation and LY2606368 monotherapies (Figure 5.1 and Supplementary Figure 2). 

Specifically, 0.5 Gy radiation reduced colony formation by 20-30%, while 2 Gy radiation 

caused at least a 50% reduction in colony formation in all GBM cells (Figure 5.1). Similarly, 

increasing doses of LY2606368 correlated with reduced numbers of colonies formed in all cell 

lines tested. In JK2 and RN1 cells, 1 nM of LY2606368 reduced colonies by 20%, while 5 nM 

LY2606368 decreased colony numbers by 50 – 60% (Figure 5.1A-B). GBM6 cells were more 

resistant to LY2606368 and required approximately 10-fold higher doses of LY2606368 to 

reach a similar reduction in colony formation compared to the other cell lines (Figure 5.1C). 

At the doses investigated, LY2606368 alone demonstrated greater efficacy in reducing colony 

formation than radiation alone (Figure 5.1). The combination of radiation and LY2606368 

showed the greatest effect, with an approximately 80% reduction in colony formation 

observed in all cell lines tested with the highest doses of radiation and LY2606368. Overall, 

the addition of LY2606368 to radiation further impaired colony formation by 20-30% when 

compared to radiation monotherapy (Figure 5.1). Thus, this demonstrates that LY2606368 

can sensitise JK2, RN1 and GBM6 to radiation in vitro. 
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Figure 5.1 LY2606368 sensitised GBM cells to radiation in vitro 

Patient-derived GBM cells (A) JK2, (B) RN1 and (C) GBM6 were irradiated (Gy) and/or treated 

with increasing doses of LY2606368 (nM) as indicated. Cells formed colonies for 14 days 

before being fixed, stained with 0.5% methylene blue and counted (section 3.5). The % of 

colonies was calculated in comparison to vehicle-treated controls. Each data point is 

represented as mean % ± SEM from three independent experiments. 

 

5.2.2 LY2606368 synergises with radiation to reduce GBM clonogenicity in vitro 

To further evaluate the efficacy of RT and LY2606368 combination therapy for the treatment 

of GBM, several computational models were used to determine if the interactions between 

radiation and LY2606368 were synergistic, additive or antagonistic. JK2, RN1 and GBM6 were 

treated with a dose matrix consisting of increasing doses of radiation combined with 

LY2606368. CI values were calculated using CompuSyn software. According to the method of 

Chou and Talalay [179], CI values around 1 represent additive interactions, while favourable 

CI values are < 1, indicating synergistic interactions. It was determined that the combination 

of radiation and LY2606368 was synergistic in JK2 and RN1 cells (Figure 5.2 and Table 5.1). In 

GBM6, combining radiation and LY2606368 was determined to be additive, with a CI value 

close to 1 (Figure 5.2 and Table 5.1).  
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Figure 5.2 Interactions between radiation and LY2606368 were synergistic or additive in 

GBM cells. 

CI values for three patient-derived GBM cell lines were determined using CompuSyn program, 

following the method described by Chou and Talalay [179]. CI values = 1 (dotted line) indicate 

additive interactions and CI values < 1 show synergistic interactions. Each data point shows 

the mean CI value of each independent experiment, with overall mean CI value ± SD from 

three independent experiments.  

 

Table 5.1 Overall mean CI values for the interaction between radiation and LY2606368 in 

GBM cells. 

Overall mean CI values and SD for the interaction of radiation and LY2606368 in patient-

derived GBM cell lines. Green values indicate synergy and black indicates additivity. The 

number (n) of independent experiments performed is shown. 

Cell Line Mean CI value SD n 

JK2 0.862 0.094 3 

RN1 0.415 0.107 3 

GBM6 1.028 0.088 3 

 



153 

Loewe additivity [181], HSA [182] and the Bliss interaction [183] mathematical models of 

dose-response were also used to further validate the interaction between radiation and 

LY2606368 via Combenefit software [180].  Similar to CI analysis, radiation and LY2606368 

were synergistic in JK2 and RN1 cells across all mathematical models tested, with the 

exception of JK2 presenting additivity according to the Bliss model (Supplementary Figure 3, 

top and middle). HSA model showed that combining radiation with LY2606368 was synergistic 

in GBM6, however, Loewe and Bliss models suggests it was either additive or antagonistic 

(Supplementary Figure 3, bottom). 

 

5.2.3 Inhibiting CHK1 caused DNA damage to accumulate in GBM cells post-radiation. 

To better understand the mechanism by which LY2606368 sensitises GBM to RT, I examined 

the effects of radiation and/or LY2606368 on proteins involved in the DDR and subsequent 

cell cycle checkpoints by immunoblotting (see section 3.6). GBM cell lines were treated with 

mock (to control for radiation), DMSO (vehicle for LY2606368), 10 Gy radiation, ED50 

concentrations of LY2606368 or the combination of radiation and LY2606368 and cells were 

harvested 2 h later (Figure 5.3). JK2 and RN1 cell lines were excluded from immunoblot 

analysis as these cells grow on Matrigel® (section 3.1) and there was concern the Matrigel® 

would alter immunoblot results. To determine the extent of DNA damage caused by each 

treatment, the expression of γH2AX was examined.  While neither LY2606368 or radiation 

alone could induce γH2AX compared to controls (Figure 5.3), the combination of radiation 

and LY2606368 caused increased γH2AX expression compared to radiation monotherapy in 

three out of the five GBM lines tested (Figure 5.3A,C-D, lane 5 compared to lane 3), 

demonstrating activation of DNA damage was achieved with combination treatment. 
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Figure 5.3 Expression of DDR proteins after treatment with radiation in the presence or 

absence of LY2606368. 

Five GBM cell cultures, (A) GBM6, (B) GBM39, (C) U87, (D) T98G, and (E) mHGG-vIII, were 

treated with 0.1% DMSO, 10 Gy radiation and/or the indicated dose of LY2606368. Negative 

controls were taken to the Gammacell irradiator but were not treated. Protein was collected 

as described in section 3.6 and immunoblotting was performed with the antibodies indicated. 

Immunoblots displayed are a representative of three independent experiments. Size markers 

are shown, and β-actin was used as a loading control. 

 

Despite γH2AX not demonstrating evidence of radiation-induced DNA damage, radiation did 

indeed cause phosphorylation of CHK1 on S345, especially in GBM6, GBM39 and U87 (Figure 

5.3, lane 3), suggesting that radiation activated CHK1 [208]. Although, autophosphorylation 

of CHK1 on S296 was unchanged 2 h post-irradiation (Figure 5.3, lane 3). The impact of 

inhibiting radiation activated CHK1 using LY2606368 was also investigated. LY2606368 

prevents CHK1 activation by blocking autophosphorylation of CHK1 at S296 [23, 185]. 
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Immunoblots confirmed that LY2066368 blocked autophosphorylation of CHK1 on S296, 

verifying that the concentrations used were sufficient for kinase inhibition in four out of the 

five cell lines (Figure 5.3A-D, lanes 4). Phosphorylation of CHK1 on S345 was also examined. 

This residue is normally phosphorylated by ATR upon DNA damage, leading to CHK1 

activation. CHK1 then activates the PP2A phosphatase which normally dephosphorylates 

S345 as a negative feedback loop; however, if CHK1 is inhibited this dephosphorylation does 

not occur and S345 phosphorylation increases. Thus, increased S345 phosphorylation is a 

known biomarker of CHK1 inhibition [209]. In GBM cells, LY2606368 monotherapy and in 

combination with radiation increased S345 phosphorylation. This was also evident in mHGG-

vIII cultures suggesting that CHK1 was indeed inhibited at the concentration of LY2606368 

used, even though inhibition of S296 phosphorylation was not observed.   

 

Upon DNA damage, activated CHK1 and CHK2 phosphorylate a number of substrates to 

induce cell cycle arrest. One key downstream protein is p53. p53 becomes stabilised in the 

presence of DNA damage and can regulate target genes such as p21 to induce cell cycle arrest 

[210, 211]. TP53-wild-type cells, GBM39 and U87, showed a rise in p53 protein levels after 

radiation (Figure 5.3B-C, lane 3) and this effect was further augmented by the addition of 

LY2606368 (Figure 5.3B-C, lane 5). Conversely, GBM6 and T98G that are TP53-mutant showed 

higher expression levels of p53 as is typical of cells expressing mutant TP53, however there 

was minimal increase in protein levels after radiation (Figure 5.3A,D, lane 3). Interestingly, 

treatment of TP53-mutant cells with LY2606368 or combination treatment increased p53 

expression levels (Figure 5.3A,D, lane 5 versus lane 3). The expression of p53 in mHGG-vIII 

were relatively low for all treatments (Figure 5.3E). These data demonstrate that p53, in four 

of the five cell lines tested, was stabilised as a response to the DNA damage induced by 

radiation or combination of radiation and LY2606368.  

 

Another key protein that is downstream from CHK1, is the WEE1 kinase. Activation of WEE1 

by CHK1 phosphorylates CDC2 which blocks the CDC2/Cyclin B complex required for M phase 

entry. To investigate the impact of radiation and LY2606368 treatment on cell cycle 

checkpoints, the phosphorylation of CDC2 at Y15 was investigated. Radiation-induced CHK1 

signalling is expected to phosphorylate CDC2 and activate cell cycle checkpoints.  However, 

similar to CHK1 phosphorylation at S296, at 2 h post-radiation, expression of Y15-
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phosphorylated CDC2 remained the same as controls, suggesting that at this time point 

radiation-induced cell cycle arrest was not evident (Figure 5.3, lane 3). In contrast, as can be 

seen in Figure 5.3, lanes 4-5, CDC2 phosphorylation at Y15 was reduced by LY2606368 

whether used as a single agent or in combination with radiation. This would suggest that GBM 

cells are not arresting in the cell cycle as they should following DNA damage. It was 

hypothesised that this would lead to a failure to activate DNA repair machinery as cell cycle 

arrest is a prerequisite for DNA repair initiation. As previously described, at the time point 

tested, three out of the five GBM cultures demonstrated an accumulation of γH2AX levels 

after being co-treated with radiation and LY2606368 compared to radiation alone (Figure 

5.3A,C-D, lane 5 compared to lane 3). These data suggest that radiation treatment induced a 

DDR in GBM cells, leading to activation of CHK1. Inhibition of CHK1 in combination with 

radiation, appeared to lead to a failure of cells to sufficiently inhibit CDC2, which may lead to 

continued cell cycle progression and reduced DNA repair which was evident by an 

accumulation of γH2AX. In order to investigate further the impacts of LY2606368 on radiation-

induced cell cycle control, I next performed flow cytometry.  

 

5.2.4 Inhibition of CHK1 via LY2606368 disrupted cell cycle control in GBM cells following 

radiation-induced DNA damage 

Immunoblotting suggested that radiation activated CHK1 which are expected to lead to cell 

cycle arrest, however marked changes in CDC2 phosphorylation were not captured at the 2 h 

time point examined. Therefore, to determine if cell cycle arrest occurred in GBM cells 

following radiation and the impact of CHK inhibition on this, GBM6 and U87 cells were treated 

with 10 Gy radiation in the presence or absence of LY2606368 and then cell cycle distribution 

was assessed using flow cytometry. Different cell cycle phases were identified using staining 

for EdU, DAPI and pHH3 as follows: G1 was marked by cells with 2n DNA content and negative 

for EdU, S phase was marked by EdU positivity and/or by cells with DNA content greater than 

2n but less than 4n, G2 was marked by cells with 4n DNA content and cells in mitosis were 

identified as being positive for pHH3. SubG1 was identified as cells with less than 2n DNA 

content (see section 3.7).  

 

Radiation-induced DNA damage is expected to cause cell cycle arrest. Indeed, at 6 h, DMSO-

treated GBM6 and U87 cells demonstrated 0.60 and 1.89% of total DAPI/EdU population were 
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pHH3+, whereas GBM6 and U87 pHH3+ populations decreased to 0.11 and 0.27%, 

respectively, after radiation (Figure 5.4). This suggests that radiation did indeed cause enough 

DNA damage to engage the cell cycle arrest response pathway in both GBM cell lines, as 

almost all cells failed to enter mitosis. This was in contrast to cells treated with the 

combination of radiation and LY2606368, where the proportion of cells undergoing mitosis 6 

h after radiation were increased compared to both control and radiation treated cells (Figure 

5.4), indicating that the radiation-induced cell cycle arrest could be blocked by LY2606368. Of 

note, LY2606368 monotherapy, resulted in an increase in the pHH3+ population only in GBM6 

cells compared to control (Figure 5.4A,C). This could be associated with GBM6 TP53-mutated 

status, as GBM6 are unable to effectively regulate damaged DNA via G1 checkpoint, thus rely 

on CHK1 to arrest cells at G2 checkpoint [168]. At 30 h time point, only two independent 

experiments were completed which showed a trend that post-treatment pHH3+ populations 

were comparable in GBM6, implying that all treatments may no longer had an impact on 

mitotic entry as cells had repaired damaged DNA and thus, resumed cycling (Figure 5.4A,C). 

Conversely, at 30 h, U87 cells were no longer continuing through to M phase after treatment 

with radiation and LY2606368, but instead appeared to be in arrest, as there was a significant 

reduction in pHH3+ cells than DMSO control and LY2606368 alone (Figure 5.4B,D). Another 

independent experiment is required to further validate from the 30 h time point.  
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Figure 5.4 LY2606368 disrupts radiation-induced cell cycle arrest. 

Patient-derived (A,C) GBM6 and established (B,D) U87 cells were treated with 0.1% DMSO, 1 µM 

LY2606368, 10 Gy radiation or the combination of radiation and LY2606368 for the indicated times 

and then stained with pHH3 to mark mitotic cells. Representative plots of (A) GBM6 and (B) U87 show 

cells separated into mitotic (pHH3+) and non-mitotic (pHH3-) cells. FlowJo software (v10) quantified 

the frequency of cell populations. (C-D) Quantification graphs show the frequency of mitotic cells 

(pHH3+) from at least two independent experiments, with overall mean % ± SD. Treatment groups 

were compared using unpaired Student’s t test, where *, p≤0.05; **, p≤0.01; ***, p≤0.001 and ****, 

p≤0.0001 were considered significant.  

 

DNA damage is also expected to reduce the synthesis of new DNA, as cells are expected to be 

arrested in the cell cycle and undergoing DNA repair [70, 85]. I assessed the impact of 

radiation on DNA synthesis in GBM cells by looking at the amount of EdU incorporation. In 

both GBM6 and U87, all treatment groups had no impact on the proportion of EdU+ and EdU- 

cells at 6 h (Figure 5.5). While, after 30 h, both radiation and LY2606368 alone caused a trend 

of slightly increasing EdU+ GBM6 cells when compared to DMSO control (Table 5.2). 

Furthermore, EdU staining intensity was reduced as evidenced by a downward shift in the 

EdU+ population on the representative flow plots (Figure 5.5A). Although another 

independent experiment is needed to confirm findings, this may show that some GBM6 cells 

have arrested in S phase, while other cells continued to cycle and synthesise new DNA but at 
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a slower rate. There was also a downward shift in EdU staining after combination treatment 

(Figure 5.5A), but, interestingly, the proportion of EdU+ remained comparable to DMSO 

control (Table 5.2). This demonstrates that after combination treatment, DNA synthesis 

slowed down but GBM6 cells were still progressing through S phase. In U87, both 

monotherapies and the combination therapy had the opposite effect as EdU+ populations 

decreased, suggesting that DNA synthesis was halted as cells repaired damage DNA. However, 

it should be noted, this reduction in EdU+ population was not statistically significant when 

compared to DMSO control (Table 5.3).  

 



160 

 

Figure 5.5 Changes to cell cycle distribution post-treatment with radiation and LY2606368. 

Patient-derived (A-C) GBM6 and established (B-D) U87 cells were treated with 0.1% DMSO, 1 µM LY2606368, 10 Gy radiation or the combination of radiation 

and LY2606368 for the indicated times. Cells were subjected to EdU for 45 min and stained with DAPI. Representative plots of (A) GBM6 and (B) U87 show 

cells gated into subG1, G1, EdU+ and EdU- S phase and G2 phase according to the gating strategy presented in Figure 3.3. FlowJo software (v10) quantified 

the frequency of cell populations. (C-D) Quantification graphs show mean % ± SD of total DAPI/EdU population from at least two independent experiments. 

Unpaired Student’s t test identified significant difference between treatment groups; *, p≤0.05 and **, p≤0.01 were considered significant.
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Table 5.2 Distribution of GBM6 cells in the different phases of cell cycle after treatment with 

radiation and LY2606368. 

Percentage of GBM6 cells in the different phases of cell cycle as indicated after 6 or 30 

h exposure to treatment. Each value is the mean % ± SD. Unpaired Student’s t test was 

used to compared DMSO control to treatment groups (*, p≤0.05; **, p≤0.01; ***, 

p≤0.001 and ****, p≤0.0001). The number (n) of independent experiments performed 

is shown. 

6 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

SubG1 3.2±1.3 3.1±0.4 5.9±2.9 4.0±1.2 

G1 48.7±0.01 52.0±0.03 45.3±0.02 49.0±0.02 

EdU+ S 35.6±3.2 31.1±1.1 35.9±5.7 33.7±4.5 

EdU- S 3.1±0.01 3.7±0.01 4.4±0.01 4.4±0.01 

G2 8.9±0.02 7.1±0.03 8.7±0.02 6.8±0.03 

M (4n DNA) 0.5±0.001 2.8±0.002*** 0.1±0.001** 2.0±0.003** 

M (<4n 
DNA) 

0.1±0.001 0.3±0.002 0.1±0.001 0.04±0.001* 

30 h (n=2) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

SubG1 2.3±0.01 4.0±0.3 2.7±0.01 3.6±0.5 

G1 65.4±0.01 18.2±0.01*** 24.6±0.03** 20.8±0.02** 

EdU+ S 21.8±0.5 34.4±0.1*** 26.7±1.2* 24.2±1.7 

EdU- S 2.2±0.01 29.0±0.02** 5.1±0.01* 30.8±0.03** 

G2 7.6±0.01 13.6±0.02 40.4±0.02** 20.1±0.04* 

M (4n DNA) 0.9±0.001 0.6±0.003 0.8±0.01 0.4±0.002 

M (<4n 
DNA) 

0.04±0.00001 0.5±0.002 0.04±0.0001 0.4±0.002 
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Table 5.3 Cell cycle distribution of U87 cells after in vitro treatment with radiation and 

LY2606368. 

Percentage of total DAPI/EdU population in the different phases of cell cycle as shown 

after 6 or 30 h exposure to the indicated treatment. Each value is the mean % ± SD. 

Unpaired Student’s t test was used to compared DMSO control to treatment groups (*, 

p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001). The number (n) of independent 

experiments is shown. 

6 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

SubG1 1.6±0.01 1.6±0.002 1.6±0.004 1.6±0.01 

G1 53.5±0.1 58.9±0.1 41.8±0.04 59.6±0.1 

EdU+ S 27.9±0.1 27.1±0.1 34.6±0.1 23.4±0.1 

EdU- S 3.0±0.01 2.1±0.004 2.9±0.02 3.3±0.03 

G2 12.1±0.01 8.2±0.01** 18.9±0.04 9.3±0.01* 

M (4n DNA) 1.9±0.01 2.1±0.004 0.1±0.001* 2.8±0.001 

M (<4n DNA) 0.03±0.0001 0.04±0.0003 0.03±0.0002 0.1±0.001 

30 h (n=2) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 Radiation 
Radiation 

+LY2606368 

SubG1 1.5±0.01 2.3±0.004 5.7±0.003* 4.6±0.01* 

G1 59.1±0.04 33.4±0.03 58.7±0.03 48.3±0.03 

EdU+ S 23.6±0.04 14.2±0.02 16.3±0.1 12.4±0.004 

EdU- S 1.1±0.01 15.0±0.03* 2.6±0.01 14.4±0.02* 

G2 13.0±0.01 34.1±0.1* 15.4±0.03 20.1±0.004* 

M (4n DNA) 1.7±0.004 0.9±0.001 1.4±0.01 0.04±0.0001* 

M (<4n DNA) 0.1±0.0002 0.1±0.0002 0.1±0.0001 0.1±0.0003 

 

From the two independent experiments completed, there was a trend of EdU- populations 

increasing after 30 h co-treatment with radiation and LY2606368 as compared with DMSO 

control (Table 5.2 and Table 5.3) or radiation alone (Figure 5.5). This is to be expected as CHK1 

blockade prevents radiation-induced cell cycle arrest, thus the addition of LY2606368 to 

radiation, allowed GBM cells to remain cycling while no new DNA synthesis was being 

synthesised. Since GBM6 are TP53-mutant, LY2606368 alone also increased EdU- populations 

and were similar to GBM6 cells treated with the combination of radiation and LY2606368 



163 

(Figure 5.5A,C). LY2606368 monotherapy had the same effect in U87 (Figure 5.5B,D), 

suggesting that both GBM cell lines rely on CHK1 for checkpoint arrest. 

 

Radiation, LY2606368 and the combination of radiation and LY2606368 also had significant 

impact on the G2 population. Radiation compared to DMSO control caused a significant 

increase in the G2 population in U87 and GBM6, at 6 and 30 h, respectively (Table 5.2 and 

Table 5.3). This suggests that radiation arrested cells in the G2 phase of cell cycle. Moreover, 

the combination of radiation and LY2606368 also increased G2 populations when compared 

to DMSO control (Table 5.2 and Table 5.3), but populations were significantly lower than 

radiation treated cells (Figure 5.5). These data imply that CHK1 inhibition, to an extent, 

prevented radiation induced G2 arrest. It needs to be noted that another independent 

experiment is required to confirm the above statement of GBM6 cells at the 30 h time point.  

 

5.2.5 LY2606368 induced premature mitosis in GBM cells 

It has been reported that LY2606368 forces various cancer cells into premature and lethal 

mitosis [23, 212]. To explore this phenomenon, the total pHH3 population were separated 

according to DNA content. As pHH3 is a marker for mitotic cells, these cells should also have 

4n DNA content as they prepare for cell division, hereafter referred to as normal mitotic cells. 

Cells that were pHH3+ with less than 4n DNA content indicate aberrant mitotic cells that have 

prematurely entered mitosis. As previously mentioned, at 6 h, radiation caused cessation of 

mitosis in both GBM6 and U87, thus the total mitotic populations were significantly low 

compared to the other treatment groups (Figure 5.4). In GBM6, 6 h post-treatment, the 

proportion of aberrant mitotic cells were slightly increased in the combination group as 

compared with DMSO controls or LY2606368 alone (Figure 5.6A,C). From two independent 

experiments, the proportion of aberrant mitotic cells further increased at 30 h when 

compared to DMSO control and radiation alone (Figure 5.6A,C), suggesting that CHK1 

inhibition may have prevented radiation-induced cell cycle arrest. GBM6 cells treated with 

LY2606368 alone also had a significant increase in aberrant mitotic cells (Figure 5.6A,C), 

demonstrating that LY2606368 alone can abrogate normal cell cycle control in TP53-mutant 

GBM cells.  At the time points assessed, the proportion of aberrant mitotic U87 cells were 

relatively low and no difference was established between the different treatment groups 

(Figure 5.6B,D). From these data, I hypothesised that in GBM6 cells, LY2606368 treatment 
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induces premature entry into mitosis, causing cells to divide prior to the complete duplication 

of the genome.  

 

 

Figure 5.6 LY2606368 allowed GBM cells to progress into mitosis post-radiation. 

(A,C) GBM6 (B,D) U87 cells were treated with DMSO, LY2606368, radiation or both radiation 

and LY2606368 for the indicated times. The total pHH3+ population was gated according to 

their DNA content (measured by DAPI intensity) into two populations: normal mitotic cells 

with 4n DNA (M, 4n DNA) and aberrant mitotic cells with less than 4n DNA (M, <4n DNA) using 

FlowJo software (v10). (C-D) Graphs displays the proportion of the total pHH3+ population 

that were normal or aberrant mitotic cells ± SD from at least two independent experiments. 

The aberrant mitotic population between groups was compared using unpaired Student’s t 

test identified significant difference between treatment groups; *, p≤0.05, **, p≤0.01, ***, 

p≤0.001 and ****, p≤0.0001.  

 

5.2.6 LY2606368 triggered apoptosis in GBM cells 

Previous studies have also established that LY2606368 can potentiate the effect of DNA 

damaging agents, causing increased apoptosis through mitotic catastrophe [23, 201, 213]. 

Since LY2606368 not only prevented radiation-induced cell cycle arrest, but also appeared to 

cause premature entry into mitosis in at least one of the cell lines tested, I examined the 
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effects of treatment on the induction of apoptosis. Apoptotic cells were detected by cleaved 

PARP expression using flow cytometry (section 3.7). After 6 h, there were minimal apoptotic 

cells observed across all treatment groups, in both GBM6 and U87 (Figure 5.7). By 30 h, 

apoptotic populations were greater after treatment with LY2606368 and combination 

treatment, but only LY2606368 monotherapy caused a statistically significant induction of 

apoptosis in GBM6 cells compared to DMSO control (Figure 5.7A,C). For the 30 h time point, 

experiments were only performed twice and there was large variability between experiments 

which may have impacted our ability to identify statistically significant effects (Figure 5.7C).  

In U87 cells, an increase in apoptotic cells was observed when cells were treated with the 

combination of radiation and LY2606368 compared to DMSO control, although there was no 

significant difference in the amount of apoptosis between combination therapy and each 

therapy alone (Figure 5.7B,D). Again, experiments at the 30 h time point were only completed 

twice and large variability between independent experiments could have affected our ability 

to identify any statistically significant differences (Figure 5.7D). These data show that 

apoptotic populations were comparable after treatment with controls and radiation which 

indicate that in vitro, radiation treatment of GBM cells does not induce significant levels of 

apoptosis at the time points examined (Figure 5.7). Treatment of GBM cells with radiation 

combined with LY2606368 as well as LY2606368 alone did increase the proportion of 

apoptotic GBM cells, although this increase was modest and not statistically different 

between the two treatment groups at the time points tested. Again, the lack of statistical 

significance could be due to some experiments only being performed twice and the large 

viability between independent experiments. 
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Figure 5.7 LY2606368 induced apoptosis of GBM cells both alone and in combination with 

radiation. 

(A,C) GBM6 and (B,D) U87 cells were treated for the indicated times with 0.1% DMSO, 10 Gy 

radiation and/or 1 µM LY2606368. Cells were fixed at the indicated time points and cleaved 

PARP+ was determined using flow cytometry and FlowJo software (v10). Shown are (A-B) 

representative plots illustrating cleaved PARP+ populations (apoptotic) and (C,D) graphs 

presenting mean % ± SD of apoptotic cells from at least two experiments. Treatment groups 

were compared using unpaired Student’s t test; *, p≤0.05; **, p≤0.01; ***, p≤0.001 and ****, 

p≤0.0001.  

 

5.2.7 Co-administration of RT with LY2606368 reduced tumour cell proliferation 

To explore the combined effect of RT and LY2606368 on the growth of GBM orthotopic 

xenografts, immunocompromised mice were intracranially implanted with mHGG-vIII, U87 or 

GBM6 cells as explained in section 3.8. These models were chosen as they were reliable and 

reproduceable (as mentioned in section 4.11). Once mice demonstrated tumour-related 

symptoms such as head tilting or doming, they were treated with a single dose of 2 Gy RT via 

X-RAD SmART, 20mg/kg LY2606368 or the combination of RT and LY2606368 and compared 

to vehicle-treated controls. Then 24 h post-treatment, the whole brain tissue was collected 
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and processed for immunohistochemical staining using the cell proliferation marker Ki67, the 

DNA damage marker γH2AX, the apoptosis associated marker cleaved caspase 3, and S345-

phosphorylated CHK1 as an indicator of LY2606368 target inhibition as described in sections 

3.12 and 3.13. In mHGG-vIII, combining RT with LY2606368 significantly decreased tumour 

cell proliferation when compared to either vehicle control or to LY2606368 monotherapy 

(Figure 5.8, top row). Similarly, U87 cell proliferation was reduced when treated with RT 

combined with LY2606368, however, reductions were not statistically significant after Tukey’s 

posthoc test (Figure 5.8, middle row). No significant difference in Ki67 positivity was present 

within GBM6 tumours 24 h post-treatment (Figure 5.8, bottom row). Additionally, there were 

no significant differences in γH2AX or S345-phosphorylated CHK1 expression between the 

combination therapy and each therapy alone in all three xenograft models (Supplementary 

Figure 4). Similarly, while cleaved caspase 3 expression was only investigated in U87 

xenografts, no positive staining was established after all treatments (Supplementary Figure 

5).  
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Figure 5.8 Co-administration of RT and LY2606368 reduced GBM cell proliferation in vivo. 

NOD-Rag1-/- mice bearing mHGG-vIII, U87 or GBM6 were treated with a single treatment of 2 

Gy RT, 20 mg/kg LY2606368 or the combination of both treatments at the presentation of 

tumour-related symptoms. Mice were euthanized and whole brains were harvested 24 h 

post-treatment and processed for IHC. Tumour sections were stained for Ki67, a marker of 

cell proliferation. Shown are (A) representative images (scale bar = 50 µm) and (B) graphs 

showing the percentage of positive cells determined from three individual fields of view from 

4-5 mice per group. Statistical analysis was performed using one-way ANOVA with post-hoc 

Tukey’s test for multiple comparisons, where *, p≤0.05; **, p≤0.01; ***, p≤0.001 and ****, 

p≤0.0001 were considered significantly different.  
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5.2.8 Inhibiting CHK1 with LY2606368 can sensitise GBM cells to RT in vivo 

To investigate the impact of RT, LY2606368 and the combination of RT and LY2606368 on 

survival, NOD:Rag1-/- mice were intracranially implanted with U87, mHGG-vIII or GBM6 

xenografts as described in section 3.8. After confirming tumour engraftment by BLI via IVIS 

Spectrum, mice were randomized into four treatment groups ensuring equal bioluminescence 

signals across groups: vehicle control (20% Capitsol® in water, vehicle for LY2606368), 

LY2606368 monotherapy (20mg/kg), RT (2 Gy/daily) and co-treatment of RT with LY2606368 

(as described in section 3.11). Mice implanted with U87 or mHGG-vIII were treated daily from 

Monday to Friday for 2 weeks to give a total RT dose of 20 Gy. Mice implanted with GBM6 

were only given a total of 16 Gy, given in 8 fractions of 2 Gy (see section 4.12.1). LY2606368 

was also administered daily, 2 h prior to RT as described in section 3.9.  

 

As expected, Kaplan-Meier survival analyses revealed that treatment with RT resulted in a 

significant extension in survival but was not curative in all three xenograft models when 

compared with vehicle controls (Figure 5.9). This shows that the models and the chosen dose 

of RT reflect the expected human clinical scenario [8, 214]. As shown above, combining RT 

with LY2606368 reduced GBM tumour cell proliferation in vivo in two out of the three 

xenograft models tested (mHGG-vIII and U87). Therefore, I hypothesised that the addition of 

LY2606368 to RT will further prolong survival of mice carrying mHGG-vIII or U87 xenografts. 

Combining RT with LY2606368 did prolong survival of mice bearing mHGG-vIII or U87 

xenografts over RT treated, but unfortunately, these prolongations in survival were not 

statistically significant after correcting multiple comparisons using the Bonferroni method 

(Figure 5.9A-B and Table 5.4). Of note, the combination treatment produced a significant 

prolongation in survival over LY2606368 monotherapy in all models tested (Figure 5.9A-B and 

Table 5.4). The addition of LY260368 to RT caused no change to GBM6 tumour cell 

proliferation, similarly, the survival of mice bearing GBM6 xenografts was not significantly 

different after treatment with either monotherapies or combination therapy (Figure 5.9C and 

Table 5.4). In fact, RT treated mice appeared to have better survival than mice co-treated with 

RT and LY2606368, although statistical analysis showed no difference between the two 

treatment groups.  (Figure 5.9C and Table 5.4). Three mice implanted with GBM6 cells were 

censored and euthanized due to the development of thymoma which is typical of the 

NOD:Rag1-/- strain [192]. 
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Figure 5.9 Kaplan-Meier curves showing morbidity-free survival after treatment with RT 

and/or LY2606368. 

(A) U87, (B) mHGG-vIII or (C) GBM6 cells were orthotopically implanted into the cortex of 

NOD:Rag1-/- mice. Mice were treated as shown in Figure 3.4 and were humanly euthanized at 

the development of tumour-related morbidity. The number (n) of mice in each group is 

shown.  Log-rank tests and Bonferroni’s correction method were used to compare survival 

curves; ns, not significant; *, p≤0.01; **, p≤0.05; ***, p≤0.001; ****, p≤0.0001. 
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Table 5.4 Median survival (days) of mice implanted with GBM cells that were treated with 

RT and/or LY2606368. 

Xenograft 
Vehicle 
control 

LY2606368 RT 
RT and 

LY2606368 

U87 30 40 46 60 

mHGG-vIII 17 28 31 36 

GBM6 25 28 37 33 

 

5.3 Discussion 

RT is part of the standard treatment protocol of GBM. However, intrinsic radioresistance of 

GBM cells or acquired resistance that occurs during treatment results in the inevitable 

recurrence of tumour [117].  One mechanism that underlies GBM radioresistance is RT-

induced CHK1 activation, which leads to cell cycle arrest and allows for DNA repair 

mechanisms to reverse RT-induced damage [78, 215]. CHK1 inhibitors abrogate cell cycle 

arrest and cause an accumulation of DNA damage which leads to cell death [216]. Thus, CHK1 

inhibitors such as LY2606368 have been used as a method to sensitise cancer cells to 

traditional DNA damaging agents such as cyclophosphamide and cisplatin [201, 213] but its 

effects on RT have yet to be investigated in GBM. To exploit this, I studied the effects of 

combining RT with LY2606368 in multiple models of GBM for the first time.  

 

In this study, radiation combined with LY2606368 generated a further reduction of GBM 

colony formation. These results are in accordance with previous reports that showed that the 

addition of  LY2606368 to radiotherapy and the EGFR inhibitor cetuximab in head and neck 

cancer models increased clonogenic cell death [217]. In the context of GBM, treatment with 

radiation and the CHK1 inhibitors CCT244747 or SAR-020106 further prevented colony 

formation  [206]. According to the CI method [179], Loewe [181] and HSA [182] models of 

dose-response, LY2606368 synergised further with radiation to reduce colony formation in 

two of the three patient-derived GBM cell lines tested in vitro, namely JK2 and RN1. This 

suggests that LY2606368 has the potential to augment and enhance the effects of radiation 

in GBM.  
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Indeed, using two other models of GBM (mHGG-vIII and U87), combining RT with LY2606368 

prolonged the survival of mice when compared to either therapy alone. Although, in mHGG-

vIII and U87, the median survival compared to RT alone was only extended by 5 and 14 days 

respectively, and survival differences were not statistically significant after Bonferroni 

correction for multiple analyses. Hence, these results only demonstrate a modest extension 

in survival and may not be clinically relevant [218]. Interestingly, using the same mathematical 

models of treatment interaction, combining radiation with LY2606368 was predicted to be 

additive and antagonistic in the GBM6 cell line in vitro. This complements what was observed 

in vivo, as mice carrying GBM6 xenografts did not benefit from the combination of RT and 

LY2606368 over mice treated with RT alone. These data highlight the utility of these in vitro 

mathematical models of dose-response for predicting in vivo outcomes. Furthermore, 

consistent with Kaplan-Meier survival analysis, immunohistochemical staining of mHGG-vIII, 

U87 and GBM6 for the cell proliferation marker Ki67 showed that combining RT with 

LY2606368 significantly reduced Ki67 expression in both mHGG-vIII and U87, while Ki67 

expression in GBM6 xenografts was consistent between all treatment groups.  

 

Immunoblot analysis showed that LY2606368 alone and in combination with radiation 

inhibited CHK1 autophosphorylation at S296 in all cell lines tested, causing subsequent 

accumulation of phosphorylation of CHK at S345 in GBM6 and GBM39 [185, 209]. This was 

correlated with a reduction in Y15-phosphorylated CDC2 when compared to radiation alone. 

CDC2 phosphorylation at Y15 demonstrates inactivation of CDC2/cyclin B complex and blocks 

mitotic entry [219], thus reductions in CDC phosphorylation suggest that LY2606368 

prevented radiation-induced cell cycle arrest in all cell lines investigated. This was associated 

with increased γH2AX expression seen in GBM6 and mHGG-vIII, indicating that the 

combination caused an accumulation of DNA damage. Moreover, flow cytometry analysis 

demonstrated that GBM6 and U87 cells were in arrest and no longer mitotic when treated 

with radiation alone, while combination-treated cells remained mitotic. Cell cycle analysis 

showed that when treated with radiation and LY2606368, both GBM6 and U87 were still 

progressing through the cell cycle, as EdU- S populations were high when compared to cells 

treated with radiation alone. Also, radiation induced G2 arrest, while combining radiation 

with LY2606368 appeared to prevent cells from arresting in G2 as populations were lower 

than radiation-treated cells. Again, this emphasises that radiation-induced cell cycle arrest 
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was prevented by LY2606368. Our flow cytometry data compliments previous studies that 

have demonstrated that knockdown of CHK1 or inhibition of CHK1 via SAR-020106 abrogated 

G2/M checkpoint post-radiation [121, 206, 220].  

 

It has also been reported that LY2606368 initiates premature mitosis entry leading to 

apoptosis in other cancer models [23, 185, 212]. Here, at 6 h, GBM6 and U87 were more 

mitotic after radiation in combination with LY2606368 than after radiation alone. At 30 h, 

GBM6 co-treated with radiation and LY2606368 showed an increased in aberrantly mitotic 

cells (cells expressing pHH3 but with less than 4n DNA content) than cells treated with 

radiation. Nevertheless, LY2606368 as a single agent also induced aberrant mitosis in GBM6. 

These data suggest that CHK1 inhibition via LY2606368 induced a small proportion of GBM6 

to prematurely enter mitosis before complete duplication of the genome. Previous studies 

have also shown that cell lines with dysfunctional p53 were sensitive to CHK1 inhibitors [191, 

221]. U87 did not demonstrate evidence that cells were entering mitosis prematurely.  

 

Investigations into the mechanism of combining radiation with LY2606368 imply that 

LY2606368 abrogates radiation induced cell cycle arrest. In GBM6, this caused an 

accumulation of DNA damage and forced cells to prematurely enter mitosis. Furthermore, 

since GBM6 are TP53-mutant, it was hypothesised that LY2606368 as a single agent would 

extend survival and thus combining LY2606368 to RT would further extend survival of mice, 

as GBM6 cannot regulate DNA damage via the G1 checkpoint and rely on CHK1 to arrest cells 

at G2/M checkpoint [168]. However, as mentioned above, this was not the case, and mice 

implanted with GBM6 did not benefit from combination therapy or show a reduction in 

tumour cell proliferation. Additionally, the combination of radiation and LY2606368 failed to 

induce apoptosis in GBM6. These data show that although radiation-induced cell cycle arrest 

was blocked by LY2606368 causing an accumulation of DNA damage, this was not enough to 

induce apoptosis, reduce tumour cell proliferation and prolong survival in vivo. This reiterates 

that GBMs are difficult to treat due to their heterogeneity and plethora of mutations.  

 

Interestingly, like GBM6, flow cytometry analysis of U87 also did not demonstrate significant 

changes to apoptotic population post-treatment at the time points investigated. Whereas, 

consistent with previous data [202, 222], LY2606368 combined with radiation displayed anti-
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proliferative activity and in vivo survival studies showed a trend that combining radiation with 

LY2606368 could extend the survival of U87 xenografts, however statistical analysis 

demonstrated no significant survival benefit between radiation alone and the combination 

group. This highlights that further investigation of later time points may potentially 

demonstrate the increase in apoptosis that is commonly observed with CHK1 inhibition [206, 

223]. Additionally, a recent study established that LY2606368 monotherapy caused double-

stranded DNA damage break and removal of DNA damage checkpoints lead to replication 

catastrophe in various cancer cell lines [23]. These data indicate that CHK1 could play a role 

in cell survival in addition to its role in DDR. Here, our immunoblot and flow cytometry studies 

only considered a single concentration of LY2606368, but replication of the study with 

additional doses could reveal dose-dependent impacts to protein expression and cell cycle 

changes.   

 

TP53 is a commonly mutated gene in cancers, including GBM [104]. p53 protein levels are 

typically turned over rapidly in the cell via MDM-mediated ubiquitination and degradation 

[224], however upon DNA damage, p53 is stabilised (in part via CHK1/2 phosphorylation) 

where it can regulate target genes such as p21 to induce cell cycle arrest. The role of TP53 

status in terms of mediating how GBM cells respond to RT is still unclear. Some studies report 

that TP53 mutation causes GBMs to be more susceptible to DNA damaging agents while 

others have reported the opposite, showing TP53 mutation enhanced resistance to DNA 

damaging therapies [104-107]. Here, both TP53-wild-type (U87 and GBM39) and TP53-

mutant (GBM6 and T98G) GBM cells were investigated. Radiation induced expression of p53 

only in TP53-wild-type cells, suggesting that these cells rely on p53 and G1 checkpoint in 

response to DNA damage [225]. Interestingly, combining radiation with LY2606368 further 

increased p53 expression in both TP53-wild-type and TP53-mutant cell lines, implying that 

since CHK1 is inhibited by LY2606368, GBM cells are responding to DNA damage via the p53 

signalling pathway. This follows previous studies which have shown that p53 status did not 

predict efficacy of CHK1 inhibitors [191, 226]. This could also present an explanation for GBM6 

xenografts not responding to LY2606368 in vivo. 

 

It should also be mentioned that mice implanted with GBM6 xenografts were treated with a 

16 Gy focal RT protocol, while U87 and mHGG-vIII were treated with a 20 Gy whole brain RT 
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protocol (see section 4.12.1). As expected, RT alone significantly extended survival of mice 

compared to vehicle control, demonstrating that both RT beam protocols produced clinically 

relevant outcomes [8, 214] and that the difference between the RT beam protocols do not 

contribute to why the combination of RT and LY2606368 did not further extend survival in 

GBM6 model.   

 

LY2606368 is currently under clinical investigation in combination with RT for head and neck 

cancer patients (NCT02555644), and this thesis explores whether LY2606368 could 

potentially augment RT for GBM patients. In summary, while LY2606368 appeared to enhance 

the DNA damaging effects of radiation in a synergistic manner, the combination only 

produced a modest survival extension of mice with GBM. Therefore, in order to further 

explore a clinically relevant combination, I chose to investigate LY2606368 in combination 

with TMZ, the first-choice chemotherapy for GBM and another chemotherapeutic, GEM. 
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CHAPTER 6: IMPROVING THE EFFICACY OF TEMOZOLOMIDE IN 

GLIOBLASTOMA CELLS WITH CELL CYCLE CHECKPOINT 1 INHIBITION  

 

6.1 Introduction 

TMZ is the most common chemotherapeutic choice for GBM, the most devastating primary 

malignant brain tumour. Over the last decade, the standard of care protocol for GBM has 

involved debulking surgical resection, followed by RT with concomitant and adjuvant TMZ [8]. 

The use of the oral alkylating agent, TMZ, for GBM was first introduced in 2002 after a phase 

II clinical trial claimed that TMZ was easy to administer, safe with minimal toxicity or 

additional side effects [196]. In 2005, a comparison study reported that RT plus TMZ 

significantly improved survival when compared to RT alone [8]. Although, the improvement 

in survival was statistically significant, the addition of TMZ only extended patient survival 

approximately by two months. Therefore, GBM survival is still very dismal with the current 

treatment protocol only providing a median survival of 12 to 15 months from diagnosis with 

approximately only 10% of patients surviving beyond five years  [8, 24]. Most importantly, 

since the introduction of TMZ, no new therapeutic options have been successful in GBM 

clinical trials, highlighting the urgent need for therapeutic strategies that will provide better 

clinical outcomes.  

 

There are many factors that make TMZ a favourable chemotherapeutic choice for GBM. For 

instance, TMZ is easily administered orally, and it does not require hepatic conversion but is 

spontaneously converted into MTIC and ultimately converted to cytotoxic methyldiazonium 

ion [34]. TMZ readily penetrates tissue and most importantly for GBM, is able to cross the 

BBB [10, 36].  

 

TMZ cytotoxicity is mediated by the addition of methyl groups to O6-guanine residues of DNA 

creating breaks in the DNA fragment. However, DNA damage repair mechanisms exist which 

can reverse TMZ-induced DNA damage [37-39]. The most well-known mechanism of TMZ 

resistance is the expression of the DNA repair gene MGMT [40, 42, 43, 227]. MGMT reverses 

the cytotoxic effects of TMZ as it is an enzymatic protein containing cysteine 145 residues 
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which directly remove methyl groups from the O6-guanine position. Gene silencing of MGMT 

via promoter methylation has been linked to sensitivity towards alkylating agents like TMZ 

[42].  It is also known that patients with an unmethylated promoter of MGMT do not benefit 

from TMZ therapy [11, 227], which again highlights the need for improved therapeutic 

options for GBM. 

 

Besides the repair mechanism of MGMT, another method of TMZ resistance is mediated via 

cell cycle arrest. TMZ-induced DNA damage triggers proliferating GBM cells to arrest at G2/M, 

a pro-survival mechanism that provides cells time for DNA repair before cell cycle progression 

[88, 89, 228]. If DNA repair is unsuccessful, apoptotic cell death occurs. CHK1 and CHK2 are 

vital components of the cell cycle machinery. Activation of CHK1/2 via phosphorylation by 

kinases ATM and ATR initiates the signalling cascade resulting in cell cycle arrest [17-19]. 

Previous findings have suggested the existence of stem-like cells in GBM known as glioma 

stem cells. These cells share characteristics with normal neural stem cells and have enhanced 

ATM, ATR and CHK1/2 activity which contribute to aberrant activation of cell cycle arrest, thus 

GBMs are provided sufficient time to repair damaged DNA [86, 121].  

 

In the context of GBM, not many preclinical studies exploring TMZ and CHK inhibition exist. 

To date there are only three studies that have explored the combination of TMZ and CHK1 

inhibitors. The first preclinical study showed that in vitro U87 arrested in G2/M after TMZ 

treatment. TMZ-induced cell cycle arrest was abrogated by UCN-01, a synthetic derivative of 

staurosporine, via inhibition of CHK1 activation which associated with increased TMZ 

cytotoxicity and enhanced cell death by triggering mitotic catastrophe [229]. However, data 

from clinical trials do not support the use of UCN-01. For example, phase I clinical trials 

combining UCN-01 with DNA alkylating agent, carboplatin, showed that the combination did 

not produce any response [230]. While phase I and II clinical trials for UCN-01 were 

terminated due to cost or to toxicities such as sepsis with respiratory failure and atrial 

fibrillation (NCT00072189 and NCT00082017) [231]. The other two preclinical studies 

investigate CHK1 inhibitor SAR-020106 [206] and AZD7762 [232], both of which sensitised 

GBM cells to TMZ, in vitro. Currently, there are no clinical trials for SAR-020106. Furthermore, 

no new clinical trial with AZD7762 has been created for the past decade. These studies 
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reinforce that the combination of TMZ and CHK1 inhibitors to treat GBM is an understudied 

area that needs more attention.  

 

Because CHK kinase is involved in TMZ mediated G2/M arrest, I have investigated a second 

generation CHK1/2 inhibitor, LY2606368, also known as prexasertib. LY2606368 has 

demonstrated potency in enhancing the efficacies of other DNA damaging agents such as 

cisplatin and cyclophosphamide [201, 233].  Hence, LY2606368 in combination with cisplatin 

or cyclophosphamide is currently in early phase clinical trials for breast, colorectal, head and 

neck cancers as well as paediatric brain tumours (NCT02124148, NCT02555644 and 

NCT04023669). One clinical trial in refractory rhabdomyosarcoma and desmoplastic small 

round cell tumour is underway to determine the highest effective and safe dose of combining 

TMZ, irinotecan and LY2606368 (NCT04095221). Most importantly, LY2606368 has 

demonstrated BBB as well as blood-tumour penetration in preclinical medulloblastoma 

models [151].  Data from this study translated into a new clinical trial which investigates the 

pharmacokinetics of LY2606368 in paediatric brain tumours (NCT04023669) and could 

provide vital information for the use of LY2606368 in adult brain tumours like GBM.  

 

The existing clinical trials of LY2606368 reflect its potential as an enhancer of traditional DNA 

damaging agents like TMZ. Therefore, for the first time, this thesis studies if LY2606368 

mediated CHK1 inhibition can prevent TMZ-induced cell cycle arrest and thus sensitise GBM 

cells to TMZ. 

 

6.2 Results 

6.2.1 TMZ and LY2606368 reduced cell viability in a dose-dependent manner; and 

LY2606368 enhanced TMZ cytotoxicity in GBM cell lines 

The cytotoxicity of TMZ, LY2606368 and the combination of both was assessed on several 

GBM cell lines using clonogenicity and alamarBlue assays. Patient-derived GBM cells GBM6, 

JK2 and RN1 have a long doubling time, therefore, the clonogenicity assay with longer 

incubation time was ideal for these cells. While U87 and mHGG-vIII are rapidly dividing cell 

lines, thus, the alamarBlue method with a short assay time was more suited for these cells. In 

vitro ED50 values could not be obtained for several cell lines (as explained in section 4.5), so a 
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range of concentrations from 0 to 100 M TMZ were tested, with the exception of GBM6 cells 

which are sensitive in vitro to TMZ and were treated up to a maximum of 10 M. Since 

LY2606368 ED50 values varied for each cell line (see section 4.5), a range of concentrations 

centred around their particular ED50 values were tested on each cell line.  

 

GBM6 cells were the most sensitive to TMZ, as only 10 µM was required to reduce colony 

formation by 60% compared to control cells (Figure 6.1A and Supplementary Figure 6A). TMZ 

and LY2606368 also inhibited growth in a dose-dependent manner in GBM6 cells. The highest 

dose of LY2606368 inhibited colony formation by 65% compared to no treatment controls, 

while the combination of both almost completed abolished colony formation (Figure 6.1A and 

Supplementary Figure 6A). 
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Figure 6.1 LY2606368 enhanced TMZ cytotoxicity in GBM cells. 

Patient-derived GBM cells (A) GBM6, (B) JK2 and (C) RN1 were treated with TMZ and/or 

LY2606268 and colonies assessed after 14 days. (D) mHGG-vIII and (E) U87 were also treated 

with TMZ and/or LY2606368 at the concentrations indicated. After 72 h, cell viability was 

measured using alamarBlue. The % of colonies or % viability was calculated in comparison to 

vehicle-treated control groups and graphs show the overall mean of at least three 

independent experiments with error bars showing SEM.  

 

In JK2 and RN1 cell lines, TMZ and LY2606368 also reduced cell viability in a dose dependent 

manner. Compared to control cells, the highest dose of TMZ resulted in 50% and 40% 

reduction in colony formation in JK2 and RN1 cell lines, respectively, while the highest dose 
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of LY2606368 caused a 50% and 60% reduction (Figure 6.1B-C and Supplementary Figure 6B-

C). The combination of these maximal doses of TMZ and LY2606368 was more effective than 

either drug alone in both JK2 and RN1 cell lines, causing 70% reduction in colony formation in 

JK2 cells and almost complete inhibition of colony formation in RN1 cells compared to controls 

cells (Figure 6.1B-C and Supplementary Figure 6B-C). 

 

TMZ and LY2606368 both reduced cell viability in a dose dependent manner in the fast-

growing mHGG-vIII and U87 cells (Figure 6.1D-E). The highest dose of TMZ tested (100 µM) 

reduced cell viability by 20% and 40 % mHGG-vIII and U87 cells, respectively, while the highest 

dose of LY2606368 reduced cell viability by 50% and 80% respectively (Figure 6.1D-E). In 

mHGG-vIII, when the highest doses of TMZ and LY2606368 were combined cell viability was 

further inhibited up to 70% compared to control cells (Figure 6.1D). In contrast, in U87, the 

combination of TMZ and LY2606368 was more effective than TMZ monotherapy, but 

reductions in cell viability were comparable to LY26060368 alone (Figure 6.1E). 

 

These data demonstrate that in all cell lines tested, treatment with TMZ or LY2606368 as 

monotherapies caused dose-dependent inhibition of GBM cell growth. However, only four of 

the five cell lines tested demonstrated that the combination of TMZ and LY2606368 was more 

effective at further reducing GBM cell viability. 

 

6.2.2 LY2606368 interacted favourable with TMZ in GBM cells 

To define the drug:drug interaction between TMZ and LY2606368, results from the two-drug 

combination dose-response assay were assessed using two different computational 

programs: CompuSyn [178] and Combenefit [180].  CompuSyn [178] uses the CI analysis 

method published by Chou and Talalay [179], in which CI values < 1 display favourable 

synergistic interactions, CI values > 1 show unfavourable antagonistic interactions and CI 

values close to 1 depict additive interactions. LY2606368 synergistically enhanced TMZ 

cytotoxicity in mHGG-vIII and RN1 cells, as indicated by CI values below 1, while in U87 and 

JK2 the combination was additive, as indicated by CI values close to the value of 1. In GBM6, 

the combination showed antagonism (Figure 6.2 and Table 6.1). 
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Figure 6.2 TMZ and LY2606368 interact synergistically or additively in various GBM cells. 

A two-drug dose-response matrix model was used to determine the drug interaction between 

TMZ and LY2606368 in various GBM cells. CI values were determined using Compysyn 

software, following the Chou and Talalay method [234]. CI values = 1 (dotted line) indicate 

additive effects, CI values < 1 show synergistic interactions and CI values > 1 are antagonistic. 

Each individual data point represents the mean CI value of each independent experiment with 

the overall mean CI value ± SD from at least three independent experiments. 

 

Table 6.1 Overall mean CI values of the drug interaction between TMZ and LY2606368. 

CI values were calculated by the CompuSyn software and following the method of Chou and 

Talalay [234]. Green values indicate synergy, red values are antagonistic and black indicates 

additivity. The number (n) of independent experiments performed is shown. 

Cell Line Mean CI value SD n 

U87 1.035 0.084 3 

mHGG-vIII 0.752 0.163 4 

JK2 1.012 0.229 3 

RN1 0.574 0.239 3 

GBM6 1.176 0.106 3 
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Using Combenefit software [180], the results produced by the CI method were validated using 

other common drug interaction mathemathical models: Loewe Additivity model [181], HAS 

model [182] and the Bliss interaction model [183]. Similar to the CI method, combining TMZ 

with LY2606368 was found to be synergistic in mHGG-vIII and RN1 cells across all additional 

mathematical models tested (Supplementary Figure 7 and Supplementary Figure 8). In U87 

cells, Loewe and HSA models predominantly demonstrated that the combinations of TMZ and 

LY2606368 were additive, while BLISS model suggested the drug combination was 

antagonistic (Supplementary Figure 7).  HSA model demonstrated synergy between TMZ and 

LY2606368 in JK2 and GBM6, however, depending on the dose combination, Loewe and Bliss 

models showed a mixture of additive and antagonistic interactions (Supplementary Figure 8). 

 

6.2.3 LY2606368 inhibited CHK1 activation causing blockade of cell cycle arrest 

To better understand how TMZ and LY2606368 may functionally interact in GBM cells, I 

investigated the effect of drug exposure on proteins that regulate the DDR pathway and cell 

cycle progression.  GBM cell lines were treated with DMSO, TMZ, LY2606368 or both drugs 

simultaneously for 48 h, after which protein was collected for immunoblotting as described 

in section 3.6. Patient-derived GBM cells, JK2 and RN1 were excluded from immunoblot 

analysis as there was concern that the Matrigel® that these cells grow on  (section 3.1) would 

interfere with protein expression.  

 

First, to confirm that TMZ induced DNA damage and thus activation of the DDR, and secondly 

that LY2606368 was functionally inhibiting CHK1 activity in GBM cells, the phosphorylation 

status of CHK1 was examined (see section 3.6). Upon activation, CHK1 is autophosphorylated 

at S296 [235]. Immunoblot analysis showed that TMZ did not induce phosphorylation of CHK1 

at S296 in any of the cell lines at the time point tested, since CHK1 S296 expression in TMZ-

treated cells were similar to DMSO-treated cells at the 48 h time point (Figure 6.3, lane2). 

However, CHK1 autophosphorylation at S296 was completely blocked by LY2606368 as 

demonstrated by low expression in all cell lines treated with either LY2606368 monotherapy 

or combination TMZ and LY2606368 therapy (Figure 6.3, lane 3-4). Full CHK1 activation also 

requires phosphorylation at S345 by ATR [235]. There was an increase in CHK1 S345 

expression with TMZ treatment compared to DMSO only treatment in GBM39 and U87 cells 

(Figure 6.3B-C), suggesting that TMZ does induce DNA damage, leading to CHK1 activation in 
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these two cell lines; however, this was not evident 48 h after treatment in the other GBM cell 

lines. Activated CHK1 triggers PP2A phosphatases, which play a role in dephosphorylating 

CHK1 at S345 as a method of CHK1 regulation [208, 236]. However, if CHK1 is inhibited, S345 

dephosphorylation does not occur, and instead accumulates within the cell and thus acts as 

a known biomarker for CHK1 inhibition [209]. This accumulation of S345-phosphorylated 

CHK1 was evident in all cells treated with LY2606368 or with both TMZ and LY2606368 (Figure 

6.3, lane 3-4), further demonstrating efficient CHK1 inhibition in these GBM cell lines. In 

summary, 48 h after drug exposure single-agent TMZ activated CHK1 activity in two of the five 

cell lines (GBM39 and U87). Also, at this time point it was evident that LY2606368 inhibited 

CHK1 in three of the five cell lines (GBM6, GBM39 and T98G). Furthermore, in all cell lines 

except T98G, expression of total CHK1 was decreased after treatment with LY2606368 (Figure 

6.3A-C,E). Together these data demonstrate that TMZ induces the DDR in GBM cells and that 

LY2606368 can block CHK1 activity. 
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Figure 6.3 Expression of cell cycle checkpoint proteins after treatment with TMZ and/or 

LY2606368. 

(A) GBM6, (B) GBM39, (C) U87, (D) T98G, (E) mHGG-vIII were treated with 60 µM TMZ and/or 

LY2606368 at the reported dose for 48h. Protein was collected, and immunoblotting was 

performed for the indicated antibodies as described in section 3.6. Presented immunoblots 

are a representation of three individual experiments. Samples that were considered 

treatment controls were treated with 0.1% DMSO. β-actin was used as a protein loading 

control. 

 

Next, in order to better understand the cellular outcome of single-agent drug treatment, or 

the combination of TMZ with LY2606368, the effect of drug exposure on several downstream 

pathway components were examined (see section 3.6). In the presence of DNA damage, 

activated CHK1 phosphorylates several substrates. One of these substrates is WEE1, which 

goes on to phosphorylate CDC2 at Y15 causing its inhibition. When phosphorylated at Y15, 
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CDC2 becomes inhibited, and this inhibition of the CDC2/Cyclin B complex blocks cell cycle 

progression and mitotic entry [208, 237]. To examine the effect of combining TMZ with 

LY2606368, I examined phosphorylation of CDC2 at Y15. In three of the five cell lines (GBM6, 

GBM39 and U87), TMZ modestly increased CDC2 expression compared to DMSO treatment 

(Figure 6.3A-C), suggesting that the dose of TMZ used only mildly induced CHK signalling at 

the time point tested. This phosphorylation of CDC2 suggests that the cells might be acting to 

control and/or inhibit entry into mitosis. In contrast, when the cells were treated with 

LY2606368 alone or in combination with TMZ, CDC2 phosphorylation was markedly reduced, 

as was expression of total CDC2 (Figure 6.3A-C,E). This suggests that LY2606368 effectively 

prevents CDC2 phosphorylation, suggesting that G2/M transition is active in all cell lines even 

in the presence of TMZ. However, it should be noted that there was no observable difference 

between LY2606368 monotherapy and the combination, demonstrating that LY2606368 

alone effectively mediated blockade of CHK signalling and inhibition of cell cycle arrest (Figure 

6.3A-C,E).  

 

The lack of CDC2 phosphorylation in LY2606368-treated cells that have been exposed to TMZ 

suggests that these GBM cells may be continuing to traverse through the cell cycle, despite 

harbouring DNA damage. Therefore, I hypothesised this would associate with an 

accumulation of DNA damage via increased abundance of S139-phosphorylated histone H2A 

(γH2AX) as GBM cells are not given the opportunity to repair damaged DNA. Increased γH2AX 

indicates DNA damage [83, 238]. TMZ treatment caused increased γH2AX in GBM39 and U87 

cells compared to DMSO control, although this was not evident in any other cell line at the 48 

h timepoint tested (Figure 6.3B-C). Consistent with our hypothesis, γH2AX levels were indeed 

increased with either LY2606368 monotherapy or combination therapy in all cell lines 

compared to DMSO treatment, with a cumulative increase in γH2AX expression observed 

following combination therapy in U87 cells (Figure 6.3C). These data suggest that at the 48 h 

time point, the dose of TMZ tested was capable of inducing DNA damage in some GBM cell 

lines, but LY2606368 alone was more efficient.  

 

Another key downstream substrate of CHK signalling is p53, which becomes stabilised in 

response to DNA damage and regulates several target genes such as p21 to induce cell cycle 

arrest [210, 211]. Here, GBM cell lines with either TP53-wild-type (GBM39, U87 and mHGG-
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vIII) or TP53-mutant (GBM6 and T98G) were used to examine the impact of TMZ, LY2606368 

or the combination of TMZ and LY2606368 on p53 protein abundance. TMZ increased p53 

expression in TP53-wild-type GBM cells, GBM39 and U87 (Figure 6.3B-C), implying that these 

cells, in addition to activation of CHK1, also rely on p53 and the G1 checkpoint to respond to 

DNA damage. After TMZ exposure, expression of p53 was unchanged compared to controls 

in mHGG-vIII and TP53-mutant cells, GBM6 and T98G (Figure 6.3A,D,E). Interestingly, 

LY2606368 treatment increased stabilisation of p53 in four of the five cell lines tested, 

including TP53-mutant cells, GBM6 and T98G (Figure 6.3A,B,D,E), suggesting that in the 

presence of CHK1 inhibition, GBM cells become reliant on G1 cell cycle checkpoint to respond 

to DNA damage. Altogether, these immunoblotting results indicated that LY2606368 was 

abrogating key cell cycle regulators in GBM cells both as a single agent and in combination 

with TMZ, thus, in order to further investigate the impacts of TMZ and LY2606368 on cell cycle 

progression, I next performed flow cytometry.  

 

6.2.4 TMZ-induced cell cycle arrest was prevented by LY2606368 

Immunoblotting demonstrated that after 48 h, TMZ-induced DNA damage activated CHK1 in 

only two of the five cell lines tested. While in all cell lines, LY2606368 either alone in 

combination with TMZ caused inhibition of CHK1 autophosphorylation, suggesting inhibition 

of CHK1 activation. Downstream to this, CDC2 phosphorylation was reduced, implying GBM 

cells were no longer arresting in cell cycle as they should in the presence of DNA damage. 

Therefore, to observe the impacts of TMZ, LY2606368 and the combination of TMZ and 

LY2606368 on mitosis, I treated GBM6 and U87 cells with TMZ in the presence or absence of 

LY2606368 and then examined mitotic populations via the detection of pHH3. In the GBM6 

cell line, LY2606368, TMZ and combination TMZ and LY2606368 treatment caused a similar 

and significant reduction in the proportion of pHH3 expressing cells compared to DMSO 

controls after 72 h of treatment (Figure 6.4A,C). A similar trend was observed in the U87 cell 

line, although another independent experiment would provide better confidence in statistical 

analysis (Figure 6.4B,D). This suggests that all three treatments could slow cell cycle 

progression to a similar extent by 72 h. At 96 h, the proportion of pHH3 expressing GBM6 cells 

were similar between control, LY2606368 and TMZ treated groups, however, this proportion 

was significantly increased in the TMZ and LY2606368 combination therapy group (Figure 

6.4A,C), suggesting combination therapy causes prolonged cell cycle progression in GBM6 
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cells even after exposure to TMZ. This was not evident in the U87 cell line and after both 72 

and 96 h, there appeared to be fewer cells in mitosis in the combination-treated cells 

compared to the other treatment groups (Figure 6.4B,D). 

 

 

Figure 6.4 Impact of TMZ and LY2606368 on GBM mitosis. 

Patient-derived GBM6 (A,C) and the established GBM cell line U87 (B,D) were treated with 

0.1% DMSO, 1 µM LY2606368, 60 µM TMZ or the combination of TMZ and LY2606368 for the 

indicated time points. Cells were analysed by flow cytometry after staining with pHH3, a 

marker of mitosis. (A-B) Representative dot plots distinguish mitotic cells (pHH3+) and non-

mitotic cells (pHH3-). Mitotic populations were quantified using FlowJo software (v10). (C-D) 

Graphs display mean % ± SD of mitotic cells from two or three independent experiments. 

Unpaired Student’s t test identified significant difference between treatment groups; *, 

p≤0.05; **, p≤0.01, ***, p≤0.001 and ****, p≤0.0001.  

 

To further assess the effect of TMZ, LY2606368 and the combination of TMZ and LY2606368 

on cell cycle control, GBM6 and U87 cells were stained with EdU and DAPI which was used to 

identify cells in each of the different phases of cell cycle. Cells in G1 were marked as EdU 

negative with 2n DNA content, S phase cells were EdU+ or EdU- with DNA content between 

2n and 4n, while G2 was marked by cells with 4n DNA content. Cells with less than 2n DNA 
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content were classified as cells in subG1. pHH3 staining previously indicated that after 72 h 

exposure of GBM6 cells to LY2606368, TMZ or combination therapy, mitosis was reduced 

(Figure 6.4A,C), suggesting that drug treatment group slowed cell cycle progression, possibly 

in order to repair DNA damage. During DNA damage repair, it is expected that there would 

be a halt in the synthesis of new DNA [85]. However, at 72 h, GBM6 cells treated with TMZ 

showed a significant increase in the proportion of EdU+ cells compared to DMSO control 

(Table 6.2), suggesting GBM6 cells were still creating new DNA post-TMZ exposure. 

Furthermore, as the proportion of EdU+ GBM6 cells increased with TMZ, there was a decrease 

in EdU staining intensity as portrayed as a downward shift of the population in the 

representative flow plots (Figure 6.5A). The EdU+ population in U87 remained consistent 

between treatment groups at both 72 and 96 h (Figure 6.5B,D and Table 6.3), but similarly, 

LY2606368, TMZ or the combination treatment hindered EdU incorporation causing a 

downward shift in EdU staining intensity (Figure 6.5B). It should be noted that only two 

independent experiments of U87 at 72 h was completed. These data implicate that post-TMZ 

treated GBM6 cells were still able to synthesise new DNA but at a slower rate than the control 

group. While for U87 cells, DNA synthesis was slowed by all treatment groups. In contrast, 

LY2606368 alone or in combination with TMZ caused reductions in EdU+ populations when 

compared to both DMSO control (Table 6.3) and TMZ alone treatments in GBM6 cells after 

72 h (Figure 6.5A,C). EdU+ populations remained low compared to DMSO control and TMZ 

alone at 96 h, suggesting that in GBM6 cells, TMZ combined with LY2606368 prevented the 

synthesis of new DNA. 
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Table 6.2 Cell cycle distribution of GBM6 following in vitro drug exposure. 

Percentage of cells identified in the indicated phases of the cell cycle are shown after 

72 or 96 h treatment. Each value is the mean % ± SD. Unpaired t test was used to 

compared DMSO control to the different treatment groups (*, p≤0.05, **, p≤0.01, ***, 

p≤0.001 and ****, p≤0.0001). The number (n) of independent experiments performed 

is shown. 

72 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 TMZ TMZ+LY2606368 

SubG1 2.8±0.01 10.2±0.01*** 3.3±0.01 10.8±0.02** 

G1 60.3±0.03 17.6±0.02**** 31.2±0.03*** 16.8±0.04**** 

EdU+ S 24.6±0.03 5.6±0.01*** 43.4±0.01*** 4.9±0.01*** 

EdU- S 2.6±0.003 32.1±0.1** 5.1±0.004*** 34.6±0.1*** 

G2 8.6±0.01 35.0±0.1** 16.8±0.02** 33.4±0.1** 

M (4n DNA) 1.1±0.003 0.2±0.002* 0.4±0.004 0.2±0.002** 

M (<4n DNA) 0.1±0.0004 0.1±0.001 0.04±0.0002 0.1±0.0003 

96 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 TMZ TMZ+LY2606368 

SubG1 1.7±0.01 4.2±0.02 3.5±0.02 10.7±0.1* 

G1 67.8±0.04 54.4±0.02** 31.7±0.1*** 30.3±0.1** 

EdU+ S 21.9±0.03 18.9±0.04 35.1±0.1 14.4±0.003* 

EdU- S 2.5±0.003 9.7±0.01**** 14.6±0.1** 22.4±0.04* 

G2 5.1±0.01 12.1±0.04* 15.2±0.1 20.9±0.1* 

M (4n DNA) 1.0±0.004 0.9±0.003 0.3±0.003 1.1±0.01 

M (<4n DNA) 0.1±0.003 0.1±0.003 0.2±0.001 0.7±0.004 
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Figure 6.5 TMZ and LY2606368 induce changes in the cell cycle progression of GBM cells. 

(A,C) GBM6 and (B,D) U87 were treated with 0.1% DMSO, 1 µM LY2606368, 60 µM TMZ or 

the combination of TMZ and LY2606368 for the indicated time points. EdU was added 45 min 

prior to harvest and cells were stained as described in section 3.7. Representative flow 

cytometry plots of (A) GBM6 and (B) U87 show cells gated into subG1, G1, EdU+ and EdU- S 

phase and G2 phase according to the gating strategy in Figure 3.3. The frequency of cell 

populations was quantified using FlowJo software (v10). (C-D) Graphs display mean % ± SD of 

cells in the indicated cell cycle phase from two or three independent experiments. Groups 

were compared using unpaired Student’s t tests; *, p≤0.05, **, p≤0.01, ***, p≤0.001 and 

****, p≤0.0001.  
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Table 6.3 Cell cycle distribution of U87 cells post-drug exposure in vitro. 

Percentage of total DAPI/EdU population in the different phases of cell cycle are shown 

after 72 or 96 h of treatment. Each value is the mean % ± SD. Unpaired t test was used 

to compared DMSO control to the different treatment groups (*, p≤0.05; **, p≤0.01; 

***, p≤0.001; ****, p≤0.0001). The number (n) of independent experiments performed 

is shown. 

72 h (n=2) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 TMZ TMZ+LY2606368 

SubG1 1.2±0.001 8.5±0.01** 2.9±0.0002** 7.2±0.01** 

G1 76.7±0.03 35.1±0.02** 16.2±0.01** 31.5±0.2 

EdU+ S 11.4±0.01 5.6±0.03 2.2±0.1** 5.3±0.1 

EdU- S 0.6±0.004 15.8±0.1 11.9±0.1 23.6±0.1* 

G2 9.9±0.03 35.5±0.03* 66.9±0.1** 33.4±0.19 

M (4n DNA) 0.3±0.001 0.2±0.001 0.2±0.001 0.1±0.0002* 

M (<4n DNA) 0.0±0.0 0.01±0.0001 0.002±0.00003 0.002±0.00003 

96 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 TMZ TMZ+LY2606368 

SubG1 3.3±0.02 12.9±0.04* 11.4±0.03* 19.4±0.1* 

G1 69.9±0.01 51.8±0.04** 37.0±0.1** 37.3±0.1** 

EdU+ S 14.5±0.01 11.9±0.1 15.8±0.1 8.5±0.1 

EdU- S 2.6±0.01 7.3±0.03 12.9±0.01*** 13.8±0.04* 

G2 9.4±0.02 15.6±0.1 17.2±0.1 20.7±0.1* 

M (4n DNA) 0.6±0.002 0.6±0.001 0.3±0.001 0.1±0.001* 

M (<4n DNA) 0.1±0.0003 0.2±0.001 0.2±0.001 0.2±0.002 

 

As mentioned above, in GBM6 cells, EdU incorporation was decreased by LY2606368 alone or 

when administered in combination with TMZ, displaying that GBM6 cells were not 

synthesising new DNA. Corresponding to this, examination of EdU- populations showed that 

this population was increased in GBM6 by LY2606368 and combination treatment after 72 h 

in comparison to DMSO control (Table 6.2) and TMZ alone (Figure 6.5A,C). This suggests that 

CHK1 blockade allowed GBM6 to progress through to mitosis without making new DNA. Of 

note, GBM6 are TP53-mutant cells, therefore the G1/S cell cycle checkpoint is disrupted and 

these cells rely on other cell cycle checkpoints in order for DNA damage repair to occur [239]. 

U87 showed no significant changes in the EdU- population at both 72 and 96 h (Figure 6.5B,D). 

 

G2 populations were also impacted by TMZ, LY2606368 and by combination treatment. TMZ 

compared to DMSO control caused a significant increase in both GBM6 and U87 cells in G2 at 
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72 h (Table 6.2 and Table 6.3). This correlates with loss of pHH3+ populations (Figure 6.4), 

suggesting that TMZ-induced G2 arrest in both GBM and U87. The trend seen in U87 at 72 h 

time point needs further validation with another independent replicate. Interestingly, at the 

same time point, GBM6 cells treated with LY2606368 (either alone or in combination) had 

increased G2 populations compared to TMZ treated cells (Figure 6.5A,C), implying that CHK1 

blockade allowed GBM6 cells to progress to G2 and cells are ready to enter mitosis, which 

explains the increased pHH3 population seen in Figure 6.4 at 96 h with combination 

treatment. From the two independent experiment that were completed, the opposite trend 

was observed in U87, as LY2606368 and combination therapy showed reduced G2 

populations at 72 h compared to TMZ (Figure 6.5B,D), demonstrating that in these cells, CHK1 

inhibition somewhat prevented TMZ-induced G2 arrest.  

 

6.2.5 LY2606368 caused aberrant entry into mitosis 

As shown above, LY2606368 in combination with TMZ increased the proportion of GBM6 cells 

expressing pHH3, implying CHK1 inhibition promoted mitosis. To further explore this, the 

pHH3+ population was gated against DAPI to separate cells according to DNA content (Figure 

6.6). pHH3+ cells were separated into two groups: normal mitotic cells defined by 4n DNA 

content (M, 4n DNA) and aberrant mitotic cells defined by cells with less than 4n DNA content 

(M, <4n DNA). As shown in Figure 6.4, at 72 h, the proportion of pHH3+ GBM6 cells was 

significantly reduced by all drug treatments (LY2606368, TMZ and combination TMZ and 

LY2606368). Analysing these cells for DNA content showed that of these cells that were still 

mitotic, the majority of TMZ-treated GBM6 were entering mitosis normally, while LY2606368 

and the combination of TMZ and LY2606368 triggered a larger proportion of cells to enter 

mitosis aberrantly. Although, at 72 h, there was no significant difference between LY2606368 

monotherapy and the combination therapy, suggesting that LY2606368 alone can induce 

aberrant mitotic entry in GBM6, which are TP53-mutant (Figure 6.6A,C). At the same time 

point, U87 showed a trend of low pHH3+ populations in all treatment groups at 72 h and 

mostly demonstrated normal mitotic entry. By 96 h, the proportion of normal mitotic cells 

was reduced, and aberrant mitotic cells increased by all drug treatments (LY2606368, TMZ 

and combination TMZ and LY2606368), with the combination of TMZ and LY2606368 having 

the greatest induction of aberrant mitosis (Figure 6.6B,D). At 96 h, large interexperimental 

variability implied that the proportions of normal and aberrant mitotic GBM6 cells were no 
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different between treatment groups (Figure 6.6A,C). From this, I hypothesise that combining 

TMZ with LY2606368 can trigger GBM cells to enter mitosis and divide before the genome is 

completely duplicated and may be a mechanism by which this treatment combination is 

effective against GBM. This follows previous studies which have demonstrated that 

LY2606368 triggers cells to prematurely enter mitosis eventuating in cell death [23, 201, 213].  
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Figure 6.6 Combining TMZ with LY2606368 forces GBM cells to prematurely enter mitosis. 

Representative plots of (A) GBM6 (C) U87 showing the total mitotic (pHH3+) population further gated against DAPI into two populations: mitotic cells with 

4n DNA (M, 4n DNA) and aberrant cells with less than 4n DNA entering mitosis (M, <4n DNA). (B,D) Graphs display the proportion of pHH3+ cells that were 

normal or aberrant ± SD from two or three individual experiments. Aberrant mitotic populations between groups were compared using unpaired Student’s t 

tests; *, p≤0.05; **, p≤0.01; **, p≤0.001 ****, p≤0.0001.   
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6.2.6 Apoptosis was enhanced by combining TMZ and LY2606368 

Following the observation that TMZ and LY2606368 combination therapy triggered 

premature mitotic entry in GBM cells, I assessed the induction of apoptosis in treated cells via 

detection of cleaved PARP using flow cytometry (see section 3.7). In GBM6 cells after 72h, 

TMZ combined with LY2606368 caused a significant increase in the proportion of apoptotic 

cells compared to control (Figure 6.7A,C). Similarly, the combination treatment increased the 

proportion of apoptotic cells compared to TMZ alone, but this was not statistically significant 

due to large interexperimental variability (Figure 6.7A,C). After 96 h, the combination of TMZ 

and LY2606368 significantly increased apoptosis of GBM6 cells in comparison to all other 

treatment groups (Figure 6.7A,C). In the U87 cells, there were no differences in apoptosis 

detected after 72 h, though only two independent experiments were completed. At 96 h 

combination treatment significantly increased the proportion of apoptotic U87 cells (Figure 

6.7B,D), correlating with an increase in the proportion of mitotic cells that were aberrant. 

These data indicated that LY2606368 potentiates the DNA damaging effects of TMZ and 

promotes apoptosis of GBM cells in vitro. 
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Figure 6.7 TMZ and LY2606368 combination therapy increased apoptosis of GBM cells. 

Representative dot plots and quantification of apoptosis of (A,C) GBM6 and (B,D) U87 cells 

treated with 0.1% DMSO, 1 µM LY2606368, 60 µM TMZ or the combination of both TMZ and 

LY2606368 for the indicated time points. (A-B) Cells were stained for cleaved PARP, a marker 

for apoptosis, which was detected using flow cytometry. (C-D) Quantification of apoptotic 

populations was determined using FlowJo software (v10). Graphs show mean percentage of 

positive single cells ± SD from at least two independent experiments. Groups were compared 

using unpaired Student t-tests where *, p≤0.05 and **, p≤0.01.   

 

6.2.7 CHK1 and H2AX phosphorylation increased in vivo after treatment with TMZ and 

LY2606368 

To complement in vitro immunoblot and flow cytometry analyses, I sought to examine the 

effects of TMZ, LY2606368 or the combination treatment in vivo using mice harbouring 

orthotopic GBM xenografts. Mice were implanted with U87, mHGG-vIII and GBM6 cells and 

treated with a single dose of vehicle (ORA-Plus® solution), 20 mg/kg TMZ, 20 mg/kg 

LY2606368 or the combination of both drugs (administered 6 h apart) when mice presented 

with tumour-related symptoms (head doming or tilting). After 24 h of drug administration, 

the whole brain was processed for IHC as explained in sections 3.12 and 3.13. Whole brain 
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including the implanted xenograft were examined immunohistochemically for CHK1 

phosphorylation at S345 as a biomarker of LY2606368 activity, γH2AX as a marker for DNA 

damage and cleaved caspase 3 to measure apoptosis. From previous studies, an accumulation 

CHK1 phosphorylation at S345 and DNA damage has been associated with LY2606368 

mediated CHK1/2 blockade [185, 209, 236]. In U87 tumours, TMZ increased cytoplasmic S345-

phosphorylated CHK1 abundance compared to controls (Figure 6.8A-B) indicating that TMZ 

induces DNA damage and the DDR pathway in vivo as expected. LY2606368 treatment, either 

alone or in combination with TMZ, significantly increased S345-phosphorylated CHK1 

abundance and nuclear localisation which has been previously reported to demonstrate CHK1 

inhibition [233]. Increased CHK phosphorylation was also observed in mHGG-vIII tumours 

treated with combination therapy (Figure 6.8A-B). However, in GBM6 tumours, no differences 

in phosphorylated CHK1 expression were observed in any treatment group at the 24 h 

timepoint examined (Figure 6.8A-B). TMZ induced a detectable increase in DNA damage, as 

marked by γH2AX staining, in U87 xenografts, but this was not observed in the other models 

(Figure 6.8C-D). In contrast, γH2AX staining was significantly increased across all xenograft 

models following combination treatment with TMZ and LY2606368 (Figure 6.8C-D). This is 

especially noteworthy in the GBM6 model where CHK1 phosphorylation was not quantifiably 

different across the different treatment groups. Cleaved caspase 3 was used to observe the 

effect of combining TMZ and LY2606368 on induction of apoptosis and after each treatment 

group, however no positive staining was observed in U87 xenografts (Supplementary Figure 

9). 
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Figure 6.8 Phosphorylated CHK1 at S345 and γH2AX was increased by TMZ and LY2606368 

in vivo. 

Balb/c nude mice implanted with U87, mHGG-vIII or GBM6 cells were treated with a single 

dose of ORA-Plus® (vehicle), 20mg/kg TMZ, 20mg/kg LY2606368 or both drugs (administered 

6 h apart). 24 h post-treatment, mice were euthanized and the whole brain was processed for 

IHC. Tissue sections were stained for (A-B) phospho-CHK1 (S345) or (C-D) γH2AX. (A,C) 

Representative images show positive (brown) staining within tumour cells. Scale bar is 50 µm. 

Positive nuclear staining was quantified as a percentage of total nuclei in the field of view 

using Inform software from n=5 mice per group. (B,D) Graphs display individual mean % of 

positive staining from individual samples determined from three images per section, with the 

overall mean % ± SEM. Statistical analyses were performed using one-way ANOVA with 

Tukey’s multiple comparison test; *, p≤0.05 and **, p≤0.01. 

 

6.2.8 TMZ combined with LY2606368 reduced tumour cell proliferation 

To further characterise the effect of treatment on GBM in vivo, I performed IHC for the 

proliferation marker, Ki67, in mHGG-vIII, U87 and GBM6 xenografts, 24 h post-treatment with 

TMZ, LY2606368 or the combination of both (see section 3.8 and 3.13). Combining TMZ with 

LY2606368 significantly reduced Ki67 positivity compared to vehicle control, LY2606368 or 

TMZ monotherapy in mHGG-vIII tumours (Figure 6.9), suggesting combination therapy 

decreased mHGG-vIII tumour cell proliferation. However, at the time point investigated, no 

difference in Ki67 expression was observed in U87 and GBM6 xenografts (Figure 6.9).  
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Figure 6.9 TMZ and LY2606368 treatment reduced GBM proliferation in vivo. 

Balb/c nude mice implanted with mHGG-vIII, U87 and GBM6 were treated with ORA-Plus® 

(vehicle), 20 mg/kg TMZ, 20 mg/kg LY2606368 or both drugs (administered 6 h apart). 24 h 

post-treatment, mice were euthanized and the tumour bearing brain was processed for IHC. 

(A) Representative images of tissue sections stained for Ki67. Scale bar is 50 µm. (B) Positive 

nuclear staining (brown) was quantified as a percentage of total nuclei from three fields of 

view per sample using Inform software. Graphs display mean % of positive staining from 

individual samples and overall mean % ± SEM, n=5 mice per treatment group. Statistical 

analyses were performed using one-way ANOVA with post-hoc Tukey’s multiple comparison 

test; *, p≤0.05 and **, p≤0.01. 
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6.2.9 Combining TMZ with LY2606368 delayed tumour growth and extended survival of mice 

with GBM 

Ki67 staining of GBM xenograft showed that the combination treatment reduced tumour cell 

proliferation in one of the three xenograft models investigated. This suggests that the 

combination treatment has the potential to slow tumour growth and thus extend survival of 

mice bearing GBM xenografts. To determine if combining LY2606368 with TMZ could improve 

treatment outcomes in mice bearing GBM, I examined the impact of treatment on animal 

survival. Balb/c nude mice were intra-cortically implanted with GBM6, U87 or mHGG-vIII cells 

(see section 3.8). Tumour establishment was confirmed by BLI (as explained in section 3.11) 

and peak BLI signals (photons/second) were used to randomise mice into four treatment 

groups: vehicle control (ORA-Plus®, oral gavage), LY2606368 (20 mg/kg, intravenous), TMZ 

(20 mg/kg, oral gavage) or the co-treatment of TMZ and LY2606368 (administered 6 h after 

TMZ). Mice were treated twice per week and the total treatment period lasted three weeks. 

During the treatment period and for three weeks post-treatment, blood samples were 

collected. Importantly, collected blood samples (see section 3.10) demonstrated that no 

blood-related toxicities were observed in any treatment group (Figure 6.10).  
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Figure 6.10 Blood cell counts presented no adverse drug related toxicity. 

Blood from mice implanted with GBM6 were collected during the three-week treatment 

period and then for a further three weeks post-treatment cessation (left panel). Blood was 

also collected from mice, 24 h post-treatment of a single dose of 20mg/kg TMZ and/or 

20mg/kg LY2606368 (right panel). Treatment groups were vehicle (black), LY2606368 (red), 

TMZ (blue) or combination therapy (purple).  Total red blood cells, haemoglobin, total white 

blood cells and neutrophils (top to bottom) were determined from three mice per treatment 

group using a veterinary blood analyser.  
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As described in section 3.11, BLI was used to monitor the growth of GBM6 and U87 xenografts 

weekly following implantation of tumour cells. LY2606368 monotherapy did not significantly 

delay tumour growth in either model (Figure 6.11). On the other hand, TMZ monotherapy 

caused a reduction in BLI signal in both models compared to vehicle or LY2606368 treated 

mice, however, treatment appeared more effective against U87 tumours, compared to GBM6 

(Figure 6.11A-B). Importantly, a further reduction in BLI signals was observed by the 

combination therapy compared to TMZ alone in the GBM6 model. Whereas, in the U87 

model, combination of TMZ and LY2606368 therapy only caused a reduction in BLI signal 

compared to vehicle and LY2606368 treated mice (Figure 6.11C-D). These data suggest that 

combination TMZ and LY2606368 was more effective than TMZ alone in delaying tumour 

growth in the GBM6 model.  
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Figure 6.11 Co-administration of TMZ with LY2606368 impairs growth of GBM. 

(A-B) GBM6 and (C-D) U87 cells expressing luciferase were grown intracranially in Balb/c nude mice. (A,C) Representative bioluminescence 

images over time of selected mice implanted with (A) GBM6 or (C) U87 cells and treated with the drug treatments indicated. The bioluminescence 

flux is indicated by the rainbow heat map. (B,D) Graphs present mean BLI data ± SEM of each treatment group. N from the treatment groups 

shown range from n=3-10 mice per group.  
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Animals were euthanized upon the presentation of tumour-related symptoms such as head 

tilt following the phenotypic welfare scoring criteria (Table 3.6) or after a period of 230 

(GBM6) or 290 (U87) days. Kaplan-Meier analyses were used to compare the impact of each 

treatment on survival. Censored mice were euthanized when they developed concomitant 

problems (e.g. bowel obstruction) or due to the end of experiment as defined by survival 

exceeding more than 230 (GBM6) or 290 (U87) days from the start of the experiment (Figure 

6.12). H&E staining of brain tissue confirmed that no tumour was present in the censored 

mice, with the exception of one mouse that harboured a small tumour unlikely to cause 

morbidity (Supplementary Figure 10). LY2606368 monotherapy only markedly improved the 

median survival of U87 model (Figure 6.12 and Table 6.4). As expected, TMZ monotherapy 

significantly extended survival in all tumour models, although the effects were greatest in the 

GBM6 and U87 tumour models where survival increased from 18 and 25 days in vehicle-

treated groups to 87 and 244 days in TMZ groups, respectively, as opposed to the mHGG-vIII 

model where survival was extended from 22 days in controls to 25 days with TMZ treatment 

(Figure 6.12 and Table 6.4). Median survival times were greatest for mice treated with the 

combination of TMZ and LY2606368 in all three models.  In GBM6 and mHGG-vIII models, 

combination therapy significantly extended survival compared to all other groups (Figure 

6.12A-B). The median survival of GBM6 mice increased from 87 days with TMZ therapy to 211 

days with combination therapy, and 25 days with TMZ therapy to 30 days in mHGG-vIII 

bearing mice (Table 6.4). While combination treatment in mice bearing U87 tumours 

increased median survival to 273 days compared to 244 days with TMZ monotherapy, 

however, this survival advantage was not statistically significantly (Table 6.4).  
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Figure 6.12 Kaplan-Meier survival curves show morbidity-free survival of mice with GBM 

after treatment with TMZ and LY2606368. 

Balb/c nude mice were intracranially implanted with (A) GBM6, (B) mHGG-vIII or (C) U87 and 

treated as depicted in Figure 3.4. Mice were humanely euthanized upon the presentation of 

tumour-related symptoms. Log-rank tests with a Bonferroni correction to adjust for multiple 

comparisons were performed to compare survival curves where; ns, not significant, *, p≤0.01, 

**, p≤0.05, ***, p≤0.001 and ****, p≤0.0001. 
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Table 6.4 Median survival of mice bearing GBM xenografts after treatment with TMZ and/or 

LY2606368. 

Median survival (days post-implantation) of mice bearing GBM xenografts. Mice were treated 

with TMZ and/or LY2606368 and euthanized at the presentation of tumour-related symptoms 

or after a period of 230 (GBM6) or 290 (U87) days. 

Xenograft Vehicle control LY2606368 TMZ 
TMZ and 

LY2606368 

GBM6 18 19 87 211 

U87 25 45 244 273 

mHGG-vIII 22 25 25 30 

 

6.3 Discussion 

Despite a multimodality treatment approach, GBM remains a difficult tumour to cure. As the 

addition of TMZ to GBM standard of care only provided a modest three-month survival 

extension [8], there is a need for improved therapeutic strategies. There is rising interest in 

the use of CHK1 inhibitors as potentiators of traditional DNA damaging agents. It is known 

that DNA damaging agents like TMZ activate CHK1-mediated S and G2/M checkpoints to allow 

for DNA repair [40, 89]. Hence, it has been shown that CHK1 inhibition via UCN-01 [229, 240], 

SAR-020106 [206] or AZD7762 [232] enhances the cytotoxicity of TMZ and sensitise GBM cells 

to cell death. However, early phase UCN-01 trials were terminated due to toxicity issues and 

lack of survival benefit [231]. Furthermore, there are a lack of clinical trials investigating the 

potential of SAR-020106 and AZD7762. Therefore, in this study, I examined the second 

generation CHK1/2 inhibitor, LY2606368, for the first time as a method to sensitise GBM cells 

to TMZ. LY2606368 has increased potency in vivo compared to first generation inhibitors and 

is being investigated clinically as a monotherapy (NCT03414047 and NCT02203513) and in 

combination with various DNA damaging agents (NCT04023669, NCT02555644 and 

NCT02124148).  

 

Using multiple models of GBM, I assessed if in vitro clonogenic and cell viability assays 

translated to an extension of survival in vivo. In vitro, GBM6 was demonstrated to be the most 

sensitive to TMZ as 10 µM TMZ was needed to reduce colony formation by 60%, while JK2, 
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RN1, mHGG-vIII and U87 required 10-fold higher doses of TMZ to produce the same effect. 

Interestingly, it has been previously reported that GBM6 have an unmethylated MGMT status 

[241]. It is well-known that GBM patients with an unmethylated MGMT promoter do not 

respond to TMZ treatment as promoter methylation is the key mechanism of MGMT gene 

silencing [11, 242], thus implying that GBM6 would likely be resistant to TMZ. However, 

MGMT methylation testing of GBM6 performed by collaborator Associate Prof. Kerrie 

McDonald (previously at University of New South Wales) (data not shown) revealed 57% of 

MGMT was methylated, suggesting that GBM6 may only have partial sensitivity to TMZ. These 

methylation testing results coincide with results from clonogenic assays as GBM6 showed 

susceptibility to TMZ. Longitudinal monitoring of tumour growth via BLI and survival analysis 

also revealed that TMZ caused GBM6 tumour regression, and a significant prolongation of 

lifespan compared to vehicle-treated mice. These data also emphasise that GBM6 are 

sensitive to TMZ and support the methylation testing performed by Associate Prof. Kerrie 

McDonald.  

 

In this study, immunoblotting showed that TMZ increased expression of the DNA damage 

marker, γH2AX and increased protein expression of S345-phosphorylated CHK1 only in 

GBM39 and U87, indicating that TMZ-induced DNA damage activated CHK1 in two of the five 

cell lines tested. Downstream, activation of CHK1 induced phosphorylation of CDC2 at Y15, 

implying GBM39 and U87 were in cell cycle arrest as CDC2 phosphorylation inhibits the 

CDC2/Cyclin B complex required for entry into mitosis [208, 237]. These results also appear 

to correspond to MGMT promoter methylation, as methylation testing performed by 

Associate Prof. Kerrie McDonald showed that 84% of MGMT promoters were methylated in 

GBM39 and a previous study stated that U87 was also MGMT methylated [170]. Thus, in these 

cells the MGMT DNA repair gene is silenced, making GBM39 and U87 susceptible to TMZ-

induced DNA damage. This follows previous studies that have shown that CHK1 

phosphorylation and activation has been associated with TMZ-induced DNA damage [89, 

228]. T98G, which has an unmethylated MGMT promoter status, therefore, MGMT is 

expressed and can repair TMZ-induced DNA damage [170], showed no indication of CHK1 

activation. Interestingly, GBM6 which only have 57% of MGMT promoters methylated, 

showed sensitivity to TMZ in in vitro clonogenic assays and in vivo survival studies. 

Additionally, GBM6 are TP53-mutant and in vitro GBM cell lines with dysfunctional p53 have 
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demonstrated sensitivity to TMZ [105, 168]. A TP53-mutant status also suggests that GBM6 

are unable to effectively manage DNA damage repair due to a defective G1 checkpoint and 

depend more on CHK1 to respond to DNA damage [225]. Hence, I hypothesised that TMZ 

would cause activation of CHK1 in GBM6 cells. However, 48 h post-TMZ, there was no 

evidence of CHK1 phosphorylation or cell cycle arrest in GBM6. Similar to the immunoblotting 

results, IHC analysis showed in vivo nuclear localisation of S345-phosphorylated CHK1 and 

γH2AX expression was increased 24 h post-TMZ in U87, whereas no such change was 

observed in GBM6 xenografts. Since TMZ requires multiple mismatch repair cycles in order to 

induce double stranded DNA breaks [45], the 24 and 48 h time points may have not been 

sufficient to observe the effects of TMZ in GBM6 which are slow growing cells. Indeed, cell 

cycle distribution analysis via flow cytometry confirmed TMZ caused GBM6 cells to arrest in S 

phase and reduced mitotic populations after 72 h. Likewise, flow analysis on U87 revealed 

TMZ-induced G2/M arrest which follows previous reports [243, 244]. Since it was confirmed 

that TMZ initiated CHK1-mediated cell cycle arrest in GBM, I explored the idea of using CHK1 

inhibitor, LY2606368, as a therapeutic strategy to sensitise GBM to the cytotoxic effects of 

TMZ. 

 

CHK1 inhibition via UCN-01, SAR-020106 or AZD7762 enhanced the cytotoxic effects of TMZ 

by blocking TMZ-induced CHK1 activation [206, 229, 232, 240]. Here, immunoblot confirmed 

LY2606368 inhibited autophosphorylation of CHK1 at S296 in all GBM cell lines tested. 

Subsequently, this caused accumulation of phosphorylation at S345 as ATR still detects DNA 

damage and mediates CHK1 S345 phosphorylation, but lack of S296 phosphorylation caused 

a failure in a negative feedback loop that removes phosphate groups from S345 via PP2A 

phosphatases [19, 209]. Accumulation of phosphorylated CHK1 at S345 is a known biomarker 

for CHK1 inhibition [185, 201, 202, 209]. Downstream to these events, phosphorylation of 

CDC2 at Y15 was reduced, indicating that blockade of CHK1 allowed GBM cells to progress 

into mitosis. However, it should be mentioned that in immunoblot, no apparent difference in 

protein expression was observed between LY2606368 and the combination of TMZ and 

LY2606368 in all cell lines, implying that further LY2606368 dose optimisation is required, 

such as the assessment of additional concentrations of LY2606368 which may reveal dose-

dependent changes to signalling. Nevertheless, in vitro, the addition of LY2606368 to TMZ 

potentiated the cytotoxic effects of TMZ in all GBM cell lines tested, except U87.  
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Investigation of drug interactions via computational algorithms predicted that the 

combination of TMZ and LY2606368 was synergistic in mHGG-vIII and additive in GBM6, while 

depending on the mathematical model used, TMZ and LY2606368 interacted additively or 

antagonistically in U87. In relation to mHGG-vIII, these computational models of drug 

interaction were experimentally verified in in vivo studies, where the combination of TMZ and 

LY2606368 significantly reduced tumour cell proliferation and extended the survival of mice 

implanted with mHGG-vIII xenografts. The combination treatment also caused tumour 

regression and significantly prolonged the lifespan on GBM6 xenografts. Collectively, these 

data showcase the reliability of using in vitro computational models to predict the success of 

drug combinations in vivo. However, this was not the case in all GBM models examined. For 

example, in U87 cells, the Bliss drug interaction model predicted that TMZ and LY2606368 

would be antagonistic. In vivo, it was shown that when TMZ was combined with LY2606368 

survival was not enhanced, however the addition of LY2606368 certainly did not appear to 

impair the effectiveness of TMZ. In relation to U87, TMZ monotherapy caused total regression 

of tumour which could be associated with the methylated status of the MGMT promoter, 

making these cells sensitive to TMZ  [43, 170, 245, 246]. Although, I performed dose 

optimisation for TMZ (see section 4.14), these results present that further optimisation or 

reduction of TMZ dosing may potentially reveal a survival benefit of combining LY2606368 

with TMZ in future studies. These results demonstrate the importance of confirming results 

of in vitro studies of drug combination efficacy with in vivo studies. 

 

As mentioned above, GBM6 have TP53-mutant cells, therefore, CHK1 plays a critical role in 

DDR, while U87, which have TP53-wild-type, demonstrated CHK1 activation in response to 

TMZ-induced DNA damage via immunoblot and IHC analysis. Thus, I hypothesised both GBM6 

and U87 would rely on CHK1 signalling pathway and the G2/M checkpoint to respond to TMZ-

induced DNA damage. Certainly, flow cytometry analysis demonstrated that TMZ caused an 

increase in S and G2 populations in GBM6 and U87 cells, respectively, indicative of drug-

induced cell cycle arrest, which correlates with previous work [243, 244]. In GBM6, this 

associated with a reduction in mitotic populations, further implicating that TMZ-induced cell 

cycle arrest. The addition of LY2606368 to TMZ also increased G2 populations in both GBM6 

and U87. Furthermore, GBM6 portrayed a greater proportion of cells that were mitotic, 

implying that CHK1 inhibition allowed GBM6 cells to continue through to mitosis post-TMZ 
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exposure. According to other reports, LY2606368 can force cancer cells into premature 

mitosis, causing replication catastrophe and, in turn, enhanced apoptotic cell death [23, 185, 

212]. Here, I specifically analysed data to look for aberrant mitosis and observed this 

phenomenon in both GBM6 and U87 cells. The combination of TMZ and LY2606368 

significantly increased the proportion of aberrantly mitotic cells (cells expressing pHH3 that 

have less than 4n DNA content). However, it should be noted that LY2606368 alone also 

increased the proportion of aberrant mitotic cells in GBM6. This is to be expected as GBM6 

are TP53-mutant and depend on CHK1 to arrest cell cycle progression at S or G2/M, thus CHK1 

inhibitors like LY2606368 are effective even as a monotherapy against p53 deficient cells. 

Other CHK1 inhibitors such as UCN-01 and AZD7762 have also shown efficacy as 

monotherapies in p53 deficient cell lines [221, 247]. Nevertheless, at a late time point of 96 

h, combining TMZ with LY2606368 increased apoptotic populations in both GBM6 and U87, 

emphasising that induction of aberrant mitotic entry promoted cell death via apoptosis. 

Although, U87 apoptotic population also increased after co-treatment with TMZ and 

LY2606368, the proportion of aberrant mitotic cells was not statistically different when 

compared to TMZ alone. The increase in the apoptotic population seen in U87 after 96 h co-

treatment with TMZ and LY2606368 could be an additive consequence of each treatment 

alone. This would complement cell viability assay which show both drugs reduced U87 cell 

viability in a dose-dependent manner and the computational drug interaction models of the 

CI [179], Loewe [181] and HSA [182] methods that showed that TMZ and LY2606368 were 

additive in U87.  

 

Considering that the standard of care for GBM has not changed and patient outcomes have 

not improved over the last decade, it is urgent to find more effective therapeutic strategies. 

Our in vitro results showed that LY2606368 has the potential to synergise with TMZ. CHK1 

inhibition via LY2606368, sensitised GBM6 cells to TMZ through the abrogation of TMZ-

induced cell cycle arrest causing premature mitotic entry and enhanced cell death via 

apoptosis. Importantly, co-administration of TMZ and LY2606368 prolonged survival of two 

of the three GBM mouse models investigated and demonstrated no blood-related toxicities. 

In summary, these studies have highlighted that LY2606368 may be a promising and 

augmentative therapeutic option for GBM. 
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CHAPTER 7: SENSITISING GLIOBLASTOMA CELLS TO GEMCITABINE 

VIA CELL CYCLE CHECKPOINT KINASE 1 INHIBITION 

 

7.1 Introduction 

GBM is a very challenging tumour to treat. GBM is characterised as a heterogeneous tumour 

that is invasive, rapidly proliferating and with abilities to resist chemotherapy [12, 25]. 

Patients with GBM have a median survival of only 12 to 15 months from diagnosis even after 

debulking surgical resection, RT and adjuvant and concomitant TMZ [8]. TMZ is a DNA 

alkylator that can cross the BBB. Its use in GBM treatment was introduced over a decade ago 

after a successful clinical trial reported a modest three-month survival improvement when 

compared to RT alone [8]. However, it is well-known that GBMs can demonstrate intrinsic 

resistance to alkylating agents like TMZ through expression of the DNA repair enzyme, MGMT. 

Epigenetic silencing of MGMT via gene promoter methylation has been associated with better 

TMZ responsiveness and longer survival outcomes. Patients with no MGMT promoter 

methylation show little or no benefit from TMZ and have poorer outcomes [11]. 

 

Another chemotherapeutic that has been clinically trialled for GBM is GEM. GEM is a 

pyrimidine-nucleoside analogue that is routinely used for the treatment of various solid 

tumours including pancreatic, non-small cell lung, breast and ovarian cancers. GEM is a 

prodrug that undergoes multiple phosphorylation events by deoxycytidine kinase to become 

active [51, 52]. The main anti-proliferative and cytotoxic effects of GEM are due to two major 

mechanisms. Firstly, the generation of GEM triphosphate which competes with endogenous 

deoxycytidine nucleosides and its incorporation into DNA during replication inhibits DNA 

chain elongation by mask chain termination. The creation of DNA fragments leads to cell 

death by apoptosis [51, 54, 55]. Secondly, GEM diphosphate inhibits ribonucleotide 

reductase, a DNA synthesis enzyme, causing a depletion of the dCTP pool [52, 53].  

 

GEM is potentially a desirable chemotherapeutic option for GBM as it has radiosensitising 

abilities which are mediated through an MGMT-independent mechanism [56, 60]. It has been 

shown in vitro that GEM elicited cytotoxicity towards various GBM cell lines [61]. Importantly, 
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in vivo preclinical studies demonstrated GEM was able to cross the BBB as well as the blood-

tumour barrier [14-16]. Clinical trials combining GEM with RT and/or TMZ for newly diagnosed 

and relapse GBM patients have been performed. Phase I and II clinical trials demonstrated 

safety and confirmed blood-tumour permeability [16]. However, the addition of GEM 

produced no clinically relevant survival benefits when compared to current GBM treatment 

protocols [14, 15, 66, 67, 248]. 

 

GBMs are highly chemoresistant tumours and portray abnormalities in cell cycle regulation 

which promote resistance to chemotherapies like GEM [119]. A major player in cell cycle 

regulation is CHK1 which in the presence of DNA damage or replication fork instability is 

activated and in turn phosphorylates several downstream targets, causing cell cycle arrest 

[17-19, 249]. Overexpression and high constitutive activity of CHK1 has been detected in GBM 

and is associated with enhanced chemoresistance [86, 121, 250]. As a DNA damaging agent, 

GEM-induced DNA damage triggers CHK1 into stimulating cell cycle arrest in S or G2 phase 

[90, 251, 252]. Arrest in the cell cycle provides the cell with the opportunity to fix the DNA 

damage inflicted by GEM before further cell cycle progression. If DNA repair is unsuccessful, 

cell death via apoptosis occurs[90, 251, 252].  

 

Inhibitors of CHK1 are an emerging therapeutic strategy to prevent drug-induced activation 

of CHK1 and subsequent abrogation of cell cycle arrest. This has shown to permit 

inappropriate cell cycle progression and premature mitotic entry leading to cell death [23, 

185]. Indeed, in vitro and in vivo, inhibitors of CHK1 such as UCN-01, AZD7762, MK8776 and 

PD-321852 have been shown to abrogate GEM-induced S and G2/M cell cycle arrest, which is 

associated with an accumulation of DNA damage, increased cell death and reduced tumour 

burden in leukemia, urothelial carcinoma and pancreatic cancer cells, highlighting that CHK1 

inhibitors have the potential to sensitise various cancers to GEM [93, 95-97, 140, 253, 254].   

 

In brain cancer, specifically medulloblastoma, it was recently shown that CHK1 inhibition 

using the drug LY2606368 synergised with GEM to induce tumour cell death in vivo leading to 

improved survival of preclinical mouse models [233]. Here, for the first time, I tested the 

CHK1/2 inhibitor LY2606368 in combination with GEM using multiple preclinical models of 

GBM. LY2606368, also known as prexasertib, has been shown to sensitise small-cell lung 
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cancer and ovarian tumour cells to cisplatin, another DNA damaging cytotoxic agent [213, 

255]. LY2606368 is currently in clinical trials for many solid tumours including one early phase 

trial that is investigating the safety and effectiveness of combining GEM and LY2606368 for 

medulloblastoma (NCT04023669). The aim of this study is to evaluate if LY2606368 will 

enhance the cytotoxicity of GEM and present a promising therapeutic option for GBM. 

 

7.2 Results 

7.2.1 GBM cell viability was reduced in a dose-dependent manner when co-treated with 

GEM and LY2606368 

The cytotoxic effect of GEM, LY2606368 and the combination of both was assessed using 

mHGG-vIII, and the human GBM cell lines T98G and U87. GBM cells were treated with a range 

of concentrations centred around the previously determined ED50 concentration for each 

drug in each cell line (Figure 4.6). To assess the combined cytotoxic effect of GEM and 

LY2606368, GBM cells were treated with both drugs using every possible dose combination 

to create a two-drug matrix as displayed in Figure 3.2. GBM cells were incubated with drug(s) 

for 72 h before cell viability was measured via alamarBlue. The clonogenicity assay and slow 

growing cells: JK2, RN1 and GBM6 were not used to assess the cytotoxic effects as this assay 

is not appropriate for the short half-life of GEM.  

 

All GBM cell lines tested were sensitive to GEM in a dose-dependent manner. Doses between 

0.01 to 0.02 µM caused an approximately 50% reduction in cell viability while 0.05 µM GEM 

reduced cell viability by 80% in mHGG-vIII and by 60% in T98G and U87 (Figure 7.1). 

LY2606368 also caused a dose-dependent reduction in cell viability in all cell lines tested 

(Figure 7.1). There were notable differences in sensitivity to LY2606368 in the different GBM 

cell lines, with mHGG-vIII and T98G demonstrating high sensitivity to LY2606368 (ED50 values 

were 0.005 µM and 0.077 µM, respectively) compared to U87 (ED50 = 5.09 µM) (Figure 7.1). 

In two of the three GBM cell lines tested, the combination of GEM and LY2606368 appeared 

to further decrease cell viability when compared to each drug alone, particularly at lower 

concentrations (Figure 7.1A-B). In U87 cells, the effect of GEM reached a plateau in 

effectiveness at concentrations greater than 20 nM, and the addition of LY2606368 was able 

to decrease cell viability even further (Figure 7.1C). 
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These data show that GEM or LY2606368 as monotherapies caused dose-dependent 

reductions to cell viability in all GBM cell lines tested. Additionally, all GBM cell lines tested 

demonstrated that the combination of GEM and LY2606368 was more effective at reducing 

cell viability than each monotherapy. However, at higher doses, all dose-response curves 

plateaued showing that while these drugs are mostly cytotoxic in GBM cells, there remains a 

proportion of cells that appear cytostatic following 72 h exposure.  
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Figure 7.1 LY2606368 sensitised GBM cells to GEM. 

GBM cells (A) mHGG-vIII, (B) T98G and (C) U87 were treated with the indicated doses of GEM 

(x axis) and/or LY2606368 for 72 h after which cell viability was measured using alamarBlue 

assay. The % viability was calculated relative to DMSO-treated control cells. Each data point 

represents the mean ± SEM from three or four independent experiments. 
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7.2.2 LY2606368 interacted synergistically with GEM in GBM cell lines 

The results from the two-drug matrix experiment were analysed using two computational 

programs that assess drug interactions: CompuSyn [178] and Combenefit [180]. The first 

program, CompuSyn [178], utilises the method established by Chou and Talalay and 

determines a CI value, where CI values < 1 indicate desirable synergistic interactions and CI 

values > 1 indicate undesirable antagonistic interactions [179]. In two of the three cell lines 

(T98G and mHGG-vIII) the combination of GEM and LY2606368 produced CI values below 1 

demonstrating that LY2606368 synergistically enhanced the cytotoxicity of GEM (Figure 7.2 

and Table 7.1). However, in U87 cells, GEM and LY2606368 were found to be antagonistic as 

indicated by a CI value above 1 (Figure 7.2 and Table 7.1).  
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Figure 7.2 Drug interaction analysis using CompuSyn between GEM and LY2606368 in GBM 

cells. 

Two-drug combination dose-response matrix was used to determine how GEM and 

LY2606368 interact in GBM cells. CI values were calculated using CompuSyn software where 

CI values = 1 (dotted line) present additive interactions, CI value < 1 are synergistic and CI 

values > 1 are antagonistic. Each data points represent mean CI for each independent 

experiment with overall mean CI ± SEM from at least three independent experiments. 

 

Table 7.1 CI values calculated using CompuSyn software to determine the interaction 

between GEM and LY2606368 in GBM cell lines. 

CI values were calculated using CompuSyn software. CI values < 1 are synergistic (indicated 

by green values) and CI values > 1 are antagonistic (indicated by red values). The number (n) 

of independent experiments performed is shown. 

Cell Line Mean CI value SD n 

T98G 0.457 0.081 3 

mHGG-vIII 0.756 0.047 4 

U87 1.515 0.232 3 
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To verify these data, Combenefit [180] was used to determine the interaction between GEM 

and LY2606368. This program applies three additional mathematical models of drug 

interactions. These are the Loewe Additivity model [181], HSA model [182] and the Bliss 

interaction model [183]. Each mathematical model has a slightly different way of comparing 

the single-agent response curves with the cellular response to combination treatment across 

a range of different concentrations. The analysis confirmed the results described above, with 

all three models indicating that LY2606368 synergised with GEM in T98G and mHGG-vIII cells 

(Supplementary Figure 11). These models also indicate that GEM and LY2606368 cells are 

mostly antagonistic in U87 cells, consistent with the results from CompuSyn analysis 

(Supplementary Figure 11).  

 

7.2.3 DNA damaging induced by GEM initiate CHK1-mediated cell cycle arrest 

The differences in drug interactions observed across the different GBM models suggested that 

GEM may exert its cytotoxic effects differently, likely depending on genetic context. To 

investigate the mechanisms of how LY2606368 enhances or inhibits the cytotoxicity of GEM, 

I assessed the effect of drug exposure on proteins associated with the DDR and CHK1 

signalling via immunoblot. As there were contrasting results from the drug interaction assays, 

another two additional cell lines was included in this analysis: GBM6 and GBM39. All GBM cell 

lines were treated with 0.1% DMSO, 20 nM GEM, various doses of LY2606368 (approximately 

at the ED50 concentration) or the combination of GEM and LY2606368. Cells were exposed to 

drug for 24 h and protein was collected as described in section 3.6.  

 

Firstly, the expression of phosphorylated histone H2A (γH2AX) was examined, to determine 

the extent of DNA damage caused by each treatment. In four of the five cell lines treated, 

γH2AX expression was increased by GEM or LY2606368 as monotherapies, confirming that 

the concentrations of GEM and LY2603638 were sufficient to increase DNA damage (Figure 

7.3B-E, compare negative control lane 1 with lanes 2 or 3). It is known that blockade of CHK1 

using LY2606368 can prevent cell from arresting in the cell cycle following DNA damage [233], 

and immunoblotting analysis here confirms that CHK1 is inhibited by the reduction in S296 

phosphorylation and the increase in S345 phosphorylation of CHK1 observed in four of the 

five cell lines (Figure 7.3A-D, compare DMSO control lane 1 with lanes 3-4). I hypothesised 

that CHK1 inhibition may block the cells from arresting in the cell cycle following GEM 
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treatment, preventing the cells from repairing GEM-induced DNA damage, leading to an 

accumulation in γH2AX. Indeed, combining GEM with LY2606368 induced an accumulation of 

γH2AX expression relative to GEM treatment alone in four of the five cell lines (Figure 7.3A,C-

E, lane 4 compared to lane 2). Furthermore, in GBM6 and mHGG-vIII, the combination treated 

cells appeared to have additionally elevated γH2AX expression when compared to GEM or 

LY2606368 monotherapy (Figure 7.3A,E, lane 4 compared to lane 2-3), reiterating that 

LY2606368 may enhance GEM-induced DNA damage in GBM cells. 
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Figure 7.3 Exposure of GBM cells to GEM and/or LY2606368 altered the activity of cell cycle 

regulators and increased DNA damage. 

Immunoblotting was performed with the stated antibodies on whole protein lysates from 

cultures of (A) GBM6, (B) GBM39, (C) U87, (D) T98G, (E) mHGG-vIII after 24 h exposure to 20 

nM GEM and/or the specified dose of LY2606368. The location of protein size markers are 

shown. These data are representative of three independent experiments. Negative control 

samples were treated with DMSO (0.1%) alone and β-actin was used as a protein loading 

control. 

 

To confirm this effect was due to a failure of cells to arrest in the cell cycle, I investigated 

several downstream CHK1 effectors. Several of these effectors are the CDC25 family of 
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phosphatases where CHK1-mediated phosphorylation marks them for ubiquitin-dependent 

degradation. This prevents the dephosphorylation of CDC2, and it remains phosphorylated at 

Y15 which in turn causes cell cycle arrest by blocking mitotic entry [256, 257]. At 24 h, 

phosphorylation of CDC2 at Y15 in U87 and T98G cells increased with GEM (Figure 7.3C-D, 

lane 2), demonstrating GEM-induced cell cycle arrest, while in the other cell lines CDC2 

phosphorylation was unchanged with GEM treatment at the time point. Following LY2606368 

blockade of CHK1, the CDC25 phosphatases are not targeted for degradation and in turn are 

able to dephosphorylate CDC2 allowing for cell cycle progression and mitotic entry [258]. 

Therefore, as expected, in cells treated with GEM and LY2606368, CDC2 phosphorylation at 

Y15 was reduced when compared to GEM alone (Figure 7.3, lane 4). This would suggest that 

combination-treated GBM cells were still progressing through the cell cycle despite the 

presence of GEM-induced DNA damage. This is consistent with the increased γH2AX 

expression (as explained above), as cells have lost the opportunity to repair DNA damage. 

Interestingly, LY2606368 alone or in combination with GEM also reduced expression of total 

CDC2 in GBM39 and U87, whereas total CDC2 expression remained consistent among all 

treatment groups in GBM6 and T98G (Figure 7.3, lane 3-4). This could relate to TP53 status as 

GBM39 and U87 are TP53-wild-type and GBM6 and T98G are TP53-mutant.  

 

As mentioned above TP53 status could impact the response of GBM cells to GEM, LY2606368 

or the combination. p53 is another protein that is downstream of CHK1. A previous report 

show that GEM can cause an accumulation of p53 and its associated pro-apoptotic proteins 

[259]. Here, our results show that GEM increased p53 protein levels in all GBM cell lines, 

except for mHGG-vIII, demonstrating that despite TP53 status, p53 still appears to be 

regulated in GBM cells in response to DNA damage. LY2606368 monotherapy and in 

combination with GEM also caused an elevation in p53 levels when compared to DMSO 

control (Figure 7.3, lane 2). Interestingly, in TP53-wild-type cells, GBM39 and U87, the 

combination of GEM and LY2606368 further increased expression of p53 when compared to 

GEM alone, suggesting that as CHK1 is inhibited, these cells appear to be relying on p53 and 

the G1/S checkpoint to respond to DNA damage insults (Figure 7.3B-C, lane 4). Whereas in 

TP53-mutant cells, GBM6 and T98G, expression of p53 were consistent between each drug 

alone and the combination therapy (Figure 7.3A,D, lane 4-5).  
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7.2.4 CHK1 inhibition allowed GBM cells to escape GEM-induced S phase arrest  

Immunoblotting suggested GEM triggered the activation of CHK1 in three of the five GBM cell 

lines tested. Downstream, this caused cell cycle arrest indicated by increased phosphorylation 

of CDC2 at Y15. Conversely, GBM cells treated with LY2606368 demonstrated loss of CHK1 

activation which allowed cell cycle progression as indicated by the loss of Y15-phosphorylated 

CDC2. Thus, GBM6 and U87 cells were treated with DMSO, GEM, LY2606368 or the 

combination of GEM and LY2606368 and sought to validate these effects of drug treatment 

on cell cycle progression using flow cytometry. In order to better elucidate the similarities and 

differences in the response of GBM cells to GEM and LY2606368 treatment, I selected two 

cell lines with opposing responses to drug treatment. These were (1) GBM6 cells, where GEM 

and LY2606368 worked synergistically to reduce cell viability, the combination therapy 

enhanced DNA damage and the cells are TP53-mutant [168]; and (2) U87 cells, where the 

combination treatment appeared antagonistic, did not enhance DNA damage over GEM or 

LY2606368 monotherapy and are TP53-wild-type.  

 

To examine mitotic populations, cells were stained with pHH3 (section 3.7). LY2606368 single 

agent treatment did not affect the mitotic populations after 24 or 48 h. As expected, after 24 

h, GEM exposure caused a complete cessation of mitosis in GBM6 cultures as seen by the 

significant reduction in pHH3+ cells compared to DMSO controls (Figure 7.4A,C). U87 cells 

also appeared to have reduced mitosis 24 h post-GEM exposure, however cell division 

appeared to return to control levels by 48 h (Figure 7.4B,D) Interestingly, GBM6 cells treated 

with the combination of GEM and LY2606368 were not cell cycle arrested 24 h post-exposure, 

indicating that CHK1 inhibition via LY2606368 allowed GBM6 cells to enter mitosis despite 

GEM-induced DNA damage; however, this was not observed in U87 cells. Moreover, there 

was no apparent difference in mitosis in U87s treated with GEM or the combination therapy, 

with the cells in both samples arresting in the cell cycle post-GEM exposure, and the 

combination-treated samples remaining arrested after 48 h (Figure 7.4B,D), suggesting that 

U87 cells were still able to cause cell cycle arrest through CHK1-independent mechanisms.  
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Figure 7.4 LY2606368 prevented GEM-induced mitotic arrest of GBM6, but not U87 cells. 

Patient-derived GBM6 cells (A,C) and the established GBM cell line U87 (B,D) were treated 

with 0.1% DMSO, 1 µM LY2606368, 20 nM GEM or the combination of GEM and LY2606368 

for the times indicated. Cells were stained with pHH3 and then analysed by flow cytometry. 

(A-B) Representative flow plots show cell populations gated according to Figure 3.3 to 

distinguish between mitotic (pHH3+) and non-mitotic (pHH3-) cells. (C-D) The frequency of 

populations were quantified using FlowJo software (v10). Graphs display the mean % ± SD of 

pHH3+ cells from three individual experiments. Groups were compared using unpaired 

Student’s t tests; *, p≤0.05; **, p≤0.01, ***; p≤0.001 and ****, p≤0.0001.  

 

Prior to harvesting, GBM6 and U87 were incubated with EdU for 45 min to mark cells 

undergoing active cell division and were also stained with DAPI to quantify DNA content and 

enable further definition of the other phases of the cell cycle. Cells in G1 were marked as EdU 

negative with 2n DNA content, cells in S phase were defined as having DNA content between 

2n and 4n and were split into EdU+ and EdU- populations to indicate active S phase or S phase 

arrest, respectively, and G2 was defined as cells with 4n content. SubG1 was identified as cells 

with less than 2n DNA content.  
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GEM is known to induce cell cycle arrest in S phase in a CHK1-dependent manner [96, 254, 

260]. Cell cycle arrest is also accompanied by a reduction of new DNA synthesis as cells are 

undergoing DNA repair [85]. In GBM6 cells, GEM exposure caused a profound early S phase 

arrest, indicated by the increase in cells in S phase that only contained low amounts of EdU 

(Figure 7.5A); however, this appeared to resolve by 48 h and the cells appeared to return to 

near normal DNA synthesis (Figure 7.5A and Table 7.2). Despite the differences in viability 

post-drug exposure and immunoblotting results observed between these two cell lines, a 

similar early S phase arrest post-GEM exposure was observed in U87 cells. However, these 

cells did not appear to re-start DNA synthesis by 48 h and instead appeared arrested in G2 

(Figure 7.5B). These data correlate with the pHH3+ populations seen in Figure 7.4, where GEM 

reduced GBM6 mitotic populations across 24 and 48 time points, whereas mitotic U87 

populations were only significantly lower than DMSO controls at 24 h.   
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Figure 7.5 Changes to cell cycle distribution after treatment with GEM and LY2606368. 

Patient-derived (A-C) GBM6 and established cells (B-D) U87 were treated with 0.1% DMSO, 1 µM LY2606368, 20 nM GEM or the combination of 

GEM and LY2606368 for the indicated times. Cells were subjected to EdU for 45 min and stained with DAPI. (A-B) Representative flow plots show 

cell populations gated according to Figure 3.3 into subG1, G1, EdU+ S, EdU- S and G2 phases of cell cycle. Frequency of populations were 

quantified using FlowJo software (v10). (C-D) Quantification graphs display mean % ± SD of the total DAPI/EdU population from three individual 

experiments. Unpaired Student’s t test identified significant difference between treatment groups; *, p≤0.05, **, p≤0.01, ***, p≤0.001 and ****, 

p≤0.0001 
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Table 7.2 Cell cycle distribution of GBM6 cells post-drug exposure in vitro. 

Percentage of cells distinguished as the indicated phases of cell cycle are shown after 24 or 

48 h of treatment exposure. Each value is the mean % ± SD. Unpaired Student’s t test was 

used to compared DMSO control to the different treatment groups (*, p≤0.05, **, p≤0.01, 

***, p≤0.001 and ****, p≤0.0001). The number (n) of independent experiments performed is 

shown. 

24 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 GEM 
GEM 

+LY2606368 

SubG1 2.5±0.002 4.4±0.01** 3.3±0.01 4.7±0.01** 

G1 61.8±0.02 25.0±0.02**** 31.8±0.03*** 67.8±0.02 

EdU+ S 21.8±0.02 36.4±0.03** 52.7±0.1*** 9.4±0.02** 

EdU- S 2.8±0.01 18.6±0.02*** 6.7±0.01** 13.2±0.01*** 

G2 10.2±0.01 15.1±0.04 5.7±0.01* 9.6±0.003 

M (4n DNA) 1.2±0.003 0.6±0.003 0.04±0.0002** 0.1±0.001** 

M (<4n DNA) 0.04±0.0001 0.6±0.003* 0.1±0.0001 1.6±0.005** 

48 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 GEM 
GEM 

+LY2606368 

SubG1 2.9±0.004 6.1±0.01** 4.9±0.01** 7.5±0.003**** 

G1 61.9±0.03 20.2±0.02**** 27.8±0.03*** 62.8±0.03 

EdU+ S 23.8±0.03 14.3±0.02** 56.8±0.04*** 4.4±0.004*** 

EdU- S 2.9±0.01 37.2±0.1*** 6.4±0.02 15.8±0.02*** 

G2 8.0±0.01 22.8±0.1 4.3±0.01** 9.8±0.02 

M (4n DNA) 0.7±0.003 0.2±0.001* 0.1±0.0004* 0.03±0.0001* 

M (<4n DNA) 0.03±0.0002 0.2±0.001** 0.1±0.001 0.4±0.001** 
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Table 7.3 Distribution of U87 cells in cell cycle after in vitro drug treatment. 

Percentage of total DAPI/EdU population in the different phases of cell cycle are shown after 

24 and 48 h of treatment. Each value is the mean % ± SD. Unpaired Student’s t test was used 

to compared DMSO control to the different treatment groups (*, p≤0.05, **, p≤0.01, ***, 

p≤0.001 and ****, p≤0.0001). The number (n) of independent experiments performed is 

shown. 

24 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 GEM 
GEM 

+LY2606368 

SubG1 1.0±0.004 1.8±0.01 1.8±0.01 2.3±0.01 

G1 54.5±0.01 33.7±0.01**** 26.0±0.1** 75.6±0.02*** 

EdU+ S 24.9±0.01 20.5±0.03* 65.5±0.1** 3.6±0.01**** 

EdU- S 4.3±0.02 9.6±0.02* 3.3±0.03 10.7±0.02* 

G2 14.1±0.01 33.2±0.03*** 3.6±0.01*** 7.5±0.02** 

M (4n DNA) 1.2±0.001 1.3±0.004 0.3±0.001**** 0.1±0.0004**** 

M (<4n DNA) 0.02±0.0001 0.1±0.001 0.02±0.0003 0.4±0.002* 

48 h (n=3) Frequency of DAPI/EdU (Mean %±SD) 

Treatment DMSO LY2606368 GEM 
GEM 

+LY2606368 

SubG1 1.1±0.004 4.5±0.003*** 4.6±0.01** 3.9±0.01** 

G1 62.3±0.03 42.8±0.08* 39.1±0.1** 72.4±0.02** 

EdU+ S 18.8±0.04 14.4±0.13 25.9±0.2 1.8±0.01** 

EdU- S 3.1±0.02 13.0±0.07 11.4±0.1 11.7±0.02** 

G2 13.6±0.01 24.7±0.15 18.4±0.2 10.1±0.01* 

M (4n DNA) 1.0±0.003 0.6±0.005 0.7±0.01 0.03±0.0001** 

M (<4n DNA) 0.02±0.00004 0.04±0.0002 0.1±0.001 0.1±0.0002* 

 

In GBM6 cultures, there were no significant differences observed in the G1 or G2 populations 

when comparing the combination treated cells with DMSO-treated controls. This suggests 

that LY2606368 completely impedes the ability of these cells to respond to GEM-induced DNA 

damage. Moreover, in both cell lines, combination treatment appeared to cause a persistent 

inhibition in DNA synthesis, not observed in the DMSO-, LY2606368- or GEM-treated samples. 

Thus, despite the differences amongst these two in vitro GBM models, combination GEM and 

LY2606368 treatment appears to be an effective means to prevent GBM cell proliferation. A 

summary of all the cell cycle distribution findings for GBM6 and U87 cells is shown in Table 

7.2 and Table 7.3, respectively. 
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7.2.5 CHK1 inhibition via LY2606368 triggered premature mitotic entry 

Previous studies [23, 212] and data from sections 5.2.5 and 6.2.5 suggested that LY2606368 

forces cancer cells into premature mitosis, meaning cells are entering mitosis with an 

incompletely replicated genome and potentially with unrepaired DNA damage. In order to 

explore if this phenomenon also occurs after GEM-induced DNA damage, the total pHH3+ 

population was further analysed according to DNA content to distinguish two populations: 

normal mitotic cells with 4n DNA content (M, 4n DNA) and aberrantly mitotic cells with less 

than 4n DNA content (M, <4n DNA). In DMSO-treated controls the mitotic populations 

appeared normal in both cultures (Figure 7.6). As mentioned above, GEM caused a significant 

decrease in mitosis after 24 h, therefore there were very few pHH3+ GBM6 or U87 cells 

compared to DMSO-treated controls (Figure 7.6). In contrast, when GBM6 cells were treated 

with the combination of GEM and LY2606368, the population of pHH3+ cells was similar to 

DMSO-treated controls, but analysis of these cells for DNA content revealed that most of 

these cells had <4n DNA content, indicative of premature mitosis (Figure 7.6A,C), and this 

persisted 48 h post-drug exposure. At that same time point, U87 cells treated with the 

combination of GEM and LY2606368 had fewer pHH3+ cells, but a significant proportion of 

these also had <4n DNA content (Figure 7.6B,D), emphasising that CHK1 inhibition abrogates 

DNA-damage induced cell cycle arrest and normal cell cycle control in GBM cells. LY2606368 

as a single agent also induced some aberrant mitosis in GBM6 cells, which are TP53-mutant, 

but to a lesser extent than the combination therapy (Figure 7.6A,C), demonstrating that the 

combination treatment was more effective than LY2606368 alone in causing premature 

mitotic entry. LY2606368 alone did not affect mitotic populations in TP53-wild-type U87 cells 

(Figure 7.6B,D), consistent with other studies showing that cells deficient for p53 are more 

susceptible to CHK1 inhibition [191]. 

  



231 

 

Figure 7.6 LY2606368 induced premature mitosis in GBM cells. 

(A,C) GBM6 and (B,D) U87 cells were treated with the DMSO, LY2606368, GEM or both GEM and LY2606368 for the indicated timepoints. The proportion of 

pHH3+ cells and their DNA content (measured by DAPI intensity) were determined using flow cytometry. (A-B) Representative dot plots are shown and (C-D) 

graphs indicate two populations: normal mitotic cells with 4n DNA (M, 4n DNA) and aberrantly mitotic cells with less than 4n DNA (M, <4n DNA) determined 

using FlowJo software (v10). Graphs display proportion of total pHH3+ that were normal or aberrant ± SD from three independent experiments. Aberrant 

mitotic populations between groups were compared using unpaired Student’s t tests; *, p≤0.05; **, p≤0.01; **, p≤0.001 ****, p≤0.0001.  
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7.2.6 LY2606368 does not enhance GEM-induced apoptosis of GBM cells in vitro 

As shown above combining GEM with LY2606368 forced cells with GEM-induced DNA damage 

and less than 4n DNA content to enter mitosis early. Premature mitotic entry has shown to 

cause cell death [23, 212]. Hence, I hypothesised that adding LY2606368 may potentiate GEM-

induced cell death in GBM cells. Using flow cytometry and staining cells with cleaved PARP, I 

explored whether the continued cell cycle progression and premature mitosis stimulated by 

LY2606368 following GEM exposure increased apoptosis. Very little apoptosis was seen in 

GBM6 or U87 cultures following DMSO, LY2606368, GEM or combination treatment after 24 

h (Figure 7.7). By 48 h, GEM had significantly increased apoptosis of GBM6 cells compared to 

DMSO (Figure 7.7A,C). GEM also increased apoptosis in U87 cultures but high 

interexperimental variability was observed (Figure 7.7B,D). LY2606368 monotherapy and the 

combination therapy significantly increased the percentage of apoptotic GBM6 cells when 

compared to GEM alone and DMSO-treated cultures (Figure 7.7A,C), although there was no 

difference between these two treatments, re-emphasising that LY2606368 as a single agent 

impacts TP53-mutant GBM6 cells. LY2606368 monotherapy also increased apoptosis of U87 

cells after 48 h exposure compared with controls, however the combination treatment did 

not, although analysis was impacted by high variability between independent experiments 

(Figure 7.7B,D). Of note, the proportions of apoptotic cells were very low (less than 5%) at the 

time points analysed. 
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Figure 7.7 Blocking CHK1 triggered apoptotic cell death in GBM cultures. 

(A,C) GBM6 and (B,D) U87 cells were treated with 0.1% DMSO, 1 µM LY2606368, 20 nM GEM 

or co-treated with GEM and LY2606368. Cells were fixed at the indicated timepoints and the 

proportion of cleaved PARP+ cells was determined using flow cytometry and FlowJo software 

(v10). Shown are (A-B) representative dot plots and (C-D) graphs displaying the mean ± SD 

frequency of apoptotic cells from three independent experiments. Groups were compared 

using unpaired Student’s t tests; *, p≤0.05; **, p≤0.01. 

 

7.2.7 GBM xenografts showed increased DNA damage when treated with GEM and 

LY2606368 

To further validated these in vitro data, I next examined if these cellular effects of GBM and 

LY2606368 treatment also occurred in vivo. Here, I investigated the expression of γH2AX to 

assess DNA damage and phosphorylated CHK1 at S345 to confirm if GEM induced DDR 

signalling and if LY2606368 was inhibiting CHK1 in GBM xenografts. Balb/c nude mice were 

intracranially implanted with U87, GBM6 or mHGG-vIII cells and upon the presentation of 

tumour-related symptoms (head doming or tilting), mice were treated with a single dose of 

vehicle (20% Captisol®), 60 mg/kg GEM, 20 mg/kg LY2606368 or the combination of both 

drugs (administered 6 h apart). After 24 h, mice were euthanized, and tissue analysed using 
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IHC (section 3.12 and 3.13). In all xenograft models tested, GEM inflicted DNA damage 

evidenced via increased γH2AX staining (Figure 7.8A-B). Moreover, the combination 

treatment significantly increased this further in U87 xenografts, but not in the two other 

models (Figure 7.8A-B). In GBM6, GEM treatment correlated with an increase in CHK1 S345 

phosphorylation when compared to vehicle control (Figure 7.8C-D), suggesting GEM triggered 

activation of the DDR pathway in vivo. Additionally, CHK1 inhibition was confirmed via a 

further increase in phosphorylated CHK1 at S345 which occurred after treatment with GEM 

and LY2606368, notably in U87 and GBM6 tumours (Figure 7.8C-D). These data confirm that 

the dose of GEM used was adequate to induce DNA damage within GBM xenografts in vivo. 

Furthermore, combining GEM with LY2606368 resulted in a further accumulation of 

intratumoral DNA damage, consistent with our in vitro findings.  
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Figure 7.8 GEM treatment increased γH2AX expression in GBM xenografts. 

Balb/c nude mice intracranially implanted with U87, GBM6 or mHGG-vIII were treated with a 

single dose of 60mg/kg GEM, 20mg/kg LY2606368 or the combination of both drugs. Mice 

were euthanised at 24 h post-treatment and tissue analysed by IHC for (A,B) γH2AX or (C,D) 

S345-phosphorylated CHK1. Shown are (A,C) representative images (scale bar = 50 µm) and 

(B,D) graphs showing the percentage of positively-stained cells. Individual data points 

represent the mean % positive cells determined from three individual fields of view per 

tumour from n=4-5 mice per group, with the line and error bars indicated overall mean ± SEM, 

respectively. Groups were compared using one-way ANOVA with post-hoc Tukey’s multiple 

comparisons test where; *, p≤0.05; **, p≤0.01; ***, p≤0.001. 

 

7.2.8 Proliferation of GBM cells in vivo was reduced with combination GEM and LY2606368 

treatment 

To explore the impact of combining GEM with LY2606368 on GBM cell proliferation in vivo, 

U87, mHGG-vIII and GBM6 xenografts treated as described in section 7.2.7 were 

immunohistochemically stained for the cell proliferation marker, Ki67. Excitingly, co-

treatment of mice with GEM and LY2606368 significantly reduced proliferation in U87 and 

mHGG-vIII tumours (Figure 7.9); although this was not observed in GBM6 xenografts. GEM or 

LY2606368 monotherapy had no effect on proliferation at the 24 h timepoint assessed. U87 

xenografts were also stained with cleaved caspase 3 to assess treatment-induced apoptosis 

but no positive staining was observed (Supplementary Figure 12).   
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Figure 7.9 Combined GEM and LY2606368 treatment reduced GBM proliferation in vivo. 

Balb/c nude mice intracranially implanted with U87, mHGG-vIII or GBM6 were treated as 

shown, tissue harvested after 24 h and analysed for Ki67. (A) Representative images illustrate 

positive nuclear staining (brown staining) which was quantified using Inform software as a 

percentage of total nuclei present in each image. (B) Individual data points represent the 

mean % positive cells determined from three individual fields of view per tumour from n=4-5 

mice per group, with the line and error bars indicated overall mean % ± SEM, respectively. 

Treatment groups were compared using one-way ANOVA with Tukey’s post-hoc test; *, 

p≤0.05; **, p≤0.01; ***, p≤0.001.  
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7.2.9 Co-administration of GEM and LY2606368 delayed tumour growth and extended the 

lifespan of mice with GBM 

The statistically significant reductions in GBM proliferation observed in two of the three GBM 

xenograft models studied suggested that combining GEM and LY2606368 has the potential to 

delay tumour growth and thus further extend the lifespan of mice bearing GBM xenografts. 

Therefore, to investigate the therapeutic benefit of co-administering GEM with LY2606368, 

U87, mHGG-vIII or GBM6 cells were cortically implanted into Balb/c nude mice (see section 

3.8). On day four post-implantation tumour development was confirmed using BLI (as 

described in section 3.11) and mice were randomised based on peak bioluminescence flux 

(photons/second) into four treatment groups: vehicle (20% Captisol®), LY2606368 alone (20 

mg/kg, intravenous), GEM alone (60 mg/kg, intravenous) or the combination of GEM and 

LY2606368 where the treatments were spaced 6 h apart. GEM or GEM and LY2606368 was 

administered on day one, and a second dose of LY2606368 was administered on day four of 

a seven-day cycle. Mice were treated for a total of three weeks and euthanized upon the 

development of tumour-related symptoms such as head tilt, head doming and/or weight loss.   

 

Tumour growth of U87 and GBM6 xenografts was monitored weekly throughout the 

experiment via BLI. While the bioluminescence flux of both U87 and GBM6 tumours increased 

over time, when compared to vehicle controls, both monotherapies induced a delay in 

tumour growth and, importantly, co-administration of GEM with LY2606368 produced a 

further delay in tumour growth (Figure 7.10).  
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Figure 7.10 Combined therapy using GEM and LY2606368 slowed GBM growth in vivo. 

Balb/c nude mice were implanted with luciferase-expressing (A-B) U87 and (C-D) GBM6 cells. Tumour growth was monitored via regular BLI. 

(A,C) Representative images of an individual mouse from each treatment group indicated. The bioluminescence flux is indicated by the rainbow 

heat map. (B,D) Mean ± SD bioluminescence flux (photons/second) is shown for the indicated treatment groups over time.  
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The impact of treatment on the overall survival of animals with GBM was determined using 

Kaplan-Meier analyses. In all GBM xenograft models tested, combining GEM with LY2606368 

significantly extended the survival of mice. Most importantly, in two of the three models used, 

this extension of survival was statistically significant when compared to GEM or LY2606368 

monotherapy (Figure 7.11 and Table 7.4).  Additionally, mice treated with GEM or LY2606368 

monotherapy survived longer than mice treated with vehicle, with the exception of GBM6 

tumours which did not benefit from LY2606368 monotherapy (Figure 7.11 and Table 7.4) and 

is consistent with previous experiments (section 6.2.9, Figure 6.12). Censored mice were 

euthanized due to severe treatment-induced diarrhoea resulting in >10% weight loss. 
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Figure 7.11 Combination GEM and LY2606368 therapy improved the survival of mice with 

GBM. 

(A) U87, (B) mHGG-vIII or (C) GBM6 were implanted into the cortex of Balb/c nude mice. Mice 

were treated as shown for the treatment period indicated and were humanly euthanized 

upon development of tumour-related morbidity. The number (n) of mice in each group is 

indicated. Log-rank tests with Bonferroni’s corrections were used to compare survival curves; 

ns, not significant; *, p≤0.01; **, p≤0.05; ***, p≤0.001; ****, p≤0.0001. 
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Table 7.4 Summary of median survival of mice implanted with GBM treated with GEM 

and/or LY2606368. 

Median survival (days post-implantation) of mice bearing U87, mHGG-vIII or GBM6 tumours 

that were treated with vehicle, LY2606368, GEM or combination therapy.  

Xenograft Vehicle control LY2606368 GEM 
GEM and 

LY2606368 

U87 25 45 46 68 

mHGG-vIII 22 25 26 33 

GBM6 18 19 30 32 

 

7.2.10 LY2606368 reduced blood cell counts in GBM bearing mice 

Previous clinical studies with LY2606368 have reported patients experienced leukopenia, 

neutropenia, anaemia and thrombocytopenia (NCT03057145) [149, 150]. GEM is also known 

for causing haematopoietic toxicity [261]. Therefore, through-out the three-week treatment 

period, blood samples were collected from treated mice and analysed to assess the 

haematopoietic side effects of combination therapy. Total red and white blood cell counts, 

haemoglobin or neutrophil counts were determined (Figure 7.12). During the first week of 

treatment, blood samples were not collected from the combination-treated group due to 

evidence of dehydration. By the third week, mice treated with vehicle or LY2606368 

monotherapy were euthanized due to tumour-related morbidity, thus blood samples were 

not collected. GEM monotherapy was well tolerated and did not alter the blood parameters 

assessed. LY2606368 caused a significant drop in neutrophil counts compared to mice treated 

with vehicle control (Figure 7.12). Blood analysis from the third week of treatment showed 

that mice treated with the combination treatment had significant reductions in haemoglobin, 

total white blood cells and neutrophils when compared to mice treated with GEM alone 

(Figure 7.12).  
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Figure 7.12 Blood cell analysis suggests LY2606368-related anaemia, leukopenia and 

neutropenia. 

Blood from Balb/c nude mice implanted with GBM6 (same cohort that was used for survival 

study, section 7.2.9) was collected on two occasions within the treatment period and once 

after treatment was ceased. Total red blood cells, haemoglobin, total white blood cells and 

neutrophils were analysed using Mindray blood analyser. Unpaired Student’s t test was used 

to determine significant difference of blood counts between treatment groups; *, p≤0.05 and 

**, p≤0.01 were considered significant.  

 

Blood samples were also collected from mice 24 h after a single treatment of vehicle control, 

GEM, LY2606368 or the combination of GEM and LY2606368 (same cohort of mice used in 

section 7.2.7 and 7.2.8). No significant changes in total red blood cell, total white blood cell, 

haemoglobin or neutrophil counts were observed 24 h after a single dose of any treatment 

group (Supplementary Figure 13).   



244 

7.3 Discussion 

GEM is a clinically approved chemotherapy, used as a monotherapy or in combination with 

other cancer therapies for the management of many solid tumours such as pancreatic, breast, 

ovarian, and non-small cell lung cancers. Clinical trials with GBM patients showed GEM was 

able to pass through the BBB as well as the blood-tumour barrier, and preclinical studies 

demonstrated that GEM mediated cytotoxicity via a MGMT-independent mechanism with 

radiosensitising capabilities [14-16, 56, 60]. However, in clinical trials GEM did not produce 

additional survival benefits when compared to the current standard of care for GBM [14-16, 

66, 67, 248, 262]. Many methods such as the use of GEM derivatives, nanoparticle drug 

delivery and combinations with molecular inhibitors like CHK1 or EGFR inhibitors have already 

been tested to improve the efficacy of GEM in various cancers including GBM [60, 254, 263-

266]. Nonetheless, these strategies either require further research, only produced a modest 

survival advantage in clinical trials, or have not been investigated in the context of GBM. 

Therefore, this present study adds to the body of evidence that have established the potential 

for CHK1 inhibitors to complement and enhance GEM-mediated cytotoxicity by investigating 

the combined effects of another CHK1/2 inhibitor, LY2606368, with GEM, which is a 

treatment strategy that has not been preclinically or clinically investigated in GBM. 

 

GEM is a pro-drug that undergoes anabolic phosphorylation by deoxycytidine kinases to form 

GEM diphosphate and triphosphate which inflicts cytotoxicity via inhibiting ribonucleotide 

reductase and through incorporation into DNA causing masked chain termination, 

respectively (see section 2.3.1). Both mechanisms are known to induce S phase arrest. This 

study supplements prior work [61] and showed that, in vitro, GBM cell lines are susceptible 

to GEM. GEM monotherapy also delayed tumour growth and extended the survival of mice 

with GBM xenografts, which complements other reports [267, 268]. Immunoblot analysis 

demonstrated that GEM increased expression of the DNA damage associate marker, γH2AX 

in four of the five cell line tested. These results were further supported by IHC which also 

showed that GEM increased γH2AX expression in all three GBM xenograft models used. An 

increase in γH2AX expression triggered by GEM was accompanied by a rise in CHK1 

phosphorylation at S345 which again was evident in both immunoblot and IHC analysis, 

indicating that GEM triggers ATR-dependent activation of CHK1 [235]. Following GEM-

induced CHK1 activation, the downstream target CDC2 was inhibited via phosphorylation at 
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Y15, demonstrating GEM-induced cell cycle arrest. Cell cycle analysis via flow cytometry 

confirmed results from immunoblots by exhibiting a significant reduction in mitotic 

populations post-GEM exposure. Additionally, cell cycle analysis showed that GEM prompted 

the majority of GBM6 and U87 cells to accumulate in early S phase. The fact that these cells 

were EdU+, suggests that GEM-treated GBM cells began to synthesis new DNA (indicated by 

EdU labelling) but eventually arrested in S phase which is consistent with the mechanism of 

action of GEM triphosphate, an analogue for endogenous cytosine, that forces masked chain 

termination when incorporated into DNA [51, 54].   

 

It is well documented that activation of CHK1 is associated with cell cycle arrest which 

subsequently permits DNA repair via various mechanisms [17-19]. As CHK1 is a key player in 

intra-S phase and G2/M checkpoints [22, 249, 260] and its activation was triggered via GEM-

induced DNA damage, abrogation of CHK1 via an inhibitor presents an intervention to 

potentiate and enhance the cytotoxicity of GEM. Indeed, previous studies have reported that 

other CHK1 inhibitors such as UNC-01, AZD7762, MK8776 and PD-321852 sensitised 

leukaemia, pancreatic cancer, and urothelial carcinoma cells to GEM and reduced tumour 

burden [93, 95-97, 140, 253, 254]. In this study, it was also established that CHK1 inhibition 

via LY2606368 sensitised GBM cells to GEM in vitro in a synergistic or additive manner. These 

experiments were emulated in vivo, with the combination of GEM and LY2606368 significantly 

extending the survival of mice with GBM. Furthermore, BLI revealed that LY2606368 

sensitised GBM xenografts to GEM as tumour growth was further delayed upon comparison 

to each drug as a monotherapy. A limitation to this current study is that there is no in vitro 

data to determine the efficacy or drug interaction of GEM and LY2606368 for GBM6, thus, I 

was unable to predict in vivo survival outcomes. GBM6 grow in spheres which make them 

unsuitable for assays such as alamarBlue due to uneven culture growth and poor 

reproducibility [269]. Additionally, in previous sections 5.2.1 and 6.2.1, I used clonogenicity 

assay to determine the efficacy of RT, TMZ or LY2606368 on reducing GBM6 colony formation, 

however, GEM has a short duration of action, therefore a long assay time such as 14 days is 

not suitable for fast acting drugs like GEM. This was confirmed during our flow cytometry 

experiments as cells were observed returning to normal cell cycle 48 h post-GEM exposure as 

representative plots were almost identical to DMSO controls.  



246 

Corresponding with published data, LY2606368 inhibited autophosphorylation of CHK1 at 

S296 and reduced total CHK1 protein expression [23, 95, 140]. Another study [185] and our 

previous work combining RT or TMZ with LY2606368 demonstrated a reduction in CHK1 

phosphorylation at S296 initiated an accumulation of ATR-dependent phosphorylation of 

S345 (see sections 5.2.3 and 6.2.3). This demonstrates the self-regulating mechanism of CHK1, 

as autophosphorylation at S296 creates a negative feedback loop that removes phosphates 

from S345 [209]. However, reduction of CHK1 autophosphorylation at S296 after GEM and 

LY2606368 was only observed in two of the five cell lines tested. In the other cell lines, 

combining GEM with LY2606368 did not produce an increase in S345 phosphorylation but 

instead CHK1 phosphorylation at S345 remained consistent or was reduced when compared 

to GEM alone group. Nevertheless, complete loss of CHK1 phosphorylation at S296 and 

reduction in total CHK1 protein, imply that phosphorylated CHK1 S345 makes the bulk 

proportion of total CHK1 expression, supporting that CHK1 was inhibited by LY2606368. 

Furthermore, in vivo, accumulation of nuclear S345-phosphorylated CHK1 was observed after 

a single treatment of GEM and LY2606368, highlighting that a single protein harvest time 

point was another limitation in this study. To overcome this, further protein collection time 

points is required and may present an accumulation of S345 phosphorylation after co-

treatment with GEM and LY2606368.  

 

LY2606368 has been established to promote premature mitosis leading to cell death [23, 

185]. In vitro and in vivo investigations displayed that expression of γH2AX was amplified with 

the combination of GEM and LY2606368 which correlated with decreased in CHK1 protein 

levels, highlighting that LY2606368 inhibited CHK1. Importantly, combining GEM and 

LY2606368 caused a reduction of Y15-phosphorylated CDC2 compared to GEM alone. 

Collectively these data show that CHK1 inhibition allowed continued expression of the CDC25 

phosphatases that normally dephosphorylate CDC2 at Y15, resulting in sustained CDC2 kinase 

activity and mitotic entry despite GBM cells harbouring DNA damage from GEM. However, 

flow cytometry analysis illustrated that the addition of LY2606368 to GEM did not appear to 

abrogate GEM-induced S phase arrest, instead cell populations indicated that the 

combination caused GBM6 and U87 cells to remain stuck in G1. This correlates with results 

from previous studies that demonstrate that combining GEM with CHK1 inhibition triggered 

replication fork collapse, double-strand DNA breaks in S phase cells and aberrant activation 
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of DNA helicases in the absence of dNTPs, which indicate the primary cytotoxicity of GEM was 

via its diphosphate derivative inhibiting ribonucleotide reductase [96, 270]. Nevertheless, as 

explained above, it was evident that GEM-induced DNA damage via GEM triphosphate 

causing masked chain termination, emphasising that the effects of both GEM di- and 

triphosphate are occurring concurrently in GBM cells, but the inhibition of ribonucleotide 

reductase predominantly supplements CHK1 inhibition. 

 

Additional gating of pHH3 mitotic populations to distinguish normal and aberrant mitotic cells 

presented that combining GEM with LY2606368 increased the proportion of aberrant mitotic 

cells compared to all other treatment groups, suggesting that the combination treatment 

forced GBM6 and U87 cells into premature mitosis before complete replication of the 

genome. However, in both GBM6 and U87, LY2606368 monotherapy also promoted aberrant 

mitotic entry. Analysis of apoptotic cells via cleaved PARP staining showed comparable 

apoptotic populations between LY2606368 monotherapy and in combination with GEM. This 

further implicates that the mechanisms between GEM and LY2606368 are not solely 

dependent on premature mitotic entry. Combinations of GEM and other CHK1 inhibitors like 

MK8776, PD-321852 and AZD7762 also found GEM sensitisation was not reliant on aberrant 

mitotic entry [139, 140, 270, 271]. A study that used siRNA to prevent the abrogation of CHK1-

mediated cell cycle arrest, by targeting cyclin B1 proteins, demonstrated that AZD7762 

continued to sensitise pancreatic cancer cells to GEM through accumulation of single 

stranded DNA and enhanced replication stress [139].  

 

Our findings support the use of GEM to treat GBM as GEM alone reduced cell viability, delayed 

tumour growth and prolonged survive of mice. Furthermore, combining GEM with LY260368 

sensitised GBM cells to GEM and further elongated the life span of mice bearing GBM 

xenografts. This study was designed to provide insights into a single molecular mechanism of 

GEM sensitisation, but it is unlikely that one exclusive mechanism is responsible. Our data   

clearly demonstrates that co-treatment of GEM and LY2606368 triggered premature mitosis, 

but other mechanisms such as replication fork collapse caused by inhibition of ribonucleotide 

reductase and absence of dNTPs should be investigated. I hope this study will be a 

steppingstone for other comprehensive studies to further define the mechanism between 

GEM and LY2606368 in GBM. The combination of GEM and LY2606368 presents a suitable 
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clinical trial proposal for patients with relapsed GBM that have developed resistance to the 

standard of care therapy, RT and TMZ.   
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CHAPTER 8: GENERAL DISCUSSION 

 

8.1 Introduction 

Over the past decade, clinicals trials investigating both new and old therapeutic agents for 

GBM patients have not successfully improved clinical outcomes including progression-free 

survival or overall survival. It is recognised that GBMs are difficult to treat with many unique 

challenges, notably the BBB, the anatomical inability to completely surgically resect the 

tumour, its heterogeneous nature and presence of glioma stem cells, all of which contribute 

to resistance to most treatments. GBMs demonstrate several mechanisms of treatment 

resistance, such as the most famously known methylation of the DNA repair gene MGMT, loss 

of normal p53 function, overexpression of EGFR and upregulation of DNA repair mechanisms 

[272]. Several targeted therapies such as EGFR, VEGF and PI3K pathway inhibitors have been 

preclinically and clinically tested in GBM but none have produced outstanding results that 

justify changing the current standard of care [273]. This clearly highlights the urgent need for 

further research into the discovery for more effective therapeutic options for GBM. 

 

In this thesis, I have explored the involvement of the ATM-ATR-CHK1 signalling pathway in 

the ability of GBM cells to efficiently repair the DNA damage caused by traditional therapies 

and essentially reverse the effects of treatment. As reviewed in sections 2.5 and 2.6, cell cycle 

checkpoint kinase inhibitors are an emerging therapeutic avenue for all cancers including 

GBM. This thesis focussed on CHK1 due to its role in initiating cell cycle arrest after sensing 

DNA damage induced by traditional GBM therapies like RT, TMZ and GEM [89, 90, 274]. 

Hence, we investigated CHK1/2 inhibitor, LY2606368, also known as prexasertib, as an 

augmentative therapy for RT, TMZ or GEM as it has shown the potential to enhance the 

effects of other DNA damaging agents such as cyclophosphamide and cisplatin in 

medulloblastoma, breast, ovarian and prostate cancer models [201, 233, 275].  

 

This is the first described evaluation of LY2606368 for GBM. Hence, this thesis begins to 

understand the mechanisms of LY2606368 monotherapy and what occurs at the molecular 

level when it is combined with RT, TMZ or GEM, in preclinical models of GBM. This thesis 

enables the field to recognise the potential of CHK1 inhibition for GBM treatment, addresses 
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limitations and discusses areas of improvement. With additional research in other robust 

models of GBM, there is also potential to establish a rational clinical trial proposal to 

investigate LY2606368, or another CHK1 inhibitor, in people with GBM to provide patients 

with more clinical options than are currently available.  

 

8.2 Supporting the use of LY2606368 with traditional GBM treatments 

For the first time, the data presented in the preceding chapters have shown that combining 

radiation, TMZ or GEM with LY2606368 results in significant reductions in GBM colony 

formation and cell viability in vitro, implying that LY2606368 sensitises multiple GBM cell lines 

to the anti-cancer effects of these traditional therapies. These results complement a previous 

study that showed LY2606368 combined with cetuximab, an EGFR inhibitor, and radiation 

further suppressed cell proliferation and colony formation of various head and neck 

squamous cell carcinoma cell lines [158]. In relation to GBM, CHK1 inhibitors such as 

CCT244747, SAR-020106 and UCN-01 have been shown to enhance the effect of radiation and 

increase the cytotoxicity of TMZ, respectively [206, 229]. Thus, the use of these other CHK1 

inhibitors demonstrated the prospect of enhanced cell death after co-administering standard 

of care GBM therapies with CHK1 inhibitors like LY2606368. Similarly, CHK1 inhibitors such as 

MK8776, PD-321852 and AZD7762 have also been proven to sensitise pancreatic cancer cell 

lines and tumours to GEM, resulting in significantly increased GEM-induced clonogenic death 

and further inhibiting the growth of pancreatic cancer xenografts [140, 209, 270]. These 

studies support the use of GEM in combination with CHK1 inhibitors as another promising 

therapeutic option for treating GBM.  

 

One of the major aims of this thesis was to determine the interaction between LY2606368 

and radiation, TMZ or GEM, in vitro. This is important, as predicting and measuring the 

interactions between multiple agents is crucial for safer and more effective treatment 

protocols, given that often the combination of multiple therapeutic agents has the potential 

to be antagonistic and/or increase toxicity [178, 180, 276]. In this thesis, two different 

computational programs (CompuSyn [178] and Combenefit [180]) was used to predict the 

interactions between LY2606368 and radiation, TMZ or GEM. CompuSyn predicts treatment 

interactions according to the CI method established by Chou and Talalay [179], whereas 
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Combenefit determines interaction using the Loewe additivity [181], HSA [182] and Bliss 

interaction [183] mathematical models of dose-response. Since this thesis focused on 

introducing LY2606368 as a therapeutic option for GBM, I hypothesised that LY2606368 will 

favourably synergise with radiation, TMZ and/or GEM and elicit a greater anti-cancer effect 

than each monotherapy alone. As discussed in section 5.2.2, LY2606368 synergised or 

interacted additively with radiation across three unique patient-derived GBM cell lines. 

Similarly, as described in section 6.2.2, LY2606368 was observed to work synergistically or 

additively to enhance the cytotoxic effects of TMZ in several GBM cell lines. According to the 

Bliss model, TMZ and LY2606368 were antagonistic in U87, while all other mathematical 

models suggested the interaction between the two drugs was additive. In section 7.2.2, 

LY2606368 demonstrated synergy with GEM in two of the three cell lines tested, and 

conversely behaved in an antagonistic manner with GEM in a third cell line, U87. Overall, using 

these four different mathematical models of dose-response interaction, I showed that 

LY2606368 can interact synergistically with radiation, TMZ and GEM to sensitise GBM to their 

effects, thus provides supporting evidence for the rational co-administration of LY2606368 

with traditional GBM therapies. 

 

It is yet to be established how valuable these in vitro studies of treatment interactions are in 

predicting the true effect of combination therapies in vivo. As such, another major aim of this 

thesis was to determine if co-administration of RT, TMZ or GEM with LY2606368 produces a 

survival benefit in mice with intracranial GBM xenografts. As explained above, in vitro 

clonogenic and cell viability assays showed that LY2606368 sensitized GBM cell lines to 

radiation, TMZ and GEM. Given the encouraging in vitro results, I hypothesized that co-

administration of RT, TMZ or GEM with LY2606368 would prolong the survival of mice bearing 

GBM xenografts. Starting with section 5.2.8, combining RT with LY2606368 extended the 

survival of mice bearing mHGG-vIII and U87 xenografts, but not mice bearing GBM6 tumours 

when compared to RT alone. Unfortunately, survival was only extended by 5 or 14 days, 

respectively and after correction for multiple comparisons using the Bonferroni method, the 

survival curves were found not to be statistically significantly different. Thus, these results 

suggest that addition of LY2606368 to RT only produced a modest improvement in survival of 

mice bearing GBM xenografts when compared to RT alone, and is unlikely to result in clinically 

relevant survival benefits for patients.  
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In this thesis, LY2606368 was administered 2 h prior to RT delivery. This was done to allow 

time for LY2606368 to reach tumour cells in the brain and be functionally inhibiting CHK1 at 

the time of RT delivery.  However, in this thesis, I did not assess additional time points for 

LY2606368 administration, and thus poses as a limitation in in vivo experiments presented in 

sections 5.2.7 and 5.2.8. It is possible that with optimisation of the timing of drug delivery, 

the effects of treatment may be enhanced. The current literature lacks information about the 

half-life of LY2606368 within GBMs. A recently published study showed that the mean 

elimination half-life after a single 10 mg/kg LY2606368 given subcutaneously was 4.5 h in a 

mouse model of medulloblastoma. From the same study, induction of S345-phosphorylated 

CHK1 and γH2AX peaked 2 h after a single dose of intravenous 20 mg/kg LY2606368 [151]. 

Furthermore, a previous study that also combined LY2606368 with RT in an in vivo model of 

head and neck squamous cell carcinoma did not describe details about when LY2606368 was 

administered to mice relative to radiation treatment [158]. Therefore, determining the 

optimal time prior to RT that LY2606368 should be administered could potentially produce a 

significant survival extension, if this experiment were to be repeated, and moreover, establish 

the optimal treatment schedule for the study of LY2606368 in combination with RT for other 

in vivo cancer models. Immunohistochemical analysis of S345-phosphorylated CHK1 in GBMs 

following administration of LY2606368 confirmed that sufficient drug was reaching the 

tumours, however, it is possible that the kinase was not inhibited for long enough to have a 

robust radiosensitising effect. Future work could focus on optimising the delivery of 

LY2606368 (for example, testing slow-release infusions versus the intravenous bolus 

injections used here), or using CHK inhibitors with improved CNS penetration or with 

enhanced pharmacokinetic properties. 

 

Of note, the presented RT protocol using the X-RAD SmART platform targets the majority of 

the mouse brain, except the olfactory bulbs and tail end of the cerebellum using two static 1 

Gy beams from either side of the mouse head (see section 3.9). This RT treatment protocol 

was selected for this thesis due to its ease in beam planning, fast delivery of RT and because 

a larger area of the brain was treated which increased the likelihood of treating the majority 

of the implanted GBM xenograft (see section 4.12.2). Survival analysis showed that this 

approach was sufficient to significantly extend the lifespan of mice compared to mice in the 

control group, however, according to the SmART program dose calculations, only 40-50% of 
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the allocated targeted area received a total of 2 Gy RT. Preclinical radiotherapy is still a 

relatively new field, with equipment suitable for small animals only being recently 

commercially available [277]. Further treatment planning optimisation may be required to 

increase the percentage of the targeted area that receives 2 Gy RT. This would establish an 

improved preclinical protocol for treating brain tumour xenografts in murine models which 

will more faithfully reflect the precise RT protocols of the clinic. 

 

In section 6.2.9, two of the three xenograft models tested (mHGG-vIII and GBM6), significantly 

benefited from co-administration of TMZ and LY2606368 when compared to TMZ alone. This 

supports the hypothesis that combining TMZ with LY2606368 will further prolong the lifespan 

of GBM xenograft bearing mice. In contrast, the survival of mice implanted with U87 was not 

statistically different between the TMZ alone and the combination group. These in vivo data 

do not exactly follow what would be expected from our in vitro computational drug 

interaction analyses. On one hand, the in vitro and in vivo results for mHGGvIII are consistent, 

with in vitro synergy between TMZ and LY2606368 consistent with the enhanced survival in 

vivo observed. However, on the other hand, TMZ and LY2606368 were predicted to be 

antagonistic in GBM6 cells using the mathematical models of Chou and Talalay or Loewe, and 

yet TMZ/LY2606368 combination treatment significantly improved the survival of mice with 

GBM6 xenografts. Thus, although in vitro analyses of drug:drug interactions have value in pre-

screening treatment combinations prior to in vivo validation, these data suggest that these 

results might not tightly correlate with the true biological effect of treatment in vivo.   

 

In vitro, the combination of TMZ and LY2606368 was predicted to be additive in U87 cells 

according to all mathematical models, except the Bliss model which indicated antagonism. In 

vivo, no significant difference in survival was seen in mice with U87 xenografts treated with 

TMZ compared to those receiving TMZ/LY2606368 combination treatment. Additionally, one 

mouse from the TMZ alone group and two mice from the combination treatment groups had 

undetectable tumours via BLI and ex vivo H&E staining, suggesting that the dose of TMZ used 

was very effective in suppressing U87 tumour growth. These mice were censored from 

Kaplan-Meier survival analysis as euthanasia was due to an end of experiment and not 

because of tumour-related morbidity. This robust effect of TMZ in U87 cells could be 

associated with methylation of the MGMT promoter, which confers sensitivity to TMZ as 
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MGMT is epigenetically silenced and unable to reverse the cytotoxic methylation of O6-

guanine of DNA strands [11, 170, 278]. Various doses of TMZ used in preclinical studies, route 

of administration, treatment schedules have been reported in the literature [193-195, 279, 

280] which emphasises that the mouse strain, the cancer model and the specific purpose of 

the study need to be taken into consideration when determining optimal TMZ dose and 

schedule. As explained in section 4.14, I optimized TMZ dose to determine the maximal 

tolerated dose for Balb/c nude mice, though, the survival experiment with U87 xenograft 

imply that a reduced dose of TMZ could have been just as effective in delaying tumour growth. 

Therefore, tailoring the dose of TMZ for each xenograft model may possibly have resulted in 

statistically significant differences in survival between TMZ alone and the combination group, 

if this experiment was to be repeated. When comparing the survival curves of TMZ alone 

group from all three GBM xenograft models used, the mHGG-vIII model was the least 

susceptible to TMZ. The median survival of mice implanted with mHGG-vIII was only extended 

by 3 days from the control group, whereas median survival was extended by 69 and 219 days 

in GBM6 and U87, respectively. It is possible, that different TMZ dosages should have been 

used for the U87 model, as the protocol used here was curative in some mice, whereas this is 

not the case in people and a lower dose may have been more clinically relevant. Interestingly, 

both the mHGGvIII and GBM6 models express the constitutively active EGFR variant, EGFRvIII 

which is a common driver mutation in human GBM [168, 173, 175], whereas the U87 cells do 

not. It is conceivable that genetic differences between the preclinical models led to 

differences in treatment response. This highlights the importance of ensuring that all results 

are interpreted in the context of these differences. Moreover, it reinforces the notion that 

every cancer, and every cancer model, is different; thus, if preclinical data is to be used to 

inform changes to clinical practice, or to propose new treatments for clinical trial, treatment 

responses must be carefully assessed together with knowledge of the genetics of the tumour 

being tested.  

 

Lastly, section 7.2.9 examined the effect of combining GEM with LY2606368 for GBM. This 

combination was studied because GEM is a highly brain-penetrant drug with well-established 

clinical tolerability. Moreover, it could be reasoned that in the clinical trial setting of recurrent 

GBM, where patients have already been treated with surgery, RT and TMZ, the introduction 

of a new chemotherapy would be clinically appealing. Here, I established that combining GEM 
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with LY2606368 extended the lifespan of mice with GBM xenografts, as two of the three GBM 

xenograft models demonstrated statistically improved survival with the combination 

treatment. In comparison to GEM alone, the median survival of mice implanted with U87 or 

mHGGvIII was extended by 22 or 7 days, respectively, when treated with the combination 

treatment. U87 survival curves correlated with BLI data and Ki67 staining which showed 

tumour growth and tumour cell proliferation, respectively, was further delayed by GEM and 

LY2606368. Similarly, mice implanted with GBM6 xenografts co-treated with GEM and 

LY2606368 show delayed tumour growth and increased survival, but after correcting for 

multiple comparisons using Bonferroni’s method, the combination treatment did not produce 

a statistically significant survival benefit when compared to the GEM alone group.  

 

Collectively, these experiments presented in this thesis provide evidence to support our 

hypothesis that LY2606368 interacts favourably with traditional GBM treatments, prolonging 

the lifespan of mice bearing GBM xenografts.  

 

8.3 The combined impact of radiation, TMZ or GEM and LY2606368 

Another aim of this thesis was to understand how LY2606368 sensitises GBM to traditional 

therapies by investigating the mechanism of action of LY2606368 as a single agent and in 

combination with radiation, TMZ or GEM. LY2606368 is a dual inhibitor of CHK1 and CHK2 

which subsequently prevents cell cycle arrest and DNA repair that follows DNA damage. Based 

on this, I firstly hypothesised that LY2606368 will inhibit CHK1/2 activity in GBM cells. This 

motivates a second hypothesis, that combining LY2606368 with DNA damaging agents such 

as radiation, TMZ and GEM will prevent treatment-induced cell cycle arrest causing an 

accumulation of DNA damage. Corresponding to my hypothesis and previous studies [23, 185] 

immunoblotting confirmed that LY2606368 as a monotherapy and in combination with 

radiation, TMZ or GEM reduced CHK1 S296 autophosphorylation in comparison to radiation, 

TMZ or GEM monotherapies at the time points investigated, demonstrating that CHK1 activity 

was inhibited. It should be noted that the abundance of S296-phosphorylated CHK1 was 

similar between DMSO control and radiation, TMZ or GEM alone, suggesting that the dose 

used and/or the time points investigated were insufficient to observe treatment-induced 

phosphorylation of CHK1 at S296. In response to DNA damage, CHK1 activation is also reliant 
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on rapid phosphorylation at S345 by ATR [19, 208, 235]. Radiation, TMZ and GEM were shown 

to increase expression of phosphorylated CHK1 at S345, implying that CHK1 was indeed 

activated by these treatments at the specific time points. 

 

An accumulation of S345-phosphorylated CHK1 is a known biomarker for CHK1 inhibition 

[209]. Upon DNA damage, activated CHK1 mediates a cascade of signalling events by 

phosphorylating several downstream targets, including PP2A phosphatase which plays a role 

in dephosphorylating CHK1 at S345. This acts as a negative feedback loop to downregulate 

CHK1 activity [208, 236]. Previous studies have shown that when CHK1 is inhibited, 

dephosphorylation of S345 does not occur, but instead remains phosphorylated creating an 

accumulation within the cell [140, 185]. Combining radiation and LY2606368 caused an 

accumulation of CHK1 S345 phosphorylation which correlated with the loss of 

autophosphorylation at S296. LY2606368 combined with TMZ, or GEM also increased S345 

phosphorylation, but this phenomenon was not evident in all GBM cell lines tested. However, 

examination of total CHK1 was reduced after LY2606368 treatment, along with total loss of 

CHK1 S296 phosphorylation, further confirming that LY2606368 inhibited CHK1 activation. 

This was emulated in vivo, as IHC analysis illustrated that GEM and LY2606368 generated an 

accumulation of nuclear S345-phosphorylated CHK1. For IHC analysis, brain tissues were only 

harvested after 24 h of treatment, therefore, a single time point for tissue harvesting may 

pose as a limitation and could explain why immunoblot results were not recapitulated in IHC 

analysis after combinations of LY2606368 with RT or TMZ.  

 

In the presence of DNA damage, activated CHK1 also triggers the activation of WEE1.  

Activated WEE1 inhibits CDC2 through phosphorylation of Y15 which blocks the CDC2/Cyclin 

B complex required for mitotic entry [208, 237]. This thesis examined the expression of DNA 

damage marker, γH2AX [83, 238] and Y15-phosphorylated CDC2 as tools to firstly observe if 

radiation-, TMZ- or GEM-induced DNA damage caused cell cycle arrest. Secondly, to 

determine whether the addition of LY2606368 will allow GBM cells to continue through the 

cell cycle and progress into mitosis despite incurring DNA damage from radiation, TMZ or 

GEM. The impact on mitosis was also examined via staining for pHH3 and flow cytometry. 

Immunoblots presented in section 5.2.3 showed that the selected 10 Gy radiation and/or 

protein harvest time point were not adequate to observe an increase in γH2AX expression 
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after radiation when compared to controls. Similarly, expression of Y15-phosphorylated CDC2 

remained the same between controls and radiation, which suggests that robust cell cycle 

arrest was not achieved at the time that protein was harvested. Despite this, extensive flow 

cytometry analyses showed that GBM6 and U87 cells were indeed arrested in the cell cycle 6 

h post-radiation, as mitotic populations were reduced compared to DMSO controls. Future 

determination of the optimal time point(s) at which to examine the activity of CDC2 following 

radiation is required to resolve these discrepant results. 

 

U87 and GBM39, which have methylated MGMT [170], were susceptible to TMZ-induced DNA 

damage. Immunoblotting showed that γH2AX increased with treatment compared to DMSO 

controls. IHC analysis validated these results, with TMZ-treated U87 xenografts having 

increased γH2AX staining compared to vehicle control. In immunoblots, increased γH2AX 

expression correlated with an increase in Y15-phosphorylated CDC2, implying that TMZ-

induced DNA damage caused cell cycle arrest in these two TMZ sensitive cell lines. These 

results correspond to other studies which have connected CHK1 phosphorylation and 

activation to TMZ-induced DNA damage [89, 228]. Immunoblot and IHC analysis also showed 

that GEM also induced DNA damage in GBM cells, with increased γH2AX expression in GEM-

treated cells compared to controls. Following GEM-induced DNA damage, activation of CHK1 

[90, 235], and inhibition of CDC2 via increased phosphorylation at Y15 was observed, 

indicating that DNA damage inflicted by GEM caused cell cycle arrest. Examining pHH3 

populations via flow cytometry confirmed that GEM treatment resulted in cell cycle arrest as 

measured by a reduction in pHH3 staining compared to DMSO controls. To summarise, using 

immunoblot and IHC analysis, we showed that at the dose and time points investigated, TMZ 

and GEM but not radiation demonstrated evidence of DNA damage that was substantial 

enough to cause cell cycle arrest in GBM cells.  

 

In addition to CHK1 working via WEE1 to phosphorylate and inhibit CDC2, the CDC25 family 

of phosphatases (CDC25A, B and C) also mediate CHK1-induced cell cycle arrest [281] and are 

commonly used as markers for the efficacy of CHK1 inhibitors [186, 282]. These phosphatases 

remain active when CHK1 is inactive (e.g. in the absence of DNA damage), and work to 

dephosphorylate CDC2, enabling the CDC2/Cyclin B complex to remain active and promote 

entry into M phase [258]. In contrast, when CHK1 is activated by DNA damage, the CDC25 
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phosphatases are phosphorylated. This prompts CDC25A for degradation, while CDC25B and 

CDC25C are sequestered in the cytoplasm. Loss of CDC25A activity keeps CDK2 in an inactive 

phosphorylated state causing cell cycle arrest in G1 and prevents DNA replication. Nuclear 

exclusion of CDC25B and CDC25C prevents the formation of CDC2/Cyclin B complexes needed 

for mitotic entry, resulting in cell cycle arrest at G2/M [283]. I hypothesised that inhibition of 

CHK1 using LY2606368 would permit GBM cells to progress into mitosis without the 

opportunity to repair DNA damage sustained by radiation, TMZ or GEM, leading to an 

accumulation of DNA damage and increased cell death via apoptosis. Consistent with this, I 

have showed that combining LY2606368 with radiation, TMZ or GEM, reduced CDC2 

phosphorylation at Y15, suggesting that CHK1 inhibition prevented GBM cells from arresting 

in cell cycle. This was substantiated by flow cytometry results which showed that 

combination-treated cells remained mitotic, emphasising that GBM cells underwent mitosis 

despite harbouring DNA damage as evidenced by increased γH2AX expression. This 

demonstrated that due to the failure of cells to arrest in the cell cycle, DNA repair was unable 

to occur leading in an accumulation of DNA damage in GBM cells. This, in turn, correlated with 

increased apoptosis of GBM cells, as shown by cleaved PARP positivity. While, not 

investigated here, another study has shown that LY2606368 can also increase DNA damage 

accumulation by enabling CDC25A dephosphorylation and activation of CDK2. In turn, this 

resulted in G1-to-S phase entry, further exacerbating the accumulation of DNA damage [23], 

which may be an additional mechanism of action for LY2606368 in GBM cells worthy of future 

examination. Of the three combination therapies tested here, the combination of TMZ with 

LY2606368 demonstrated the most significant induction of apoptosis compared to each 

monotherapy at the timepoints examined. A limitation that may have affected our flow 

cytometry data, is the use of only one single dose for each treatment. Repeating these 

experiments with several doses of each treatment may reveal dose-dependent changes to 

cell populations and may distinguish significant differences between the combination 

treatment and each single agent. 

 

Other studies have shown that LY2606368 not only functions via CHK1, but also blocks 

autophosphorylation of CHK2 at S516 causing its inhibition; however, in this thesis, I have 

mainly focused on the CHK1 inhibitory effects. As explained in section 4.9, the detection of 

CHK2 phosphorylation at S516 via immunoblotting was technically challenging which made it 
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difficult to conclude the impact of LY2606368 on CHK2 activity. Nevertheless, future studies 

should aim to understand the effect of LY2606368 on CHK2 by reviewing other possible 

antibodies for S516-phosphorylated CHK2 or using antibodies against other CHK2 

phosphorylation sites such as T68, which have been investigated in other studies [185, 189, 

202]. 

 

In summary, the experiments presented here ensure that I have worked towards the aim of 

determining the mechanism of action of LY2606368 as a monotherapy and in combination 

with radiation, TMZ or GEM in the context of GBM. These findings show that DNA damage 

sustained by radiation, TMZ or GEM activates CHK1, and this activation can be prevented by 

LY2606368. Immunoblots and flow cytometry assays demonstrated evidence to suggest that 

upon inhibition of CHK1, GBM cells were permitted to continue through cell cycle and enter 

mitosis whilst in the presence of DNA damage. This created an accumulation of DNA damage 

and promoted cell death via apoptosis. 

 

8.4 The effect of LY2606368 on GBM and normal cells 

8.4.1 Induction of premature mitosis following treatment with radiation, TMZ or GEM and 

LY2606368 

As mentioned above, phosphorylated CDC2 at Y15 was reduced by LY2606368, preventing 

the blockade of mitotic entry, despite the occurrence of DNA damage induced by radiation, 

TMZ or GEM. An additional mechanism of action that has been demonstrated for CHK1 

inhibitors including LY2606368 in other cancer models is that they can promote premature 

mitotic entry leading to enhanced apoptosis [23, 185, 212]. Therefore, building from the 

previous hypothesis that LY2606368 will abrogate treatment-induced cell cycle arrest, I 

considered the possibility that the drug may also drive GBM cells to prematurely enter mitosis 

prior to the completion of genome duplication and hypothesised this would also increase 

apoptosis. To investigate this and continue towards the aim of understanding the mechanism 

of action of LY2606368 in combination with radiation, TMZ or GEM, I investigated premature 

mitosis by analysing the DNA content in mitotic (pHH3+) cells. GBM cells that were pHH3+ 

and had 4n DNA content were considered as cells undergoing normal mitosis, whereas GBM 
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cells with less than 4n DNA content were defined as aberrantly mitotic and represent cells 

prematurely entering mitosis without a fully restored genome. 

 

Combining radiation with LY2606368 increased mitotic populations in both GBM6 and U87, 

but at the time points investigated, only GBM6 cells demonstrated statistically significant 

evidence of aberrant (premature) mitotic entry. Additionally, neither GBM cell lines showed 

that the accumulation of DNA damage caused by combining radiation and LY2606368 

increased apoptosis. In sections 6.2.5 and 7.2.5, longer time points following DNA damage 

were investigated and at these time points a significant population of cells undergoing 

premature mitosis were observed in combination-treated cultures which correlated with 

increased apoptosis. This suggests that examination of longer time points after treatment 

with radiation and LY2606368 may help support the hypothesis that combining radiation with 

LY2606368 will promote apoptosis via GBM cells entering mitosis prematurely.  

 

As hypothesised, the proportion of aberrant mitotic cells in GBM6 and U87 cultures after 

treatment with TMZ and LY2606368 and after treatment with GEM plus LY2606368 was 

increased. Furthermore, LY2606368 monotherapy also increased aberrant mitosis of GBM6 

cells, but less so in U87 cultures, albeit to a lesser extent than the combination treatment. 

This may be because GBM6 harbour mutations in TP53 [190] and it is known that p53-

deficient cell lines can be more sensitive to CHK1 inhibitors as they rely on CHK1 to regulate 

DNA stability [225]. Notably, comparing the proportion of GBM cells undergoing apoptosis 

was not significantly different between LY2606368 monotherapy and the combination of 

GEM and LY2606368. This suggests that although premature entry into mitosis was observed, 

it was unlikely this contributed significantly to the induction of apoptosis. Likewise, others 

have shown that the mechanism of action of GEM combined with other CHK1 inhibitors such 

as MK8776, PD-321852 and AZD7762 appeared to not solely rely on premature mitotic entry, 

but also because treatment results in replication fork collapse and aberrant activation of 

replicative helicases in the absence of dNTPs producing cumulative single-strand DNA breaks 

which reflect the mechanisms of the GEM diphosphate derivative blocking ribonucleotide 

reductase [96, 139, 140, 270, 271]. These results exhibit the effects of both GEM di- and 

triphosphate in GBM cells but suggest that inhibition of ribonucleotide reductase mediated 

by GEM diphosphates was enhanced by LY2606368. 
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8.4.2 Implications of long-term side effects of LY2606368 

It is well-known that cancer treatments can induce various long-term side effects such as 

treatment-induced leukaemia. This study and others have shown that LY2606368 has been 

shown to specifically inhibit CHK1 which subsequently promoted premature mitosis. There is 

concern that LY2606368 could trigger normal cells to also undergo premature mitosis 

catalysing cancer causing mutations. IHC data not shown in this thesis showed that the 

surrounding normal brain had no positive staining for ƴH2AX or S345-phosphorylated CHK1 

after all tested treatments, suggesting that a single dose of these treatment had no effect on 

normal brain, thus this data was excluded from this thesis. 

 

To date, no clinical data has been reported that LY2606368 or other CHK1/2 inhibitors have 

caused long-term side effect, only short-term effects such as anaemia, leukopenia and/or 

neutropenia (NCT03057145). This could be due to cell cycle checkpoint kinase inhibitors being 

relatively new to clinical trials and not enough time has passed to observe the manifestation 

of treatment-induced cancer. Optimistically, no reports of cell cycle checkpoint kinase 

inhibitor could also mean that functioning cell cycle and DNA repair regulation allows normal 

cells to be resilient to the effects of cell cycle checkpoint kinase inhibitors like LY2606368.  

 

8.5 Role of GBM mutational status in response to CHK inhibition 

8.5.1 Influence of p53 status on LY2606368 response 

Another key effector protein downstream of CHK1 and CHK2 is p53, which upon DNA damage 

becomes stabilised and transactivates many target genes, such as p21, to promote cell cycle 

arrest at G1 enabling DNA repair and/or apoptosis [210, 211, 284]. Many cancers including 

GBM harbour loss of function mutations in TP53 resulting in the production of a mutant p53 

protein that acts as a dominant-negative inhibitor of wild-type p53, thus, cells deficient in p53 

depend on alternative mechanisms to induce cell cycle arrest and enable DNA repair [104]. In 

other cancers, it has been shown that cells lacking functional p53 are hypersensitive to 

LY2606368 as these cells are unable to efficiently manage the DNA damage response via the 

G1 checkpoint and as such are more reliant on CHK1 to respond to DNA damage via the G2/M 

checkpoint [23, 212]. Thus, I hypothesised that TP53-mutant GBM cells would portray 
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increased sensitivity to LY2606368 than TP53-wild-type cells. In in vitro experiments, I used 

both TP53-wild-type (U87 and GBM39) and TP53-mutant (GBM6 and T98G) [190, 285] cell 

lines to examine this. As expected, radiation, TMZ and GEM monotherapies increased the 

abundance of p53 in TP53-wild-type cells, U87 and GBM39. Whereas in TP53-mutant cells, 

GBM6 and T98G, expression of p53 remained consistent as DMSO controls. Moreover, 

combinations with LY2606368 increased p53 expression in all cell lines, suggesting that since 

CHK1 was inhibited, GBM cells were attempting to respond to DNA damage via modulation 

of the p53 signalling pathway.  

 

In GBM6 cells, which are TP53-mutant, immunoblot and flow cytometry experiments 

demonstrated similarities in protein expression and cell populations, respectively, between 

LY2606368 monotherapy and the combination treatment groups, such as loss of CDC2 Y15 

phosphorylation, induction of aberrant mitosis and similar proportions of apoptotic cells. This 

reinforced the hypothesis that LY2606368 as a single therapy can be effective in GBM cells 

with dysfunctional p53. In contradiction, in vivo survival studies showed that LY2606368 as a 

single agent did not significantly prolong survival of mice implanted with GBM6, when 

compared to vehicle controls. This supports previous studies that have shown that p53 status 

does not play a major role in predicting response to CHK1 inhibitors like LY2606368 [191, 226]. 

Furthermore, heterogeneity of TP53 mutations insinuate that not all TP53 mutation are 

associated with inactivation of p53 but could also lead to gain-of-function mutations [110]. 

For example, GBM6 harbor homozygous p53 R273H gain-of-function mutation and how these 

types of TP53 mutation play a role in response to CHK inhibition is still unknown [190]. 

Another reason for the lack of significant difference observed between LY2606368 

monotherapy and the combination therapy in the in vitro experiments reported here could 

be associated with the limitations of using a single dose of LY2606368. As explained above, 

testing of several concentrations of LY2606368 will elude dose-dependent effects and may 

present the different impacts of LY2606368 as a single therapy and each combination therapy.  

 

8.5.2 Other tumour suppressor genes and their role on LY2606368 response  

In addition to TP53, CDKN2A, PTEN and RB1 are other important tumour suppressor genes 

that are regularly mutated in GBM. CDKN2A provide instructions for several proteins, such as 

the most commonly known proteins: p16 (INK4A) and p14 (ARF). p16 (INK4A) binds to CDK4 
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and CDK6 inhibiting their attachment to cyclin D1 inducing G1 arrest. p14 (ARF) prevents the 

ubiquitination of p53 and is also involved in G1 arrest [286, 287]. Therefore, it is thought that 

deletion of CDKN2A has the potential to hypersensitise cancer cells to CHK inhibitors. Indeed, 

one study showed that nine out of 49 head and neck cancer cell lines were hypersensitive to 

CHK1 inhibition mediated by prexasertib which correlated with losses and low RNA and 

protein expression of CDKN2A/p16 [288]. In relation to this thesis, CDKN2A was mutated in 

all GBM cell lines used, showcasing the prevalence of this mutation in GBM, and demonstrates 

that CDKN2A status does not play a role in determining LY2606368 response in GBM as each 

cell line had varying ED50 values of LY2606368. 

 

PTEN is another famously known tumour suppressor. PTEN is a negative regulator for the 

phosphatidylinositol-3-kinase (PI3K)/Akt signalling by blocking Akt [289]. In cancer cells that 

are PTEN null, Akt can continue to phosphorylate CHK1 at S280, tagging CHK1 for cytoplasmic 

localisation and ubiquitination, hence cancer cells that are PTEN null are hypothesised to be 

more sensitive to CHK inhibitors. This thesis includes both PTEN null (mHGG-vIII, U87 and 

T98G) and PTEN wild-type (GBM6 and GBM39), and similar to CDKN2A, PTEN status did not 

correlate with response to LY2606368, as PTEN null U87 cells which should be responsive to 

LY2606368, had a high ED50 value for LY2606368. While conversely LY2606368 did not 

significantly extend survival of mice with GBM6 tumours which correlates with their wild-type 

PTEN status.  

 

RB1 encodes for protein RB1 which represses the transcription of proteins required for G1/S 

phase transition. Mutations to both copies of the RB1 gene prevents the production of 

functional protein RB1 and cells are unable to regulate cell cycle at G1 checkpoint [290]. The 

RB1 status of all the GBM cell line used in this thesis was not available, however, for the cell 

lines which had information (JK2, RN1, T98G and U87), RB1 was wild-type. Similar to the other 

tumour suppressor genes, RB1 status also does not influence the response to CHK inhibition, 

since both RB1 wild-type cells, T98G and U87 had very different ED50 values for LY2606368. 

 

This thesis demonstrates that a single mutation does not inform which patient will respond 

better to CHK inhibition. This may be a reflection of the heterogeneous nature of GBM 

tumours which contain a plethora of mutations that drives tumourigenesis. 
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8.6 Conclusion 

In the last decade, no new therapy has proven successful in GBM clinical trials, thus the 

standard of care has remained unchanged and patient survival has not improved, urging the 

need for more effective therapeutic strategies. For the first time, LY2606368, a CHK1/2 

inhibitor, was examined in multiple preclinical models of GBM. LY2606368 is currently in 

clinical trial for various cancers, such as in combination with RT for head and neck cancers 

(NCT02555644), in combination with TMZ and irinotecan for desmoplastic small round cell 

tumour and rhabdomyosarcoma (NCT04095221) and in combination with GEM for paediatric 

medulloblastoma brain tumours (NCT04023669). Information about safety, tolerability, dose, 

and treatment schedule collated from these phase 1b clinical trials could be translated into 

future phase II clinical trials with GBM patients.   

 

The in vitro and in vivo data presented here demonstrate that LY2606368 has the potential to 

synergise with radiation, TMZ or GEM to enhance their anti-cancer effects in GBM. One 

mechanism that delineates LY2606368 ability to sensitise GBM cells to radiation, TMZ or GEM, 

is the abrogation of treatment-induced cell cycle arrest which permitted GBM cells to 

progress into mitosis prematurely with incompletely duplicated DNA and/or unrepaired DNA 

damage. Enhanced sensitivity to RT, TMZ or GEM stimulated by LY2606368 corresponded 

with prolonged survival of mice bearing GBM xenografts. Co-administration of RT and 

LY2606368 only produced a modest extension in survival; however, combinations of 

LY2606368 with TMZ or GEM produced significant survival benefits in mice compared to each 

drug alone. Several limitations existed in the experiments used to assess the combination of 

RT and LY2606368, such as RT beam planning and the time point of LY2606368 administration 

were identified as needing further optimisation. Improving these technical limitations may 

correspond in vivo survival studies to in vitro results which showed that LY2606368 interacts 

synergistically with radiation to reduce colony formation. 

 

Excitingly, LY2606368 presented a promising augmentative therapy to both TMZ, the first-line 

chemotherapy choice for GBM, and GEM. The combination of TMZ and LY2606368 appeared 

to be the superior choice when compared to GEM and LY2606368, as mice treated with GEM 

and LY2606368 presented with diarrhoea which required additional intervention with saline 

to prevent dehydration. Furthermore, mice treated with TMZ and LY2606368 presented no 
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adverse effects or any blood-related toxicity, whereas blood analyses revealed a reduction in 

haemoglobin, total white blood cells and neutrophils, in GEM/LY2606368 treated mice. If 

translated clinically, GEM and LY2606368 combination therapy may potentially cause 

anaemia, leukopenia and/or neutropenia in patients as has been reported previously in 

clinical trials (NCT03057145) [149].  

 

Our results indicate that further investigation into the mechanism of TMZ and LY2606368 in 

other preclinical models of GBM is warranted to build additional and robust evidence to 

support the establishment of new clinical trials. Unfortunately, despite ongoing phase I/II 

clinical trials, the development of LY2606368 also known as prexasertib was ceased in 2019 

by Eli Lilly due to the company pursuing other cancer therapy pipelines. Regardless, the 

interest in CHK1/2 inhibitors remains and this thesis provides strong rationale to explore 

other novel CHK1/2 inhibitors that have superior BBB permeability and synergy with DNA 

damaging agents as a therapeutic approach for GBM patients. Although it may not be 

curative, the potential for extended survival would be appealing for all patients and families 

with this disease. The combination of GEM and CHK1/2 inhibitors may also be another 

promising therapeutic option to be tested in GBM, although the possibility of haematological 

toxicity must be taken into consideration when planning future clinical studies. Nevertheless, 

this treatment option is particularly appealing as it could be a therapeutic option for GBM 

patients who have unmethylated MGMT and/or patients with recurrent GBM that have been 

already heavily pre-treated with RT and TMZ. Therefore, I propose that the results 

demonstrated in this thesis established the promising therapeutic use of CHK1/2 inhibitors in 

conjunction with traditional DNA damaging agents for GBM patients. 
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SUPPLEMENTARY MATERIAL 

 

 

Supplementary Figure 1. Optimisation of treatment doses and cell seeding density for 

clonogenicity assays. 

Representative images showing colony formation of patient-derived GBM cells (A) JK2, (B) 

RN1 and (C) GBM6 grown on 6-well plates with increasing doses of radiation, TMZ or 

LY2606368 as indicated. Colonies were allowed to develop for 14 days, before fixation and 

staining with methylene blue (section 3.5).  
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Supplementary Figure 2. Adding LY2606368 to radiation treatment further reduced colony 

formation in patient-derived GBM cells. 

Patient-derived GBM cells (A) JK2, (B) RN1 and (C) GBM6 were treated with the indicated 

concentrations of LY2606368 and then irradiated using a Gammacell irradiator. Cells were left 

in the incubator for 14 days to allow for colony formation. Colonies were fixed and stained 

with 0.5% methylene blue (DPBS:ethanol, 50:50) and then manually counted as described in 

section 3.5. 
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Supplementary Figure 3. Radiation and LY2606368 synergisticalled reduced GBM colony numbers in vitro. 

JK2, RN1 and GBM6 (top to bottom) were treated with radiation and/or LY2606368 for 14 days then colony formation was assessed. Experimental 

results was analysed by Combenefit software [180] to determine dose-response and verify the interaction between radiation and LY2606368 

using Loewe [181], HSA [182] and Bliss [183] (left to right) mathematical models of dose-response. Each data point is the mean survival (%) or 

mean interaction score ± SD from three independent experiments. 
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Supplementary Figure 4. γH2AX and phospho-CHK1 (S345) expression in GBM xenografts. 

Mice implanted with mHGG-vIII, U87 or GBM6 were treated with 2 Gy RT and/or 20 mg/kg 

LY2606368. After 24 h, whole brain tissue was harvested and processed for IHC as described 

in section 3.12 and 3.13. Brain sections were stained for (A-B) γH2AX, a marker for double-

stranded DNA breaks and (C-D) phospho-CHK1 (S345), as a marker of CHK1 inhibition by 

LY2606368. (A,C) Representative images are shown, with scale bars of 50 µm. (B,D) 

Percentage of positive cells were counted using multispectral imaging and Inform software. 

One-way ANOVA with post-hoc Tukey’s test was used for statistical analysis; *, p≤0.05 and 

**, p≤0.01 and ***, p≤0.001 were considered significantly different.  

 

 

Supplementary Figure 5. Negative immunohistochemical staining of cleaved caspase 3 in 

GBM xenografts. 

Mice implanted with U87 were treated with 2 Gy RT and/or 20 mg/kg LY2606368. After 24 h, 

whole brain tissue was harvested and processed for IHC staining of cleaved caspase 3 as 

described in section 3.12 and 3.13.  
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Supplementary Figure 6. TMZ combined with LY2606368 reduces the colony forming ability 

of GBM cells. 

Patient-derived GBM cells (A) GBM6, (B) JK2 and (C) RN1 were treated with the indicated 

doses of TMZ and/or LY2606368 and incubated for two weeks to allow for colony formation. 

Colonies were fixed, stained with methylene blue and then manually counted (related data 

are shown in Figure 6.1). 
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Supplementary Figure 7. Drug interaction between TMZ and LY2606368 were synergistic or additive. 

U87 (top) and mHGG-vIII (bottom) were treated with TMZ and/or LY2606368 in a two-drug combination matrix. Experimental results were 

analysed using Combenefit to generate visual representations of cell viability following 72 h TMZ and LY2606368 exposure (left, blue-yellow heat 

map). Shown are the mathematically determined drug interactions using, from left to right, the Loewe, HSA and Bliss methods (red-green heat 

map). Each data point is the mean survival (%) or mean score ± SD from three independent experiments.  
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Supplementary Figure 8. TMZ and LY2606368 synergistically or additively reduced GBM colony formation in vitro. 

JK2, RN1 and GBM6 (top to bottom) were incubated with TMZ and/or LY2606368 for 14 days and then formed colonies were counted. 

Experimental results were analysed using Combenefit to generate visual representations of colony formation following 14 days of TMZ and 

LY2606368 exposure (left, blue-yellow heat map). Shown are the mathematically determined drug interactions, from left to right, using the 

Loewe, HSA and Bliss methods (red-green heat map). Each data point is the mean survival (%) or mean score ± SD from three independent 

experiments. 
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Supplementary Figure 9. Apoptosis was not evident in drug-treated U87 xenografts. 

Mice with orthotopic U87 xenografts were treated with a single dose of vehicle, 20 mg/kg 

LY2606368, 20 mg/kg TMZ or both (6 h apart) as indicated. After 24 h, tumour tissue was 

harvested and immunohistochemically stained for cleaved caspase 3, a marker of apoptosis 

as explained in section 3.12 and 3.13. 
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Supplementary Figure 10. Histological analysis of mice that were censored from the Kaplan-

Meier analyses shown in Figure 6.12. 

Immunocompromised mice were implanted with (A) GBM6 or (B) U87. The censored mice 

had been treated with either 20 mg/kg TMZ or the combination of 20 mg/kg TMZ and 

20mg/kg LY2606368 according to dosing schedule depicted in Figure 3.4. H&E staining (see 

section 3.12) was performed to determine if there was presence of tumour as euthanasia was 

performed due to mice bearing GBM6 or U87 xenografts surviving more than 230 or 290 days 

respectively since the start of the experiment. Mice did not exhibit any tumour-related 

symptoms and BLI signals were minimal at the time of euthanasia.  
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Supplementary Figure 11. The interactions between GEM and LY2606368 were variable across different GBM cell lines. 

T98G, mHGG-vIII and U87 (top to bottom) cells were treated in a two-drug combination matrix with GEM and/or LY2606368. Combenefit 

software was used to create a visual illustration of dose-response (left, blue-yellow heat map) and mathematically determine the interaction 

between GEM and LY2606368 according to models of Loewe, HSA and Bliss (left to right). Each box shows the mean % of survival or mean 

interaction score ± SD from three independent experiments.
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Supplementary Figure 12. U87 xenografts were negative for cleaved caspase 3 post-

treatment. 

Mice implanted with U87 were treated with a single dose of 20 mg/kg LY2606368 and/or 60 

mg/kg GEM. After 24 h, whole brain tissue was harvested and processed for IHC staining for 

apoptotic marker, cleaved caspase 3, as explained in section 3.12 and 3.13.  
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Supplementary Figure 13. Blood count analysis after mice short-term treatment. 

Blood was collected from mice 24 h after treatment with a single dose of vehicle, 20mg/kg 

LY2606368, 60mg/kg GEM, or GEM with LY2606368 spaced 6 h apart. A veterinary blood 

analyser was used to determine total red blood cell counts, haemoglobin, total white blood 

cell counts and neutrophils which showed no significant difference between the treatment 

groups.  

 

 

 

 

 




