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1. Introduction 

Brain tumours accounts for 3.5% of the total tumour burden worldwide1. Out of these, 

Glioblastoma Grade IV (GBM) is one of most common and lethal primary brain tumours in 

adults, arise from glial cells and account for 50-60% of all the gliomas. These are genetically 

unstable, extensively angiogenic and highly infiltrative 2. Current treatment modality includes 

maximum surgical resection followed by standard radical radiation and chemotherapy with 

alkylating agent Temozolomide 3. Despite multi-modal therapy, the propensity for the local 

1. Name of the Student:             Ekjot Kaur 

2. Name of the Constituent Institution:   Tata Memorial Centre, Advanced Centre for   

                          Treatment Research and Education in Cancer 

3. Enrolment No.:            LIFE09201104002 

4. Title of the Thesis:                                  Role of chromatin and DNA Damage repair pathway in 

Glioblastoma Multiforme  

5. Board of studies:                                     Life Science 

 

 

 

  BRCTs domain” 

5. Board of Studies:     Life sciences 



iii 
 

recurrence increases. The recurrent cells are highly aggressive and resistant, eventually 

resulting into dismissal median survival time of less than a year 4.  

One of the major causes of the recurrence is attributed to the existence of innately resistant 

tumour cells that escape therapy 5. Over-expression of proteins like EGFR, Survivin, MGMT 

and altered metabolic proteins has been reported in these GBM resistance cells6-9. Since 

chemo-radiation multimodal therapy for GBM works by generating DNA double strand 

breaks (DSB) and inducing apoptosis in tumour cells, there are reports suggesting a possible 

modulation of DNA DSB repair response by altering the expression of ATM, ATR and 

MSH6 contributing to the survival of a subpopulation of cells in this heterogeneous tumour 

10,11. A major determinant factor that influences the spatial-temporal accessibility of DDR 

proteins to the site of double-strand breaks (DSB) is the overall chromatin structure 

alterations12. One of the modifications, histone lysine methylation has been reported to be a 

key regulator of gene expression and heterochromatin function. Methylation of H3 lysine at 4 

and 36 amino acids is associated with actively transcribed domains, while H3K9, H3K27 and 

H4K20 methylation appears to be enriched in the transcriptionally repressed regions of the 

chromatin13. These histone modifications also contribute to the DNA damage checkpoint by 

directly interacting with checkpoint components and repair proteins. For example, H3K79 

methylation in mammals and budding yeast is shown to be important for localization of 

53BP1 which is a DNA damage repair factor [14]. However, studies evaluating the role of 

chromatin dependent DDR in resistant cancer cells has not been explored.  

Multinucleated and giant cells (MNGCs) are frequently seen in the late stages in various 

human cancers 14-16 formed as resultant of acytokinesis and endo-replication that eventually 

generate polyploid cells17,18. However, recent reports have also suggested a role of entosis or 

cell-in-cell structure formation and cell-cell fusion in inducing multinucleated-giant cells19,20. 
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A rare phenomenon in cancers, cell fusion have been implicated only in virally induced 

transformation of the normal cells, tumours of tendon sheath and bone, enhancing 

chromosomal instability and aneuploidy 21-23. Some of the studies also report the 

multinucleated cells formation as result of radiation, though these cells so reported eventually 

underwent cell death by mitotic catastrophe 24-26. The pre-existing MNGCs in tumours are 

thought to be responsible for increased resistance to therapies 27,28 however, the precise 

functional role of these cells in cancer is still not known.  

2. Rationale 

Cancer therapy including radiation used in GBM works by causing double strand breaks 

(DSBs) in DNA and inducing apoptosis in cancer cells. The efficacy of DNA damage-based 

therapy in GBM can be modulated by DNA repair pathways. Since the physiological 

substrate of DNA damage repair machinery is packed into chromatin, the efficiency of DNA 

damage repair in a cell depends on the accessibility of these repair proteins to the damaged 

DNA. In this regard, histone methylations play a key role in regulating DNA repair response 

by directly interacting with the repair proteins. This led us to hypothesize that residual 

resistant GBM cells differ from the bulk tumour cells such that they alter the of DNA damage 

repair response by exhibiting differential chromatin modifications, either acquired during the 

administration of radio-therapy or innately present. These changes in chromatin structure that 

regulate DDR pathway efficiency and choices in turn influence the survival of residual cells 

post therapy. Therefore, understanding of the chromatin mediated DDR response in the 

resistant cells may enable in development of therapeutic strategies for specific targeting of 

these cells.  
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3. Key Question: 

To understand the role of chromatin and DNA damage repair pathway in glioblastoma those 

contribute to the survival and relapse of cells post radiation. 

4. Specific Objectives: 

1. Establishing the model for radiation survival from glioma cell lines and patient 

samples 

2. Identifications of differential double strand break repair pathway activation in 

radiation surviving cancer cells or escapers.  

3. Identify the differential changes at the chromatin level in the radiation surviving 

cancer cells or escapers. 

Objective 1- Establishing the model for radiation survival from glioma cell lines and 

patient      samples. 

A pre-requisite to understanding the mechanisms of resistance in residual cells is to generate 

a system to gain access to these cells. Therefore, we recapitulated clinical scenario of 

resistance in a cellular model from GBM cell lines and patient derived primary cultures. For 

this, we first determined the lethal dose of radiation at which ~10% of the cell survives for 

U87MG, SF268 and 20 patient derived primary cultures. After radiation, these cells were 

allowed to grow. We observed an initial burst of rapid proliferation following which more 

than 90% tumor cells died. However, there was a small percentage of cells that survived 

radiation, a halt/non-proliferative population of Radiation Resistant cells (RR). Since the 

Radiation resistant cells were the ones that we wanted to study we further characterized this 

population. 
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RR population of cells were distributed in all the phases of cell cycle, though there were 

significantly less cells in G0/G1 and higher number of cells in G2-M phase as compared to 

the parent untreated cells. Upon further examination of molecular players leading to non- 

proliferative state of these cells we found pCdk1(Y15) and p21 levels up-regulated in RR 

established from cell lines as well as patient samples. Since there are several reports which 

have demonstrated the induction of cell death via mitotic catastrophe of the damaged non-

proliferative cells 24,25, we examined the apoptotic markers in radiation escapers  and 

contrary to reports, RR showed absence of apoptosis confirmed by no enhanced expression 

of Bax and Annexin V in these cells. Simultaneously, on investigating the expression of pro-

survival genes Mcl-1, Survivin, Bcl-xL, IAPs like BIRC3 and BIRC5, high expression of 

Bcl-xL and BIRC3 survival genes was observed in the RR cells. Accordingly AKT pathway, 

one of major pathway contributing to the survival of Glioblastoma tumor cells 29. That is 

also downstream to the many pro apoptotic genes was found to be highly activated in RE 

contributing to the survival of RR.  

 Morphological analysis using β-actin and nestin staining showed that ~60% of RR 

population was multinucleated and giant cells (MNGC’s). Importantly, we demonstrate that 

these MNGC’s were not the ones that were pre-existing in the parent samples but were 

radiation induced. In fact, we also, show that the percentage of giant cells in the escapers 

significantly influence the clinical outcome in the 20 patient sample cohort either alone or in 

combination with the radio-pathological parameters. Interestingly multinucleated giant cells 

displayed multiple spindle poles compared to the mono-nucleated cells which could lead to 

aberrant or aborted mitoses in MNGCs. Therefore, to confirm that MNGCs indeed divide and 

form relapse population we flow sorted the multinucleated, giant and mono-nucleated cells, 

and observed that both MNGCs and mono-nucleated cells proliferate giving rise to mono-
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nucleated relapse cells. Based on the above mentioned observations, we went ahead to 

explore the mechanisms involved in the formation of MNGC’s.  

 Three possible mechanisms reported for the formation of MNGC’s: 1) acytokinesis 

(endoreduplication), 2) entosis and 3) rare in cancer cells-cell fusions. Concomitant 

increase in the replication with time was not seen as determined by the percentage of cells 

in S phase. However, more than 4n cells were observed indicating that contribution of 

endo-reduplication might not be significant in MNGC formation in our system. 

 Next, we explored entosis or a cell-in-cell mechanism in the formation of MNGC by 

staining with membrane protein N-cadherin along with H&E staining. However, in our 

cells, cell-in-cell structures were not observed.  

 Third possibility of cell-cell fusion was examined by establishing two stable parent cells 

lines one expressing pEGFP and the other expressing TdRed for both the cell lines and 

primary cultures. The green and the red florescent cells were co-cultured in equal 

numbers and subjected to the lethal dose of radiation. At least 50 radiation escapers were 

counted in each culture and scored for yellow fluorescence (corresponding to the cell-cell 

fusion events). We found 68%, 56%, 62% and 61% of yellow fluorescent cells amongst 

the total MNGC’s observed in U87MG, SF268, PS1 and PS2 respectively.  

The cells formed after cell-cell fusion displayed Senescence associated β-galactosidase 

positivity along with the expression of SASP’s (Senescence Associated Secretory Proteins) as 

observed after RNA sequencing and real time PCR validation in the escapers. Targeting 

formation of MNGC’s by: 1) premature mitosis induction using Wee 1 kinase inhibitor and 2) 

inhibition of cytokinesis using Wiskostatin inhibitor. We incubated the irradiated glioma cells 

with 600nM of Wee1 kinase inhibitor for 24 hours post 5 days of radiation treatment. A huge 

amount of apoptosis was observed after 5 days of treatment. The specificity of the inhibitor 

was confirmed by western blot analysis using anti-Cdk1 antibody. Similarly, targeting the 
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cytokinesis in MNGC’s using Wiskostatin also leads to cell death. However, non-radiated 

cells treated with Wiskostatin would also be affected. 

Objective 2: Identifications of differential double strand break DNA damage response 

(DDR) pathway activation in radiation surviving cancer cells or escapers (RR).  

As mentioned earlier, the survival of the cells post genotoxic stress is mediated by DNA 

damage repair (DDR) proteins regulated by chromatin architecture. The kinetics and 

sequence of recruitment of DDR proteins have a strong impact on the efficiency of DSB 

repair. Thus, first explored the recruitment kinetics of various DDR proteins in the escapers. 

While studying the kinetics of γ-H2AX foci formation we observed that the foci resolved 

within 24-48 hours post radiation. However, interesting γ-H2AX foci re-appeared in the 

escapers 6-10 days post radiation when the cells become non proliferative. These cells 

revealed high amount of damage as determined using alkaline comet assay. We further 

screened other DDR kinase proteins like pChk2, pATM and pATR. Interestingly, RR 

population from a few samples activated pATR-Chk1 axis of repair while the remaining 

activated pATM-Chk2 axis. Additionally, background levels of pATM was observed in the 

relapse cells in response to double strand breaks in the samples displaying ATR-Chk1 axis in 

the escaper cells. It could be reasoned out that the p53 status might be influencing the high 

amount of activation of ATR kinase rather than ATM in such samples. These results shows 

that the cells escaping the radiation treatment enhance DDR response, can modulate the 

repair by utilizing an alternative sensory kinase like ATR instead of ATM to activate the 

DDR signaling cascade.  

The repair of the double strand breaks (DSBs) induced by any genotoxic stress can be 

brought about by two pathways: Non-Homologous End joining Pathway (NHEJ) and 

Homologous Recombination pathway (HR) depending upon the cell cycle phase and the type 

of structure of the broken ends of the damage. We wanted to see there is a preferential 
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activation of any of these repair pathway in our escapers by 1) examining the recruitment of 

NHEJ and HR proteins and 2) checking the expression of these proteins by western blot 

analysis. Importantly, we observed that higher recruitment and expression of NHEJ proteins 

in these resistant cells as compared to the HR proteins, suggest a preferential use of NHEJ 

pathway by these resistant cells. Importantly, Abrogation of NHEJ repair by DNA-Pk 

inhibitor NU7026, significantly reduced the survival and clonogenic ability of RR cells. 

Objective 3: Identify the differential changes at the chromatin level in the radiation 

surviving cells or escapers (RR). 

We first examined the gross level changes at the chromatin architecture in these RR cells 

using electron microscopy (EM). EM images revealed striking architectural changes in the 

form less condensed chromatin in the RR cells as compared to the parent cells. To explore 

further on these observations, we checked for the expression of Heterochromatin Protein-1 

alpha (HP-1α) in these cells and observed a decreased expression of HP-1α compared to the 

parent cells, confirming the euchromatinization of the chromatin in the RR cells.    

Since histone modifications are known to be involved in aiding DDR as well as altering the 

chromatin architecture, we then screened for the expression of various histone modifications 

(methylations) namely, H3K4me2, H3K9me2 and H3K36me2 associated with DDR response 

and influencing the chromatin architecture. The expression levels of methyltransferases 

responsible for these modifications were also determined. The radiation resistant cells 

revealed higher expression of H3K4me2 in 5/10 samples including cell lines (fold change 

ranging from 2.71-10.3), while H3K36me2 showed up-regulation in both the cell lines and in 

6 out 8 patient samples studied as compared to the parent cells (fold change ranging from 

1.42-12.5). Additionally, these RR cells from cell lines exhibited lower levels of H3K9me2 

compared to the parent cells. On correlating the expression of H3K4me2 and H3K36me2 

with the expression of SETMAR and NSD1 methyltransferases, we observed a strong 
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positive association between the expression of SETMAR and these modifications. Similarly, 

the lower expression of Suv39H2 correlated with the decreased levels of H3K9me2 

modification.  

Since H3K36me2 was observed to be up-regulated in 8/10 samples, we focused on 

understanding the relevance of the context of DDR and survival of resistant cells. For this, we 

first mutated the lysine residue at 36 amino acid in H3.3 to alanine, made stable cells 

expressing the mutant form of Histone 3.3 in a background of wild type H3. These mutant 

H3.3 expressing cells exhibited lower levels of H3K36me. Although possibility of 

methylation of endogenous H3.3 could not be ruled out, immunofluorescence assay for 

H3K36me2 in these mutant cells show a significant decrease in the modification, showing 

incorporation of the more than 80% mutant histone in these cells based on quantification of 

the immunofluorescence. Yet, experiments with the tagged-mutant H3.3 will be required to 

confirm the same. Recruitment and expression of NHEJ and HR repair proteins were then 

examined in the cells at different time points after radiation. Within 6-14 hours after 

radiation, recruitment and expression of NHEJ protein Ku80 and HR protein pBRCA1 was 

observed in both the cells expressing wild type H3.3 and mutant H3.3. However, at later time 

points, an increase in the recruitment of Ku80 along with concomitant decrease in pBRCA1 

was observed till the formation of resistant cells in wild type cells. However, in the cells 

harbouring H3.3 mutant reduced recruitment of Ku80 protein could not be compensated by 

the HR pathway. Interestingly, we also observed decrease expression of Ku80 in H3.3 mutant 

expressing cells. To rule out the possibility of decreased expression leading to reduced 

recruitment of Ku80, we quantitated the western blot expression and immunofluorescence 

images. Even though 30% of Ku80 protein was still being expressed in the RR cells, there 

was absolutely no recruitment of Ku80 was seen in the Mutant H3.3 expressing RR cells, 

suggesting that apart from recruitment, H3K36me2 may be regulating the expression of the 
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Ku80 as well. Furthermore, these cells showed decreased survival capacity, eventually die off 

within 18-20 days of radiation.  

Secondly, since SETMAR methylates H3 at lysine 36, we sought to investigate the 

importance of SETMAR expression in regulating the NHEJ repair response. For this, we 

generated stable cells expressing Tet-inducible shRNA against SETMAR. After induction 

with 1ug/ml of doxycycline, shRNA1 showed SETMAR knockdown efficiency of 70-80% 

compared to the scrambled shRNA. Upon shRNA knockdown of SETMAR in resistant cells, 

decreased expression of H3K36me2 and decreased recruitment of KU80 was observed in 

shRNA1. At 1ug/ml of doxycycline, SETMAR knockdown preventing the generation of 

relapse cells. Furthermore, at higher concentration (2.5 ug/ml) of doxycycline, fewer cells 

survived the radiation, highlighting the importance of SETMAR in the survival of GBM cells 

upon radiation.  

5. Conclusions and Future Prospects: 

In this study, we show that a subpopulation of GBM cells, innately resistant to radiation, 

survive and were transiently arrested in G2/M phase of the cell cycle via inhibitory 

pCdk1(Y15).These cells however, regain their proliferative capacity to form relapse cells. 

During the non-proliferative phase, these cells show enrichment of multinucleated and giant 

cells (MNGCs). We observed that these MNGC’s were not pre-existing giant cells from 

parent population but formed due to radiation exposure. Importantly, these MNGC’s were 

formed as a result of non-genetic route of survival of homotypic cell-cell fusion. Further, 

these fused cells display damaged DNA preferentially undergoing NHEJ repair possibly 

facilitated by H3K36me2. This study also highlights important therapeutic windows which if 

targetable may enable in better prognosis of this dismissal disease. We show that pushing 

resistant cells prematurely into mitosis by Wee-1 kinase inhibitor (MK1775) prevents 
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pCdk1(Y15) mediated cell cycle arrest and relapse while treating with Wiskostatin inhibitor 

prevented relapse of the escapers. In conclusion, we show that that the survival residual GBM 

cells is a multi-factorial process that involves alteration of the DDR response facilitated by 

chromatin changes at the levels of histone modifications.  

Future studies on identifying mechanisms involved in cell-cell fusion as well as the 

regulation of NHEJ repair would help in better understanding of the survival strategies 

adopted by these resistant GBM cells. This will further enable in the development of 

therapeutic strategies that will improve the prognosis and allow better management of this 

disease.  
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Introduction and Review of literature 
 

This chapter introduce brain tumours followed by discussion on important aspects of 

glioblastoma including diagnostic techniques, prognosis and treatment modalities. The later 

part of the chapter covers the current problems associated with glioblastoma management and 

mechanisms associated with the therapy resistance seen in these tumours.  

1.1 Glioblastoma  

 

Brain tumours accounts for 3.5% of the total tumour burden worldwide [1]. Out of 

these, gliomas constitutes 80% of the total primary malignant brain tumours [2]. Gliomas 

comprises of tumours arising from star shaped glial cells or non- neuronal cells that are 

required to support the neurons and maintain homeostasis. Depending on the type of cell, 

increasing degrees of undifferentiation, anaplasia and aggressiveness, gliomas are classified 

as astrocytic tumours (World Health Organization classification astrocytoma grades I, II 

(astrocytoma), anaplastic astrocytoma (Grade III) and glioblastoma or GBM (Grade IV) [3]. 

WHO grade II tumours (diffuse astrocytomas, oligodendrogliomas, and oligoastrocytomas) 

are more differentiated neoplasms that perpetually lead to development of higher-grade 

tumour.  

Glioblastoma is the most common and highly aggressive primary glial tumour 

predominantly seen in adults of 50-60 years arising in cerebrum (Figure 1.1). This tumour 

accounts for 50% of all the gliomas and approximately 12-15% of all brain tumours [4].  
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Figure 1.1: Anatomy of the brain and location of glioblastoma. Pictorial representation of 

different anatomical locations of brain tumours. Image taken from www.slideshare.net.  

Each year approximately 51,000 primary brain tumours are diagnosed in the United 

States of which 36% are gliomas, mostly are of WHO grade IV GBM with approximately 3 

in 100,000 new cases with GBM [5]. Across the developed countries, an estimated 3.5 cases 

per 100,000 people are reported each year with GBM as shown in table 1.1 [6]. 

 In India, the incidence rates  of glioma varies from 5.8% in Mumbai, 6.7% in 

Bangalore, 3.5% in Chennai, 5.6% in Dibrugarh, and 28.2% in Trivandrum among males and 

6.3% in Mumbai, 5.6% in Bangalore, 7.5% in Chennai, 0% in Dibrugarh, and 21.8% in 

Trivandrum among females as per the by Indian Council for Medical Research 2009 report 

[7]. The demographic data from Tata Memorial Hospital based on 1 year prospective study 

conducted on 656 patients also revealed increased proportion of high-grade gliomas 151 

cases (59.5%) amongst the total CNS tumours registered [8].  

 

Table 1.1: Incidence rates of adult glioma as reported in CBTRUS 2005 – 2006 [2]. 

 

1.1.1 Pathology, symptoms and risk factors 

This type of tumour is characterized histologically by hypercellularity and increased 

mitotic activity along with presence of microvascular proliferation and necrotic tissue with or 

without cellular pseudo-palisading. Due to the presence of pleomorphic tumour cells, 

glioblastomas were initially called as ‘glioblastoma multiforme’, a term that is no longer 
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used. Confined to the central nervous system (CNS), glioblastomas are highly invasive, 

infiltrating surrounding normal brain parenchyma, but do not show metastases. 

The most common symptoms in glioblastoma patients includes a slow progression of 

neurologic deficit usually motor weakness, increased intracranial pressure including 

headaches, nausea, seizures, vomiting, and cognitive impairment caused due to infiltration of 

the tumour cells in different parts of the brain [9].  

Accumulation of genetic alterations arising from both intrinsic and environmental 

factors contributes to the development of glioblastomas. Several of the hereditary syndromes 

including Cowden, Turcot, Li-Fraumeni, Neurofibromatosis type 1 and type 2, Tuberous 

Sclerosis, and familial Schwannomatosis have been associated with an increased risk of 

glioma [10].  Association with few genetic susceptibility loci such as 20q13.33 (RTEL), 

5p15.33 (TERT), 9p21.3 (CDKN2BAS), 7p11.2 (EGFR), 8q24.21 (CCDC26), and 11q23.3 

(PHLDB1), have also been identified however, variability is observed across different 

molecular subsets [11]. 

 

1.1.2 Diagnosis, prognosis and treatment of Glioblastoma 

1.1.2.1 Diagnosis 

Based on the EANO guidelines, diagnosis of GBM is attained through MRI or CT 

imaging techniques, with glioblastoma tumours appearing as a space-occupying, 

heterogeneously contrast enhancing lesion surrounded by irregular boundaries associated 

with peritumoral edema  as shown in figure 1.2 [12]. Advanced techniques like diffusion 

weighted imaging (DWI), perfusion-weighted imaging (perfusion MR) and MR spectroscopy 

have enabled better understanding of the pathophysiology of GB tumours and its 

differentiation from other brain tumour-mimics like infarction.  
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Figure 1.2: MRI image of GBM: T1-weighted gadolinium enhanced MRI scan showing 

contrast enhancing GBM tumour [13]. 

 

1.1.2.2 Prognosis 

Prognosis in GBM relies on the routinely used clinical markers of tumour size, its 

anatomical location, Karnofsky Performance Score (KPS), recursive partition analysis (RPA), 

histo-pathological and radiological features namely MIB-1 labelling index, contrast 

enhancing tumours, amount of tumour necrosis on preoperative MRI, peritumoral edema and 

perfusion parameters [14-16].The prediction of therapy response and stratification of GBM 

patients for chemotherapy is currently based on the evaluating Isocitrate Dehydrogenase 1 

and 2 (IDH1/2) mutation and the promoter methylation status of O-6-methylguanine-DNA-

methyltransferase (MGMT) in the tumour samples. Independently, MGMT hyper-

methylation has been shown to improve prognosis and overall survival of patients from 24% 

to 49% at 2 years and 5% to 14% at 5 years when treated with RT+TMZ compared patients 

treated with RT alone [17, 18]. However, patients harbouring unmethylated MGMT also 

demonstrate long term survival, thus suggesting involvement of other contributing factors in 

the therapy response.  

Identification of four molecularly distinct subgroups of GBM: classical, 

mesenchymal, proneural and neural by Verhaak et al based on 840 gene signatures have 
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provided newer insights into the pathogenesis of this tumour [19]. These subtypes display 

variable genomic and transcript alterations along with the clinical outcomes. While the 

classical subgroup shows amplification of mutant EGFR variant III and loss of PTEN; the 

mesenchymal subtype exhibits NF1 mutations, loss of TP53 and CDKN2A and is associated 

with poor prognosis. Constituting of younger group of patients, the proneural subgroup 

distinctly shows enrichment of IDH1/2, TP53 mutations in along with amplifications of 

PDGFRA, CDK6, CDK4, and MET and show higher survival rate. Lastly, the neural subtype 

displays molecular signatures similar to that of neurons but does not show unique 

distinguishing alterations compared to other subtypes. Furthermore, Noushmehr et al using 

The Cancer Genome Atlas (TCGA) dataset identified a distinct subtype of GBM tumors 

referred to as a glioma CpG island methylator phenotype (G-CIMP), displaying hyper-

methylation at multiple loci [20]. These G-CIMP samples had distinct molecular and clinical 

features, harboring IDH1 mutation at high frequency. The molecular profiling of GBM 

tumors has thus, further strengthened the understanding of its underlying biology. However, 

the existing knowledge of the tumour has not successfully been able to improve the clinical 

outcome of the patients and hence, there is an urgent need to identify newer molecular 

markers for better prognosis and treatment of this disease. 

 

1.1.2.3 Standard of care 

The treatment regime includes radical surgical resection followed by adjuvant 

radiotherapy combined with chemotherapy. A total of 60Gy divided in 30 fractions is 

typically given for GBM treatment. The DNA alkylating agent temozolomide is administered 

orally, concomitantly with radiotherapy for 6 cycles, followed by an adjuvant course based 

on randomized phase 3 study conducted by Stupp et al that reported the increase in median 

survival to 15 months vs 12 months with radiotherapy and temozolomide vs radiotherapy 
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alone, respectively (hazard ratio, 0.63; P < .001)[17]. An increase in 2-year survival rate was 

also observed in the same set of patients as compared to radiotherapy alone. Subsequent 

analysis revealed that tumours harbouring promoter methylation of the DNA repair enzyme 

O6-methylguanine-DNA methyltransferase (MGMT) were to display better response from 

the addition of temozolomide to radiotherapy as compared to patients with unmethylated 

tumours[18]. However, a subpopulation of glioblastoma patients having low MGMT 

expression without promoter methylation are also reported [25], indicating that multiple 

regulators control the MGMT expression.  

Bevacizumab or avastin, a humanized vascular endothelial growth factor (VEGF) 

monoclonal antibody targeting blood vessel formation (VEGF-A target) has been investigated 

for GBM. However, preliminary results of large randomized trials have demonstrated 

improvement in the progression-free survival (PFS) but did not result in increased overall 

survival [21, 22]. 

Apart from the conventional therapy, several additional therapies have been examined 

for GBM patients.  Interstitial brachytherapy using iodine-125 (I-125) has been employed as 

an adjuvant treatment for smaller brain tumors and has indicated an improvement in median 

survival for few highly selected patients [23] .  

However, despite multimodal therapy, the clinical outcome of GB patients remains 

dismissible with low survival of 12-15 months and high rate of recurrence. Only about 10% 

of the patients survive till 5 years post therapy contributed by the highly resistance nature of 

these tumour cells.  

 

1.2 Factors responsible for tumour resistance and recurrence 

Despite the advancement in the knowledge about glioma pathogenesis, this disease 

continues to be a major therapeutic challenge due to the existence of both inherent and 
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acquired resistant tumour cells. Several factors attributed to the treatment resistance have 

been reported. Incomplete debulking of the tumour due to the presence of highly infiltrative 

neoplastic cells in the inaccessible regions of the brain and an aberrant vasculature comprised 

hyper-proliferative, leaky and unorganized blood vessels are frequently the sources for 

disease recurrence. Furthermore, the dissemination of these highly invasive cells resistant to 

apoptosis in the normal brain parenchyma further reduces the efficacy of therapeutic drugs 

impermeable to blood-brain barrier. Importantly, these cells display cross resistance to other 

drugs that act by inducing apoptosis, thereby tolerating the chemotherapy. 

Over-expression of proteins like Epidermal growth factor receptor/variant VIII 

(EGFR/EGFRVIII), Platelet Derived Growth Factor Receptor (PDGFR), 

Phosphatidylinositide 3-kinase (PI3K), and Signal Transducer and Activator of Transcription 

(STAT3), Survivin, BIRC3 and altered metabolic proteins has been reported in these resistant 

GBM cells [24-27]. Moreover, tumour suppressor genes such as p53, p21, p16, and PTEN are 

commonly mutated in GBMs while cell cycle regulators CDK4 and MDM2 are amplified in 

approximately 13% of the tumours, pointing to the instability in these cells [28, 29].  The 

genomic and transcriptomic sequencing of multiple regions of the same tumour as well as of 

single tumour cell has identified the presence of genetically different clones with innate 

capacity to resist the treatment, illustrating intra-tumoral heterogeneity [30, 31].  

Lastly, GBM consists of highly tumorigenic cancer-initiating or glioma stem cells (GSC) 

capable of repopulating the entire tumour after therapy and exclusively expressing the neural 

stem cell surface marker CD133 [32]. The highly resistance nature of CD133-positive GSC 

more resistant to radiation therapy than CD133-negative tumour cells [33] has necessitated a 

change in the drug designing strategies.   

 

1.2.1 DNA repair and cancer  
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Eukaryotic cells are equipped with mechanisms to protect them against internal agents 

such as free radicals generated by cellular metabolism and exogenous agents like ionising 

radiation, UV light, chemical carcinogens and chemotherapeutic drugs that perturb the 

structure of DNA[34]. Cells have developed highly conserved DNA-damage responses that 

activate different repair pathways to maintain the genome integrity and survive the genotoxic 

stress. These responses are tailored to the type of insult inflicted on the DNA and includes: 

(a) direct repair of alkyl adducts by O6-alkylguanine DNA alkyltransferase (AGT); (b) base 

excision repair (BER) to repair single strand breaks and mutated bases;  (c) double strand 

breaks repair by homologous recombination (HR), non-homologous end joining (NHEJ) and 

single strand annealing (SSA); (d) nucleotide excision repair (NER) for the removal of DNA 

adducts; (e) repair of cross-links by DNA inter-strand cross-link repair and (f) DNA 

mismatch repair (MMR) for the repair of mismatches and insertion/deletion in the DNA[34]. 

Since chemotherapy and radiation are the two main treatment modalities currently used to 

improve poor clinical outcomes of cancer patients, the cytotoxicity of these agents is directly 

dependent on the cell’s ability to illicit an efficient DNA damage repair (DDR) response.  

Several studies have demonstrated that the activation of DDR proteins during early 

stages of tumorigenesis [35, 36], induced due to the oncogene-mediated DNA damage, limits 

the proliferation and growth of tumour cells [37, 38]. Therefore, not surprisingly, a plethora 

of reports have indicated modulation of DNA repair proteins by the tumour cells during the 

progression of the disease and later also affecting their response to chemotherapeutic drugs. 

The summary of the aberrations in DNA repair genes across different cancers has been 

depicted in figure 1.3.  Apart from these, aberrations including MGMT methylation has been 

associated with lymph node metastasis in gastric carcinoma [39], related to poor prognosis in 

human lung adenocarcinomas [40] and better clinical response in diffuse large B-cell 

lymphoma patients [41] and glioblastoma (hypermethylated MGMT) upon treatment with 
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temozolomide [42].  Furthermore, loss of mismatch repair proteins hMLH1 and hMSH2 have 

been predicted to confer resistance to therapy in lymph node positive breast cancer patients 

[43] and was predominantly observed   in   invasive muscle and high grade transitional cell 

carcinoma (TCC) of the bladder than the low grade tumours [44]. Mao et al have shown that 

the refractory or relapsed AML patients  

 

Figure 1. 3: Extent of alterations in DNA damage response (DDR) proteins in different 

cancers. Concentric circles depict the percentages of patients harbouring mutations. A) 

Radial plots showing the proportion of patients with protein-coding mutations in DNA repair 

and its related pathways as determine by the radius length. B) Copy number variation in the 

different DDR pathways (red indicates loss of genes; blue indicates gain of genes). C) 

Expression level variation in DDR pathways (red indicates down-regulation; blue indicates 
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up-regulation). AM, alternative mechanism for telomere maintenance; BER, base excision 

repair; CPF, checkpoint factor; CR, chromatin remodelling; CS, chromosome segregation; 

DR, direct repair; FA, Fanconi anaemia pathway; HR, homologous recombination; MMR, 

mismatch repair; NER, nucleotide excision repair; NHEJ, non-homologous end joining; OD, 

other double-strand break repair; TLS, translesion synthesis; TM, telomere maintenance; UR, 

ubiquitylation response[45].  

 

significantly harbour more frequent MMR defects compared to the newly diagnosed patients 

and may aid in disease progression [46].  Recent reports have also shown that the repeated 

exposure of glioblastoma patients to temozolomide leads to induction of mutations in 

mismatch repair genes making the tumour cells resistant to the drug [47]. 

Of all the insults to DNA, double-strand breaks are the most deleterious and if left 

unrepaired can cause apoptosis or senescence while erroneous repair can result in genomic 

instability [48]. The radiation as well as several chemotherapeutic treatments used as a first 

line of therapy in most of the cancers induces highly lethal form of DNA damage: double 

strand breaks (DSBs). Additionally, DNA damage induced by alkylating drugs are then 

further converted by mismatch repair into secondary lesions like stalled replication forks that 

eventually lead to the formation of DNA double-strand breaks[49]. Cellular responses to this 

cytotoxic lesion includes activation and induction of DNA repair proteins along with several 

cell cycle checkpoint proteins operative in G1,S and G2-M phases of the cell thus,  providing 

time for the efficient repair of  the DSBs [50].  An important aspect of the DNA-damage 

response is the reorganization of chromatin structure at the site of DNA damage triggered by 

the phosphorylation of H2AX in the mammalians cells, making damaged DNA accessible to 

repair proteins[51].  
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The DNA repair signalling cascade in mammalian cells involves a serine/threonine 

protein kinase ATM, a crucial repair component that senses the damage, undergoes auto-

phosphorylation at serine 1981 and further activates the downstream substrates including 

H2AX, p53, Chk2 (checkpoint kinase 2), BRCA1 (breast cancer 1) and NBS1 (nijmegen 

breakage syndrome 1 protein) [52] as shown in figure 1.4.  

 

 

Figure 1.4: Double strand break repair pathway in humans. Shows the proteins involved 

in sensing (ATM/ATR) and downstream activation of DSB repair pathway [53]. 

 

Deficiency of ATM leads to development of an autosomal recessive hereditary 

disorder ataxia-telangiectasia (A-T) displaying sensitivity to ionising radiation and increased 

the risk of cancers. In line with its tumour suppressor function, ATM is frequently reported to 

be mutated in many human cancers including lung [54], colorectal [55], breast [56], mantle 

cell lymphomas [57] and haematopoietic cancers [58]. Furthermore, loss of ATM has been 

shown to enhance the growth and progression of glioblastoma [59]. However, in contrast to 

the bulk tumour, glioblastoma stem cells (GSC) show up-regulation of ATM activity, Chk1 
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(checkpoint kinase 1) and Chk2 which upon ATM inhibition abrogates the survival of GSC's 

[33, 60]. 

Apart from ATM, ATR (Ataxia Telangiectasia and Rad3 related) activation is brought 

about by different damages including DSBs, replication stress, base adducts and is required in 

the repair of persistent single-stranded DNA.  Loss of ATR leads to early embryonic lethality 

in the mouse [61, 62] while causes reduction in cellular viability in chicken DT40 B-

lymphocytes, suggesting its uncompensated role in repair during early development. 

However, in case of cancer cells, recent reports have suggested that selective inhibition of 

ATR in cancer cells could induce cytotoxicity in them, ameliorated by depletion of p53. 

Functional inhibition of ATR in a p53-deficient tumours was shown to enhance the oncogene 

induced replication stress, increasing the levels of DNA damage and eventually inhibiting the 

growth of tumour cells [63-65]. Importantly, Schoppy et al demonstrated that hypomorphic 

ATR mutation induced apoptosis of RAS-driven tumours while having minimal toxicity on 

normal bone marrow and intestine [65], suggesting that the partial inhibition of ATR may be 

sufficient for selective killing of cancer cells. Overall, these studies have encouraged 

development and use of specific, potent ATR inhibitors for targeting cancers.  

DSBs are mainly repaired by homologous recombination (HR) and non-homologous 

end-joining (NHEJ)[66] as depicted in figure 1.5. While HR occurs during S and G2 phases 

of the cell cycle, requiring extensive homology or sister chromatid as a template for the repair 

of DNA DSBs, NHEJ requires limited or no homology for end joining, operates throughout 

the cell cycle and hence is more error prone[66-68].  

NHEJ pathway is triggered by the binding of heterodimeric DNA binding regulatory 

Ku complex, Ku70 and Ku80 onto the free DNA ends. This complex further recruit DNA-

dependent protein kinase (DNA-PKc), which then undergoes activation by the DNA-bound 

Ku complex. The ligation of the broken ends is then further conducted by Artemis, the 
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XRCC4/ligase IV recruited to the complex. These NHEJ repair proteins have long been 

implicated in carcinogenesis, owing to its role in the maintenance of genomic instability [69]. 

In vivo experiments have shown that the mice lacking Ku70 protein displayed higher 

incidence of thymic lymphomas [70], although spontaneous mutations in Ku70 or Ku80 have 

not been reported in humans suggesting their requirement for viability. Similarly, studies on 

human samples with altered DNA-PKcs activity have shown an indirect correlation to its 

activity, genomic instability and cancer incidence in breast and cervical cancer [71].  

 

Figure 1.5: NHEJ and HR pathway in humans. A and B) Shows the molecular players 

involved at different stages of the HR and NHEJ repair pathways, respectively. Modified 

from [72].  
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Mice lacking DNA-PKcs show higher sensitivity to IR and other DNA cross-linking agents 

[73].  Furthermore, XRCC4 and DNA ligase IV deficiency in p53 null mice develop pro-B 

lymphomas while in a functionally active p53 background led to neuronal apoptosis during 

early embryogenesis [74-77]. Overall, several studies have demonstrated a significant role of 

NHEJ pathway in maintaining genomic stability and suppressing carcinogenesis. Thus, there 

have been extensive studies focused on developing drugs that target NHEJ repair 

components. Based on these studies, NU7026, a specific DNA-PKcs inhibitor was developed 

and was reported to enhance the cytotoxicity of topoisomerase inhibitors in leukemia cells 

[78]. Similarly several compounds specific to DNA-PK have been developed and tested in 

different cancer models, demonstrating their potential as chemo- or radio-sensitizers [79, 80].  

Compared to NHEJ repair, homologous recombination repair (HR) is a high-fidelity, 

template-dependent repair process that recognizes variety of DNA damages including DNA 

gaps, DNA double-stranded breaks (DSBs) and DNA interstrand crosslinks (ICLs)[81]. The 

conventional model for HR pathway: double strand break repair pathway (DSBR) begins 

with recognition and processing of DSBs by the MRN (Mre11-Rad50-NBS1) complex, 

creating short 3’ single-stranded overhangs. Further, the single stranded overhangs are  bound 

by RPA32 which along with Rad51 protein forms a filament of nucleoprotein coating the 

single stranded DNA [81]. This nucleoprotein filament after finding sequences similar to that 

of the overhang, begins to move onto the similar or identical recipient DNA duplex and 

forming a Holliday junction with the homologous chromosome. Chromosomal cross-over 

eventually leads to the sealing of the double strand breaks[81]. Mutation in many of these HR 

machinery components including RAD genes show embryonic lethality in mice [82, 83], 

caused due to excessive accumulation of unrepaired damage [84]. Additionally, these HR-

defective cells display hypersensitivity to cisplatin or thymidine agents that work by causing 

stalling of the replication forks [85, 86]. Furthermore, germline mutations in the BRCA2 
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protein which is known to interact with RAD51 protein [87], accounts for 5-10% breast 

cancer and 10-20% ovarian cancer [88]. In glioblastoma particularly, glial initiating cells 

have been reported to undergo homologous recombination repair more efficiently as 

compared to the non-tumorigenic neural progenitor cells to repair the damage induced by 

radiation and thus, could be targeted using small molecule inhibitor against ATM [89, 90].  

Thus, several reports have successfully demonstrated the potential of using DNA repair 

inhibitors either alone or in combination with the current therapeutic agents to prevent 

tumour formation. However, understanding of the regulation of DNA repair pathway will be 

required for development of highly specific and efficient drugs targeting specifically the 

cancer cells and not being toxic to the normal cells.  

 

1.2.2 Epigenetics, DNA repair and cancer 

Epigenetics defines the study of changes that alters the expression of genes, independent 

of the genetic changes. These non-heritable changes are brought by epigenetic modifications 

like DNA methylation, histone post-translational modifications and alteration of the 

positioning of the nucleosomes. Initially known to regulate the normal embryonic 

development, epigenetics now has been shown to co-operate with the genetic alterations in 

promoting cancer development and progression. Epigenome of the cancer can be 

characterized by global changes in the DNA methylation as well as histone modification 

patterns along with the altered expression of chromatin-modifiers which eventually can 

confer a growth advantage to tumor cells promoting tumorigenesis.  

Global DNA hypo-methylation at various genomic sequences including retrotransposons 

as well as specific genes like MGMT has been implicated in variety of cancers, increasing the 

genomic instability and conferring resistance to chemotherapeutic drugs[18]. Apart from 

hypo-methylation, hyper-methylation of CpG island of the tumor suppressor genes like  Rb , 
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p16, BRCA1 as well as silencing of transcription factors such as RUNX3 in esophageal 

cancer[91] and GATA-4 and GATA-5 in colorectal and gastric cancers [92], and DNA repair 

genes like XPC, MLH1, BRCA1, XRCC5 etc. may further promote tumor progression [93-95]. 

Histones are highly basic proteins found in eukaryotic cell nuclei that package and order 

the DNA into structural units called nucleosomes. These nucleosomes consists of 4 core 

histones H3, H4, H2A, and H2B forming a histone octamer wrapped around 146bp of DNA 

[96]. These histones undergo variety of posttranslational modifications (PTMs) including 

methylation, acetylation, phosphorylation, ubiquitylation and SUMOylation commonly 

occurring on the flexible N-terminal tail regions [97]. These modifications alter the chromatin 

structure directly or indirectly through the recruitment of histone modifiers and/or 

nucleosome remodelling complexes[98]. Recent advances in the high-throughput sequencing 

have led to the mapping of cancer-associated chromatin changes that regulate the chromatin 

state, dynamics and gene expression. Several of the identified histone modifications include 

hypo-acetylation of H4-lysine 16 (H4K16ac) and provide a few more examples of acetylation 

of Histones in cancer [99]. These acetylation marks are removed by the histone deacetylases 

or HDACs reported to be highly over-expressed in various cancers and notably targeting of 

these HDACs have shown promise for epigenetic therapy of cancer [100, 101]. In addition to 

histone acetylation, methylation patterns have also been implicated in altering the gene 

expression in the cancer cells [95]. While methylation of H3K9 and H3K27 is associated with 

gene silencing, methylation of H3K4, H3K36 and H3K79 induces transcriptional activation 

in many cancers [102-104]. These histone modifications recruit other nucleosome 

remodelling complexes, for example interaction between H3K9 and H3K27 bound by HP1 

(Heterochromatin Protein 1) and Polycomb repressor complex 2 (PRC2), respectively to 

bring about the chromatin architectural changes [105].  
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Importantly, apart from its role in transcription regulation, recent studies have also 

demonstrated a role of histone methylation in cell cycle checkpoints and several of histone 

methylations have now been identified as key regulators of double strand break repair 

response. H3K9me3 is known to be required for mediating cellular response to DNA damage 

in the early and late phases of the response. In the early phase of repair response, immediate 

loading of HP-1, KAP1 complexes onto the damaged DNA cause up-regulation of H3K9 

methylation which in turn induce a large repressive heterochromatin state. This further leads 

to chromodomain mediated binding of Tip60 to H3K9me3 which subsequently acetylate, 

activate ATM [106-109]. A recent study have shown that H3K9di-methylation mediate 

interaction with HP-1 and is required to retain BARD1 and BRCA1 at the DNA damage sites, 

thus promoting HR repair [110].  Similarly, Botuyan et al showed that a direct interaction 

between 53BP1 and histone methylation H4K20me2 via tudor domains in 53BP1 leads to its 

relocation onto the DNA DSBs sites [111].  

Histone methylation are catalysed by histone methyltransferases (HMT) belonging to two 

groups: 1) containing the SET or Su(var)3-9, Enhancer of Zeste [E(Z)], and Trithorax (trx) 

domain and 2) lacking SET domain. These modifications are reversed by flavin adenine 

dinucleotide (FAD)-dependent histone demethylases and Jmjc domain-containing histone 

demethylases [112]. Many of these histone methyltransferases/demethylases are also reported 

to be involved in carcinogenesis [112].  For example, EZH2 methyltransferase responsible for 

H3K27 methylation is reported to be overexpressed and associated with metastatic breast 

cancer, specific down-regulating RAD51-like proteins thereby, impairing the HR repair[113, 

114]. 

Overall, these studies have demonstrated the important role of histone methylation, HMT 

in cancer as well as in regulating DNA damage repair response.  
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Rationale 

Cancer therapy including radiation used in GBM works by causing double strand breaks 

(DSBs) in DNA and inducing apoptosis in cancer cells. The efficacy of DNA damage-based 

therapy in GBM can be modulated by DNA repair pathways. Since the physiological 

substrate of DNA damage repair machinery is packed into chromatin, the efficiency of DNA 

damage repair in a cell depends on the accessibility of these repair proteins to the damaged 

DNA. In this regard, histone methylations play a key role in regulating DNA repair response 

by directly interacting with the repair proteins. This led us to hypothesize that residual 

resistant GBM cells differ from the bulk tumour cells such that they alter the of DNA damage 

repair response by exhibiting differential chromatin modifications, either acquired during the 

administration of radio-therapy or innately present. These changes in chromatin structure that 

regulate DDR pathway efficiency and choices in turn influence the survival of residual cells 

post therapy. Therefore, understanding of the chromatin mediated DDR response in the 

resistant cells may enable development of therapeutic strategies for specific targeting of these 

cells.  Therefore, this thesis work explores the role of the chromatin mediated DDR response 

in the resistant cells and may thus form the basis of identification of newer targets specific to 

the resistant GBM cells.   

As a prerequisite for these studies, generation of an in vitro radiation resistant model derived 

from patient derived primary cultures and cell lines has been developed that enabled us to 

study the molecular changes occurring in the tumour post radiotherapy and elucidate 

mechanisms contributing to the survival of resistant cells
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Key Question: 

To understand the role of chromatin and DNA damage repair pathway that contribute to the 

survival and relapse of glioblastoma cells post radiation. 

Specific Aims: 

1. Establishment and characterization of the in vitro radiation resistant model from 

glioblastoma cell lines and patient samples. 

2. Identification of differential double strand break repair pathway activation and 

chromatin changes in radiation resistant cells.  
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Chapter 2 

Establishment and characterization of the in vitro radiation 

resistant model from glioblastoma cell lines and patient samples 
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This chapter is divided into two parts: 1) discuss the establishment of in-vitro radiation model 

whereby we observed a small percentage of innately resistant cells (RR) surviving the lethal 

dose of radiation which further went on to form recurrent population. The characterization of 

the RR cells is also included in the first part of the chapter; 2) discuss the characteristics of 

the recurrent cells and the potential of global techniques like RNA sequencing and Raman 

spectroscopy in the classification of these recurrent cells.  

2.1. Establishment of the in-vitro radiation resistant model  

2.1.1 Introduction 

Current treatment modality for GBM includes maximum surgical resection followed 

by standard radical radiation and chemotherapy. Despite radiotherapy, the propensity for the 

local recurrence increases and therefore, the median survival time of GBM patients remains 

in the range of 21 months [17, 115]. Current GBM therapies, while killing the majority of 

tumour cells, fails to eliminate these residual resistant cells which survive to regenerate new 

tumours [116]. In this context, innate resistant characteristics of these cells influence the 

therapy response and outcome of the disease. The inability to identify the changes in the 

resistant cells during the course of the treatment hinders our understanding of the mechanism 

of radio-resistance in GBM or any clinical significance associated with them. As a result, 

GBM remains incurable and treatment of GBM poses a major challenge.  

The current field relies on studying the course of GBM using in vivo mouse 

xenografts and orthotropic models [117, 118]. However, the number of observations post 

radiation therapy still remains limited. Determination of new methodologies for generation of 

patient derived cultures has enabled identification of novel molecular prognostic predictors. 

The use of patient derived cultures from different tumour tissues have led to the discovery of 

molecular signatures and phenotypes unique to the cancer cells, significantly correlating with 
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the clinical outcome [119-121]. Furthermore, studies using patient derived cultures have 

helped in predicting therapy response in each individual [122]. Hence, to explore the survival 

and relapse mechanisms in glioblastoma, we established an in vitro radiation resistant model 

from patient samples and cell lines that recapitulate the course of GBM from the treatment to 

its recurrence as occurring in vivo.  

Multinucleated and giant cells (MNGCs) are frequently seen in human cancer tissues 

and cell lines, mostly associated with late stages of tumour [123-130]. The primary 

mechanism contributing to the formation of MNGCs has shown to be the failure of 

cytokinesis and endo-replication that eventually generate polyploid cells [131, 132]. Recent 

reports have also suggested a role of entosis or cell-in-cell structure formation in inducing 

multinucleated-giant cells [133]. Another mechanism, cell fusion is known to generate 

multinucleated cells during development [134] but in the context of cancer such events are 

rare and have been implicated only in virally induced transformation of the normal cells, 

tumours of tendon sheath and bone, enhancing the propensity to cause chromosomal 

instability and eventually resulting in aneuploidy [135-137]. Some of the studies also report 

the multinucleated cells formation as result of radiation, though these cells so reported 

eventually underwent cell death by mitotic catastrophe [138-140]. The pre-existing MNGCs 

in tumours are thought to be responsible for increased resistance to therapies [141-143] 

however, the precise functional role of these cells in cancer is still not known.  

In this chapter, we show that in a heterogeneous population of glioblastoma, there 

exist a small population of mono-nucleated cells (radiation resistant cells) with innate 

capacity to survive the lethal dose of radiation. These radiation resistant cells survive the 

initial onslaught of radiation by activation of pCdk1 (Y15) leading to their cell cycle arrest 

during which they repair their damaged DNA. Although non- proliferative, these cells are 

highly motile and undergo cell - cell fusion at high frequency to form multinucleated giant 
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cells (MNGCs), fusion events also induce senescence. MNGCs release senescence associated 

proteins and activate pAKT and pro-survival genes.  

On further examination of the clinical relevance of molecular features associated with 

radiation resistant cells from twenty glioblastoma patient samples, we observed that 

percentage of giant cells in RR population (p=0.046) alone or in combination with tumour 

volume (p=0.008) predicted clinical outcome demonstrating the potential of giant cell 

formation as a prognosticator.  

Thus, our findings suggest that radiation resistant glioma cells can sustain survival 

under stressful conditions via MNGC formation during the transient non-proliferative phase.  

Accordingly, we show that relapse in glioblastoma can be prevented by disrupting the non -

proliferative phase of the radiation resistant cells with inhibitor of Wee1 kinase, a negative 

regulator of cell cycle and specifically targeting MNGCs by using Wiskostatin, an inhibitors 

of cytokinesis.   

2.1.2 Materials and methods 

2.1.2.1 Cell culture and drug treatment   

Glioblastoma Grade IV cell lines U87MG and SF268 were obtained from ATCC in 2011. 

These cell lines were last authenticated in the laboratory by Short Tandem Repeat (STR) 

profiling based on eight markers in May 2014. The cell lines were maintained in DMEM 

containing 10% (v/v) FBS, penicillin (200 U/ml), streptomycin (100 μg/ml) and incubated at 

37°C in a humidified incubator with an atmosphere of 50 mL/L CO2. Wee1 kinase inhibitor 

(MK1775) and Wiskostatin were obtained from Calbiochem. 
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2.1.2.2 Patient samples 

The project was approved by the institutional review board and informed consent in the 

language understood by the patients was also taken prior to tumour collection. Tissue was 

collected after surgery from 20 patients with confirmed glioblastoma. The survival status of 

these patients was determined based on the medical records and telephonic interviews. 

Patients underwent either maximal safe resection or subtotal resection depending on 

the depth and location of the tumour. The extent of resection was further determined based on 

post-operative MRI which was done within 48 hours post-surgery. 

All the patients received focal conformal radiotherapy by 3D-CRT technique with 

concurrent temozolomide. A total of 60Gy in 30 fractions over 6 weeks was given to 12/20 

(60%) while 6 cycles of adjuvant temozolomide was given to 12/20 (60%) patients. Only one 

patient received weekly once radiation of 35Gy in 5 fractions over 5 weeks. This patient did 

not receive any concurrent temozolomide but went on to receive six cycles of maintenance 

temozolomide after radiation therapy.  

All the patients underwent diagnostic Magnetic Resonance Imaging (MRI) scan on a 

3Tesla machine prior to surgery and within 48 hours of surgery. MR sequences included 

T1W images with contrast, T2W, T2FLAIR, MR perfusion and MR spectroscopy. On T1W 

contrast images, degree of contrast enhancement and volume of the enhancing tumor was 

calculated on volumetric contrast enhanced MR sequences using the post-processing software 

on Advantage Workstation (AW version 4.4) GE Medical Systems®. The lesions were 

further characterized on T2W images and the amount of perifocal edema was noted on 

T2FLAIR images. Relative cerebral blood flow (rCBF) and relative cerebral blood volume 

(rCBV) were assessed by commercially available post processing software on Advantage 

Workstation (AW version 4.4) GE Medical Systems®. The perfusion parameters were 
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calculated based on the rate of flow of the contrast within the tumour normalized to the 

normal brain parenchyma on a first-passage contrast-enhanced T2-weighted single-shot 

gradient-echo echo-planar sequence. The area under the perfusion curve (AUC) (Figure 2.1, 

lower panel) represents the rCBV value which is simply the volume of blood within a given 

mass of the region of interest (ROI) and the rCBF is represented by the net flow of blood 

within the same ROI (Figure 2.1, lower panel). Information regarding perfusion (rCBV & 

rCBF) was available in 12 patients. Additionally, MRS features like choline: NAA, choline: 

creatine and presence of lipid/lactate peaks were also investigated in the study. 

 

Figure 2.1: T1-weighted and perfusion MR images depicting GBM. T1W gadolinium 

contrast MR images from patient representing axial, sagittal and coronal planes showing solid 

cystic contrast enhancing space occupying lesion in temporal-parietal region of the brain 

(upper panel). Perfusion images for rCBV and rCBF measurements along with the graph 

depicting perfusion values from the region of interest compared to the contra-lateral normal 

brain parenchyma (lower panel).   
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 Tumor sections were evaluated for necrosis classified as Confluent Necrosis 

(CN) or Palisading Necrosis (PN), calcification, MIB-1 labelling index (1:50, Dako, 

Glostrup, Denmark), P53 expression (clone D07, 1:50, Dako, Glostrup, Denmark), 

IDH1R132H (clone H09, 1:200, Dianova, Hamburg, Germany) by immunohistochemistry. 

P53 immunoreactivity was labelled as ‘positive’ in case of diffuse and strong staining in more 

than 50% of tumour cells, ‘focally positive’ wherever the staining was observed in 10-50% of 

cells and ‘negative’ if there were very few cells (<10%) with weak or moderate intensity or 

no staining. IDH1 mutation was labelled as either positive or negative. 

 

Figure 2.1: Spectrum of p53 negative and positive tumours in our cohort. The GBM 

tumour sections used in this stained for p53 are represented. The p53 expression varied in 

different samples where dark brown staining shows over-expressing or p53 positive tumours 

while absence of dark brown stain shows p53 negative tumours.  Magnification X200.Scale 

bar- 50µm. 

Fresh tissue samples were collected in DMEM containing 400U/ml of pencillin, 200 

μg/ml of streptomycin. Single cell suspension was made using Brain Tumor Dissociation Kit 

(P) (catalogue number 130-095-942) as per the kit instructions. The tissues were first washed 

with PBS to remove blood vessels and necrotic tissue from the tumour samples and then 

transferred the tissue into C-tube containing pre-heated 3890µl of buffer X, 50µl of enzyme 
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N and 20µl of enzyme A. The tissues were then subjected for mechanical disruption using 

gentle MACS dissociator program h_tumor_02, followed by 15 minutes incubation at 37 °C 

under slow, continuous rotation. Further, the C tubes containing the samples were run on the 

gentleMACS Program h_tumor_03 and incubated for 10 minutes at 37 °C under slow, 

continuous rotation. In the final step, samples were run on gentleMACS Program m_brain_01 

and the pellet was collected after centrifuging briefly and was seeded in DMEM: F12 media 

containing 15% (v/v) FBS, 1% of antibiotic cocktail containing fungizone and incubated at 

37°C in a humidified incubator with an atmosphere of 5% CO2.  

2.1.2.3 Cell synchronization  

Cells from all the cultures were grown to 70% confluency in medium containing 10% serum. 

Cells were then washed with 1X PBS and incubated in medium containing 0.05 % serum for 

72 hours. After 72 hours, cells were released in media containing 10% serum and irradiation 

using 60Co γ-rays was carried out. 

2.1.2.4 Trypan blue assay 

Two million synchronized cells from all cultures were seeded in 10 cm2 dishes and irradiated 

with their respective lethal dose of radiation. Viable cells from these plates were counted 

every alternative day till 22 days to monitor the cell survival post radiation on a 

hemocytometer using trypan blue dye. 

2.1.2.5 Clonogenic survival assay 

To determine the survival fraction at 2Gy (SF2) as well as lethal dose of radiation for all the 

primary cultures and cell lines, clonogenic assay was carried out in a 60mm dish using 1000-

3000 cells as per the plating efficiency of the glioma cultures. The colonies (>35 cells) were 

fixed with pre-chilled methanol: acetic acid (3:1), stained with 0.5% crystal violet and 
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counted after 10-15 days of radiation. SF2 values and lethal dose was calculated from the 

radiation-survival curve using SPSS software version 21®. 

2.1.2.6 Propidium Iodide Staining 

Cells were harvested, washed once with 1X PBS and fixed with 70 % cold ethanol overnight 

at 4 °C. Fixed cells were then washed with PBS and incubated with RNase A (40μg/ml) and 

Propidium Iodide (40 μg/ml) for 1 hour at 37 °C. These cells were acquired on FACS 

Caliber, BD Biosciences. Cell cycle analysis was done using ModFitLT 2.0 program.  

2.1.2.7 BrdU staining 

Briefly, cells coated onto the coverslips were incubated with 10µM of BrdU for 24 hours for 

each of the cell type. These were then fixed with 4% paraformaldehyde for 20 minutes at 

room temperature. After three washes with 1X PBS, the cells were treated with 2N HCl for 1 

hour at room temperature. The cells were then washed with 1X PBS followed by three 

washes with 20mM glycine. The cells were then incubated with 2.5% normal donkey serum 

for 1 hour at room temperature to block non-specific sites followed by overnight incubation 

with anti-BrdU antibody (rat; 1:250: Abcam) at 4 °C. After washing thrice for 5 min with 

PBS, coverslips were incubated with FITC conjugated goat anti- rat antibody (1:450; Cell 

Signalling) for 45 min at RT. Nuclei were counterstained with DAPI (0.5 μg/mL) for 1 

minute, washed thrice with 1X PBS and mounted using VECTASHIELD mounting media 

(Vector Labs). The cells were visualized under Zeiss LSM 510 Meta Confocal Microscope. 

2.1.2.8 CD133 staining 

The staining was varied out as per the product’s instructions. Briefly, cells were harvested, 

washed with PBS and re-suspended in 10ul of staining buffer containing 0.5% of BSA in 

PBS. The cells were then incubated with 1ul of CD133/1 (AC133) antibody (MACS Miltenyi 
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Biotec) for 15 min in dark at 4 °C. The cells were then washed twice with staining buffer, re-

suspended in 200ul of the buffer were acquired on FACS Caliber, BD Biosciences. 

2.1.2.9 RNA extraction, cDNA synthesis and qPCR 

Total RNA was extracted by TRIZOL Reagent (Invitrogen) according to the manufacturer's 

protocol. cDNA was synthesized using the SuperScript III First-Strand kit (Invitrogen) as per 

the manual instructions. qPCR was carried out using Roche Light Cycler Master Mix using 

Light Cycler 480 real time PCR system. GAPDH was used as an internal control. Relative 

changes of mRNA amounts were calculated using the ΔΔCt method. A list of all primers 

used for real time PCR are provided in Annexure I. 

2.1.2.10 β-galactosidase activity staining 

Parent cells and radiation resistant cells were washed with 1X PBS, fixed with 0.5 ml of 

fixative solution provided in the Abcam Senescence detection kit (Ab65351) for 10 - 15 min 

at room temperature. Cells were then washed twice with 1X PBS and incubated overnight 

with 0.5 ml staining solution containing 20mg/ml of X-gal. They were microscopically 

analysed using Olympus IX- 71 for positive staining.  

2.1.2.11 Immunofluorescence  

Cells seeded on cover slips were fixed with methanol: acetic acid (2:1) at -20 °C for 10 

minutes then washed with 1X PBS and permeabilized with 0.5% Triton X-100 for 15 minutes 

on ice. After subsequent washing, the cells were incubated for one hour at 37 °C in 5% BSA 

solution. The cells were then incubated with primary antibody: Nestin (rabbit; 1:500; 

Abcam), β-actin (mouse; 1:500; Sigma Aldrich), N-cadherin (rabbit; 1:500; Abcam) 

overnight at 4 °C. After washing thrice for 5 min with PBS, coverslips were incubated with 

FITC conjugated goat anti- rabbit antibody (1:100; Cell Signalling) for 45 min at RT. Nuclei 

were counterstained with DAPI (0.5μg/mL) for 1 minute, washed thrice with 1X PBS and 
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mounted using VECTASHIELD mounting media (Vector Labs). The cells were visualized 

under Zeiss LSM 510 Meta Confocal Microscope.  

2.1.2.12 Cell sorting based on scatter 

Trypsinized cells were washed with 1X PBS and suspended in DMEM containing 10 % FBS 

to make single cell suspension. For primary cultures, single cell suspension was made in 

DMEM: F12 media containing 15% FBS. Flow cytometric analysis was carried out based on 

their side and forward scatter. Sorting was performed using 100μm nozzle with BD 

Biosciences FACS Aria III cell sorter. 10,000 events were reported. Small and giant cells 

were sorted at a flow rate of 1000 cells/s to maintain the cell viability and were then finally 

seeded for subsequent experiments. 

2.1.2.13 Generation of stable cell lines over-expressing green and red florescence to 

monitoring cell-cell fusion 

The cells were transfected with 3μg of pEGFP-N2 and pCDNA3.1-TdRed (to establish green 

and red florescence expressing cells) plasmids, mixed with 9μl of Lipofectamine 2000 

(Invitrogen) and incubated overnight. Next day, DMEM containing 20% FBS was added to 

stop the transfection. These transfected cells were then put under selection with 500μg/ml of 

G418 for two to three weeks. 

2.1.2.14 Time Lapse studies 

pEGFP and TdRed expressing cells were co-cultured in equal number and radiated with 

lethal dose of radiation. After 6 days post radiation, time lapse images were taken with 30 

minutes of interval time for 24 hours on Zeiss A.1 inverted microscope at 10X magnification. 
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2.1.2.15 Annexin V/ PI staining 

The protocol as defined by the Abcam kit manual (ab14085) was followed. The cells were 

trypsinized and washed with DMEM media. In each of the tube, 500 µl of the 1X binding 

buffer, 5 µl of Annexin V-FITC and 5 μl of propidium iodide was added and incubated for 10 

minutes. The data were then acquired on FACS Caliber, BD Biosciences and analysed by 

Cell Quest. 

2.1.2.16 Western Blot analysis  

Cells were lysed using EBC lysis buffer (120 mM NaCl, 50 mM Tris-Cl (pH 8.0), 0.5% (v/v) 

Nonidet P-40, 50 μg/ml PMSF and protease, phosphatase inhibitor cocktail for 45 minutes on 

ice. The supernatant was collected and 30ug of protein was used for immuno-blotting using 

anti-pAKT (rabbit; 1:1000; Cell Signaling), anti-AKT (rabbit; 1:1000; Cell Signalling), and 

anti-pY15Cdk1 (mouse; 1:1000; Abeam). Actin (Sigma; 1:5000 dilutions) was used as a 

loading control. Immune-reactive proteins were visualized using an enhanced 

chemiluminescence (ECL) reagent (Pierce).     

2.1.2.17 Statistics 

Overall survival time (OS) was calculated from the date of surgery till the date of death due 

to any cause. The continuous parameters were grouped according to their levels with respect 

to the median values. These parameters were used for analysing the overall survival by 

Kaplan Meier curves and the level of significance (p-value) was tested by Log Rank test. 

Normality of the data was tested using Shapiro-Wilk Test. Bivariate correlation analysis 

(Spearman’s correlation test) was computed to identify association between variables. All 

statistical analyses were carried out using SPSS software, version 21®.   

The statistical significance of functional studies was evaluated using a two-tailed t-test.   
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2.1.3 Results  

2.1.3.1 Recapitulating radiation resistance in an in vitro cellular model developed from 

patient samples and cell lines. Subpopulation of Glioma cells survive lethal dose of radiation 

and become transiently non proliferative  

The inability to monitor the radiation resistant residual cells of Glioblastoma after subjecting 

patients to treatment hinders the investigation of molecular steps that leads to the relapse of 

these cells into full grown tumours. Therefore, we developed a cellular model for resistance 

in the laboratory to investigate steps leading to relapse. We used 20 short term primary 

cultures, patient samples (PS) derived from fresh Glioblastoma grade IV patient samples and 

two GBM grade IV cell lines U87MG and SF268. First, we determined the lethal dose of 

gamma radiation for the primary cultures and cell lines by clonogenic assay. For this G1 

synchronized cells were subjected to different doses of γ radiation and percentage survival 

was calculated from the colonies counted after 11-15 days post radiation (Figure 2.3). Lethal 

dose for patient samples ranged from 6-6.5 Gy (Figure 2.3 and Table 2.1.1) whereas for 

U87MG and SF268 it was calculated to be 8Gy and 6.5Gy, respectively showing their 

variation to the radiation sensitivity. 

 

Figure 2.3: Clonogenic assay of glioma cells showing percentage of surviving cells at 

different doses of gamma radiation.  
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Table 2.1.1: Lethal dose of radiation for all 20 primary cultures 

Patient Sample 

Number 

Lethal dose of radiation 

(Gy) 

1 6.50 

2 6.00 

3 5.00 

4 5.50 

5 7.00 

6 4.50 

7 6.00 

8 6.00 

9 6.00 

10 4.00 

11 8.00 

12 7.00 

13 5.00 

14 5.50 

15 7.00 

16 7.00 

17 6.00 

18 4.50 

19 4.00 

20 4.00 
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Figure 2.4: Sub-population of Glioma cells escape lethal dose of radiation and survive. 

A) Bar graph showing the growth pattern of exponentially growing non-irradiated cells (grey 

bars) and irradiated cells (black bars). Cell numbers are plotted at different days after treating 
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the cells with lethal dose of radiation. Graph shows initial burst of proliferation and survival 

of radiation resistant residual tumours cells which relapse. B) BrdU staining in the parent and 

RR cells. Scale bar- 10µm. C) Quantitation of the cells showing positive staining of BrdU. * 

denotes p ≤ .05, and ** denotes p ≤ .01.   

 

Once the lethal dose of radiation was determined, glioma cultures were subjected to their 

respective lethal dose of radiation. Initially for 48hrs there was rapid proliferation of cells 

which was followed by massive cell death. However, approximately~7-10% cells in all the 

cultures escaped cell death and survived. These cells, subsequently called as radiation 

resistant (RR) cells from all the four cell cultures (U87MG, SF268, patient sample 1 and 

patient sample 2) exhibit a transient non-proliferative phenotype as shown by trypan blue 

assay and BrdU staining which last for approximately 7-10 days for all the cultures except for 

SF268 cells that show a shorter non- proliferative phase of about 3-4 days (Figure 2.4, B and 

C and table 2.1.2).  However, after about 10 days of non-proliferation the RR cells regain 

their proliferative capacity, undergo cell division and resume normal growth to form relapse 

population. 

2.1.3.2 Radio-resistant tumour cells are enriched with radiation induced Multinucleated 

Giant Cells (MNGCs) and stem cell markers 

Further examination of radiation resistant cells showed that these cells obtained from patient 

sample and cell lines showed a significant enrichment of CD133 a known GBM stem cell 

marker, however a majority of the population was CD133 negative (Figure 2.5A).  

Interestingly, there were also high number of multinucleated and giant cells (MNGC) 

confirmed by staining with β-actin or nestin and nuclear stain DAPI (Figure 2.5B).  
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Several reports exists from breast and ovarian cancers that have demonstrated the occurrence 

of pre-existing giant cells in the heterogeneous tumour [144]. These have been shown to 

impart  

Table 2.1.2: Characteristics of radiation resistant cells from 20 primary cultures. 

Patient 

Sample 

Number 

Day of resistant 

cell formation 

Length of non-

proliferative 

phase (NP) 

Day of recurrent 

cell formation 

1 8 14 22 

2 9 16 25 

3 10 10 20 

4 7 15 22 

5 12 12 24 

6 8 12 20 

7 10 9 19 

8 9 6 15 

9 8 14 22 

10 7 17 24 

11 6 10 16 

12 12 12 24 

13 8 10 18 

14 7 12 19 

15 12 10 22 

16 9 12 21 

17 11 10 21 
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18 10 13 23 

19 12 9 21 

20 8 14 22 

 

 

Figure 2.5: Radiation resistant cells are enriched with radiation induced multinucleated 

and giant cells. A) Histogram showing the percentage of CD133 positive cells in parent and 

radiation resistant cells. Table shows the % CD133 cells determined from three independent 

experiments. B) Phase contrast and immunofluorescence images of multinucleated and giant 
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cells from U87MG, SF268, patient sample 1 and patient sample 2. Images represent day 12, 

5, 12 and 14 of non-proliferative phase for U87MG, SF268, patient sample 1 and 2, 

respectively.  White dotted line in the phase contrast images shows the cell boundary. 

Multinucleated and giant cells are stained with Nestin and β-actin and counterstained with 

DAPI. Scale bar-10µm. 

resistance phenotype to the cancer cells. We also observed small percentage (8-14% in cell 

lines and 1-2% in patient samples) of giant cells in our GBM samples therefore, we checked 

if the giant cells observed in resistant population were pre-existing giant cells from parent 

population or radiation induced. For this, we flow sorted the giant cells (consisting of mono 

and multinucleated) and small cells (mono-nucleated) from the parent cultures. Clonogenic 

assay was performed in the individual populations with increasing doses of γ radiation 

(Figure  

2.6A). In contrast to previous reports, we found that pre-existing giant cells in glioma showed 

higher sensitivity to radiation than the small cells. Moreover, when given single lethal dose of 

radiation and monitored for survival and recurrence, the giant cells from parent population 

did not show any survival advantage beyond 7 days (Figure 2.6B).  

To further confirm that giant cells formed in radiation resistant population are 

radiation induced, we quantitated our observation of different cell morphology namely mono-

nucleated, giant and multinucleated giant cells post radiation at different time points during 

the non-proliferative phase. We observe significant decrease (50%) in mono-nucleated cells 

and concomitant increase in multinucleated and giant cells (60%) in all the cultures over 

time. In SF268 and in PS2 and4 there was significant increase in the giant cell population 

while in U87MG and PS1, 3 & 5 there was significant increase in multinucleated cells 

(Figure 2.7C). Additionally, on analysing RR cells from the remaining patient samples, 

similar increase in MNGCs was observed, however the distribution varied in different 
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samples (Table 2.1.3).  These data confirm that the MNGCs seen in non-proliferative phase 

are not pre-existing giant cells from parent population but their formation is induced by 

radiation. 

 

 

Figure 2.6: Radiation resistant cells are enriched with radiation induced multinucleated 

and giant cells which are not pre-existing. A) Clonogenic survival assay curve at different 
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doses of gamma radiation for the flow- sorted pre-existing giant cells and small cells from the 

parent population. B) Graph shows quantification of mono-nucleated, multinucleated and 

giant cells at different days during non-proliferative phase and in relapse population. At least 

5000 cells were counted for each experiment. *** denotes p ≤ .001.   

2.1.3.3 Non-apoptotic MNGCs show transient senescence and eventually resume growth to 

form viable mono-nucleated recurrent cells 

Interestingly, we observed that the resistant cells so formed are non-apoptotic and show 

transient loss of proliferation (Figure 2.7A). Hence, we checked these cells for senescent 

marker β-galactosidase. Interestingly, the β-galactosidase staining showed positivity only in 

MNGCs but not in mono-nucleated cells (Figure 2.7B). Senescent phenotype has been 

characterized by the changes in the expression of various genes collectively called as 

senescence associated secretory proteins (SASPs) [145]. SASPs can provide survival signals 

to the cells in an autocrine and paracrine manner [146]. In an independent study, we 

performed transcriptome analysis of RR population and found up-regulation of SASPs in the 

radiation resistant cells. We confirmed significant increase in the transcripts of GM-CSF, 

SCF IL-6 and IL-8 in resistant cells as compared to the parent population by quantitative real 

time PCR (Figure 2.7C). Cellular senescence is known to limit proliferation of potentially 

detrimental cells and the current literature reports that radiation induced MNGCs do not 

survive but die of mitotic catastrophe [147]. Therefore, we asked whether mono nucleated 

cells (30-40 % cells of the RR cells) and not the senescent MNGCs (60-70% of the RR cells) 

are the prime contributor to the mono-nucleated recurrent population. For this, we first 

checked if MNGCs were mitotic division competent by staining these cells for α-tubulin 

towards the end of the non-proliferative phase. We observed MNGCs with multiple mitotic 

spindle poles ranging from 3-9 and small mono-nucleated cells with bipolar spindle poles, 

suggesting that both the cell types are capable of entering mitosis (Figure 2.7D).  
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Table 2.1.3: Percentage of multinucleated and giant cells in different patient samples.  

Patient Sample 

Number 

Percentage of 

Multinucleated 

Cells 

Percentage of Giant 

Cells 

1 38.32 16.14 

2 6.03 58.57 

3 41.62 11.45 

4 13.50 43.90 

5 32.05 19.03 

6 9.52 49.37 

7 12.48 47.89 

8 39.57 17.39 

9 35.66 14.51 

10 52.97 12.45 

11 69.47 11.31 

12 33.54 29.63 

13 40.26 15.22 

14 32.56 21.60 

15 32.69 34.28 

16 40.25 14.98 

17 39.61 22.54 
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18 22.55 32.68 

19 41.80 11.68 

20 40.30 10.34 

 

To further confirm that MNGCs could actually undergo mitosis to give rise to mono-

nucleated cells and not die of mitotic catastrophe during the process of division, we sorted 

MNGCs and mono-nucleated cells from the radiation resistant population, based on side and 

forward scatter using FACS and single cell dilution was carried out. The single cells were 

then monitored for 10 days for cell division events. Out of 48 single MNGCs scored from 

U87MG, SF268, primary culture 1 and primary culture 2; 28, 36, 24 and 31 cells underwent 

cell division to generate viable mono-nucleated cells. Similarly, the mono-nucleated cells 

also underwent cell division at a rate similar to that of the MNGCs (Figure 2.7E). These data 

confirm that the MNGCs overcome the cell cycle arrest and divide. Since there are higher 

number of MNGCs present in the non-proliferative phase, this result also suggest that the 

MNGCs are predominant contributor of the relapse cell population. The expression of 

SASPs: cytokines and pro-inflammatory interleukins have been known to provide survival 

and proliferation signals to the cells, promoting tumour formation [148] and thus, contribute 

to the survival of MNGCs.  

Overall, we found that irrespective of genetic heterogeneity and background, RR 

cells, NP phase and MNGC formation was invariably seen in all 20 primary cultures, 

prompting us to ask if these molecular aberrations of RR cells could be clinically relevant to 

predict therapeutic outcome of GBM patient as the current prognosis of GBM rely highly on 

subjective and variable radiological and pathological measurements. We thus explored 

molecular features of RR cells generated after radiation exposure to parent cells: 1) survival 

fraction at 2Gy (SF2), 2) days required for emergence of RR cells (Drr), 3) percentage of 
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multinucleated cells, 4) percentage of giant cells, 5) length of non-proliferative phase and 6) 

total days taken to form recurrent population (Dr). 
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Figure 2.7: MNGCs exhibit non-apoptotic and senescent phenotype. A) Annexin V/PI 

staining in the resistant cells of U87MG, SF268, PS1 and PS2 is shown. B) Senescence 

associated β-galactosidase staining of the radiation resistant cells U87MG SF268, PS1 and 

PS2 was done on day 10 post radiation (original magnification X 10).   C) Expression levels 

of SASP genes IL-6, 8, GM-CSF and SCF was determined using qPCR. D) 

Immunofluorescence images of MNGCs stained for α-tubulin at day 9 post radiation shows 

bipolar spindles in mono-nucleated cells while multipolar spindles in MNGCs. Scale bar-

10µm. E) Graph depicts the number of cells undergone division out of 48 cells counted. PS1-

patient sample 1 and PS2- patient sample 2. * denotes p ≤ .05, ** denotes p ≤ .01 and p ≤ 

.001. 

 

2.1.3.4 Association of molecular, radiological and pathological parameters with patient 

survival in GBM 

First, we examined the clinical correlation of each of the molecular features mentioned above 

individually with the clinical outcome of the GBM patients. We found that higher survival 

fraction at 2Gy (SF2) did have a negative impact on the survival of the patients as also shown 

previously [149] with marginal significance (p=0.052) as shown in figure 2.8A. Other 

parameters including days required for emergence of RR cells (Drr), length of non-

proliferative (NP) phase, total days taken to form recurrent population (Dr) and percentage of 

multinucleated cells did not show any significant correlation with overall survival of GBM 

patients (Figure 2.8B-E). However, percentage of giant cells (p=0.046) significantly predicted 

the clinical outcome of the GBM patients (Figure 2.8F). 

Routinely used pathological (p53 expression) and radiological (tumour volume, rCBV 

and rCBF values) markers (Table 2.1.4) were first assessed for their prognostic value in our 

cohort. For this, Kaplan Meier curve was plotted and it was observed that the patients with 
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p53 over-expression showed better survival as compared to the p53 negative tumours, 

although it was marginally significant (p=0.082) (Figure 2.9A). Amongst the radiological 

measurements, as expected and reported [150], volume of the tumour had a stronger impact 

on the overall survival (Figure 2.9B) with patients having tumour more than 60.93mm3 had 

mean overall survival of 5.67 months (95% CI: 2.41-8.922) as compared to patients with less 

than or equal  

 

Figure 2.8: Survival analysis of individual molecular parameters. (A-F) Kaplan Meier 

Curves of the patient samples for all the 7 molecular features associated with resistant cells 

are shown. 

to 60.93mm3 tumour volume (14.74 months; 95% CI: 13.28-16.22). No significant 

correlation could be seen with pre-treatment MR perfusion parameters rCBV, rCBF, NAA, 

choline: creatine and presence of lipid/lactate peaks and the overall survival. Other 

pathological parameters including IDH1, MGMT, MIB-1 index, necrosis and calcification 

did not predict clinical behaviour. 
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Table 2.1.4: Surgical, radiological and pathological details in the patient cohort (N=20). 

Variables Median (IQR)                      Number (% ) 

Age  54 years (48.25-63.75) ≤ 54 10/20 (50%) 

>54 10/20 (50%) 

Extent of Resection - Complete resection 8/20 (40%) 

Subtotal resection 10/20 (50%) 

No information 2/20 (10%) 

MIB 1 labelling index 22.5 (16.5-32.5) ≤22.5 11/20 (55%) 

>22.5 6/20 (30%) 

No information 3/20 (15%) 

RT Dose 59.4 Gy (59.2-60) RT Alone 1/20 (3%) 

RT+TMZ 12/20 (60%) 

No information 7/20 (35%) 

Adjuvant TMZ - ≤ 6 cycles 12/20 (60%) 

> 6 cycles 1/20 (3%) 

No information 7/20 (35%) 

Calcification - Yes 20/20 (100%) 

No 0/20 (0) 

Necrosis - CN+ 13/20 (65%) 

PN+ 1/20(5%) 

CN/PN+ 2/20 (10%) 

No information 2/20 (10%) 

p53 expression - Positive 7/20 (35%) 

Negative 10/20 (50%) 

Not reported 3/20 (15%) 

Tumor volume 60.93 (30.38-91.2) ≤60.93 8/20 (40%) 

>60.93 7/20 (35%) 

No information 5/20 (25%) 

Pre-operative rCBV 306 (202-424.5) ≤306 5/20 (25%) 
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>306 4/20 (20%) 

No information 11/20 (55%) 

Pre-operative rCBF 244 (180.5-363.0) ≤244 5/20 (25%) 

>244 4/20 (20%) 

No information 11/20 (55%) 

                      CN: Confluent Necrosis, PN: Palisading necrosis, PPN: Pseudo-palisading necrosis  

Figure 2.9: Survival analysis of p53 and tumour volume. 

2.1.3.5 Percentage of giant cells with tumour volume significantly predict patient survival 

Tumour volume showed a significant positive correlation with SF2 values (r=0.504, 

p=0.056), length of non-proliferation phase (r=0.758, p=0.007) and percentage of giant cells 

(r=0.682, p=0.021) suggesting that the larger tumours have higher number of resistant cells 

(Figure 2.10A-C).  
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Figure 2.10: Correlation and survival analysis of resistance associated molecular 

 parameters with the radio-pathological features. (A-C) Dot plots indicating the 

correlation between resistance associated molecular alterations and radio-pathological 

features. (D) Kaplan Meier Curve for the combined tumour volume and percentage of giant 

cells.  

Based on these results, we then analysed molecular and pathological parameters in 

combination for their influence on the patient’s survival. Out of the all combinations 

analysed, patients with lower tumour volume and lower percentage of giant cells had better 

prognosis (15.33 months, 95% CI: 14.04-16.64) (Figure 2.10D) as compared to the patients 

with higher tumour volume and higher percentage of giant cells (6 months, 95% CI: 2.159-

9.841).  

2.1.3.6 MNGCs are formed primarily by homotypic cell fusion of mono-nucleated radio-

resistant cells 
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Since we observed that MNGCs are the major contributors of the recurrent population and 

display potential prognostic value, we wanted to understand the mechanism of MNGC 

formation, we posit three possibilities that could explain their formation: 1) by acytokinesis 

(endo-reduplication), the most predominantly reported mechanism, 2) by entosis [133] and 3) 

by rare in cancer homotypic cell fusion events [151]. We investigated which of these 

mechanisms were operative in our cultures.  

Endo-reduplication is an evolutionarily conserved process where the multiple rounds 

of replication of the genome continues without cell division giving rise to polyploidy [152]. 

To investigate for endo-reduplication, we examined ploidy levels of radiation resistant cells 

[139]. Except for the patient sample 2, RR population from all other three cell lines contained 

significant number of cells with more than 4N DNA content compared to the parent cells 

(Figure 2.11A). However, the increase was not very high as was expected, ruling out the 

possibility of endo-reduplication as the major event in MNGC generation. 

Next to investigate if entosis, which is a newly discovered phenomenon of whole cell 

internalization [133] could lead to MNGC formation, we stained the MNGCs with N- 

Cadherin (a membrane protein on neural cells) the staining shows absence of cell-in-cell 

structures). H&E staining also confirmed the lack of entosis in MNGCs (Figure 2.11B). 

Finally, to examine homotypic cell fusion, we made two stable parent cell lines one 

expressing pEGFP and the other expressing TdRed for all the samples. The green and the red 

florescent cells were co-cultured in equal numbers and subjected to lethal dose of radiation. 

At least 50 radiation resistant cells were counted in each culture and scored for yellow 

fluorescence (corresponding to the cell-cell fusion events). We found 67.3% (37/55 cells), 

54.6% (30/55 cells), 62% (34/55 cells) and 61.8% (34/55 cells) of yellow fluorescent cells 
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out of the total MNGCs present in U87MG, SF268, PS1 and PS2 respectively (Figure 2.12A 

and B).  

 

Figure 2.11: Endo-reduplication and entosis do not significantly contribute in MNGCs 

formation. A) Scatter plot shows percentage of radiation resistant cells with different DNA 

content at day 5 of non-proliferative phase. B) Representative images depicting the N-

cadherin (green) counterstained with DAPI (blue) as well as H&E staining in RR cells from 

U87MG, SF268, patient sample 1(PS1) and patient sample 2(PS2). Scale bar for confocal 

images-10µm and phase contrast images- 20µm.  

suggesting high frequency of cell-cell fusion events. Cell-cell fusion was also confirmed by 

directly visualizing fusion in time lapse studies where the cells in the non-proliferative phase 

were monitored for 24 hours to capture fusion events (Figure 2.12C). 
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Figure 2.12: Cell-cell fusion leads to formation of MNGCs in the radiation resistant 

cells. A) Florescence images of RR cells expressing both pEGFP-N2 and TdRed vectors (left 

panel images with 10X and right panel with 63X magnification images) of cell- cell fusion 

event. B) The graph represents the percentage of yellow fluorescent cells among the MNGCs. 

C) Snapshots from time lapse images demonstrating the cell-cell fusion in U87Mg and 

patient sample 1. Scale bar for immunofluorescence images- 50µm and for phase contrast 

images- 10µm. PS1-patient sample 1 and PS2- patient sample 2.  

Recently cell-cell fusion has been identified as a trigger for induction of cellular 

senescence and promoting tumorigenesis [153]. Since MNGCs show positivity towards 

senescent marker β-galactosidase, cell-cell- fusion may have a possible role in inducing 

senescence in our cultures.  

2.1.3.7 Cell fusion induced MNGCs give rise to relapse cells with similar ploidy 
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In some studies, MNGCs formed by endo-reduplication are shown to be responsible for the 

increased aneuploidy seen in cancer [151] . Because of the presence of aberrant spindle 

formation in MNGCs from our cultures we were intrigued to examine a possibility of 

aberrant division of MNGC leading to increased aneuploidy in recurrent population. We 

performed cytogenetics analysis of parent and recurrent cells, and found that the recurrent 

cells have similar modal chromosomes numbers as their parent population, suggesting that 

despite having multiple spindle poles, MNGC’s underwent normal cytokinesis to give rise to 

recurrent cells (Figure 2.13).  

 

Figure 2.13: MNGCs give rise to relapse cells with similar ploidy number. Karyotype 

images of parent and relapse cells (at least 25 metaphase spreads analysed).  

2.1.3.8 MNGCs over- express senescent associated secretory proteins (SASPs), over express 

anti-apoptotic genes and activate AKT to evade apoptosis 

Cell fusion between normal, non-transformed cells have recently been shown to induce 

genomic instability triggering both malignancy and evolution of the tumour [154]. However, 

a precise role of cancer cell fusion have not been demonstrated, although their role in 
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promoting tumour growth and therapy resistance have been hypothesized [155].This led us to 

explore the possibility of MNGCs formation in providing a survival signal to the arrested 

cells. We then checked for the expression of survival and apoptotic genes in the RR cells. We 

found enhanced expression of anti-apoptotic genes BIRC3 and Bcl-xL (Figure 2.14A) 

whereas, Bax (pro-apoptotic protein) mRNA levels were unaltered (Figure 2.14B). However, 

down-regulation of Survivin and BIRC4 expression was seen. Consequently, Annexin V 

staining did not show any apoptotic cells in the RR population as shown in Figure 2.7A. In 

order to see if the MNGCs activate survival signals downstream to these survival proteins, we 

checked for the phosphorylation of AKT, which is a central convergence node of all the 

above mentioned signalling pathways and is known to be involved in the maintenance and 

survival of Glioblastoma tumours [156]. As shown in figure 2.14C, RR cells from cell lines 

and patient samples showed higher expression of pAKT. Both the AKT activation along with 

Bcl-xL are known to regulate apoptosis synergistically [157] and thus, might be aiding their 

survival.  

2.1.3.9 Relapse can be prevented by targeting pCdk1 (Y15) and cytokinesis 

The above mentioned data underscores the importance of cell cycle arrest of the radiation 

resistant cells, which gives them time to overcome stress via MNGC formation. Therefore, 

induction of premature mitosis in these cells should prevent cell-cell fusion. We first check 

the cell cycle distribution pattern of the residual resistant cells showed that these cells were 

enriched in G2-M phase as compared to the non-irradiated parent cells with concomitant 

decrease in G0/G1 phase (Figure 2.15A).  Both the cell lines (U87MG and SF268) also 

showed significantly higher percentage of cells in S phase (Figure 2.15A).  
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Figure 2.14: MNGCs over- express anti-apoptotic genes and activate AKT to evade 

apoptosis. A) Transcript levels of Bcl-xL, BIRC4, Survivin and BIRC3 in the resistant 

residual cells as determined by real time PCR. B) Western blot analysis probing with pAKT, 

AKT and beta-actin antibodies was carried out in the parent and resistant cells from cell lines 

and patient samples. * denotes p ≤ .05, ** denotes p ≤ .01 and *** p ≤ .001. 

Cell cycle regulators/ inhibitors belonging to Cip/Kip and Ink4 family are known to 

precisely control the cell cycle progression by inhibiting Cyclin-dependent kinases [158]. A 

member of Cip1 family, p21 has been implicated in growth arrest in S and G2 phase after 
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DNA damage by preventing activation of Cdk1 [159] and mediates cellular senescence of 

many tumour cells [160]. We observed significant increase of mRNA levels of p21 in the S, 

G2/M phase arrested resistant population (Figure 2.15B). We also observed higher levels of 

Cdk1 phosphorylated at the inhibitory site Tyr15 in the radiation resistant cells contributing 

to the arrest at G2 phase of the cell cycle (Figure 2.15C) except for SF268 which showed 

slightly decreased expression in the early time point of the non-proliferative phase.  

 

Figure 2.15: Radiation resistant cells are arrested predominantly at G2-M phase of the 

cell cycle. A) Bar graph showing the distribution of parent and resistant cells in different cell 

cycle phases as determined by propidium iodide staining. B) Transcript levels of p21 are 

shown. C) Western blot analysis was carried out to determine the expression of pCdk1 (Y15) 

in the radiation resistant population. Quantitation of blots was done using Image J software. * 

denotes p ≤ .05, ** denotes p ≤ .01 and *** p ≤ .001. 
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Higher expression of Cdk1 has been shown to cause therapy induced senescence 

[161]. However, what we found was the higher levels of inhibitory Cdk1 phosphorylation 

(Y15) in the RR cells contributing to the arrest at G2/M phase of the cell cycle (Figure 

2.15C). pCdk1 (Y15) gets activated by Wee 1 kinase, a negative regulator of mitosis, 

therefore we hypothesized that an inhibitor to this protein would induce RR to undergo 

premature mitosis [162]. We incubated the Glioma cells with 600nM of Wee1 kinase 

inhibitor (MK-1775) for 24 hours post 5 days of radiation treatment. Indeed, the RRs treated 

with the Wee 1 kinase inhibitor underwent apoptosis by day 5 of the treatment. PS 2 showed 

less amount of cell death (53%) initially (3 days) however, complete cell death was seen at 

day 5 (Figure 2.16A and B). The specificity of Wee 1 kinase inhibitor was confirmed by 

inhibition of Cdk1 phosphorylation at tyrosine 15 in the cells treated with the inhibitor 

(Figure 2.16C). 

Secondly, after cell-cell fusion, blocking their cytokinesis should also lead MNGCs to 

cell death. Indeed, when we incubated MNGCs with 10µM of Wiskostatin, an inhibitor of 

cytokinesis, [163]  for 24 hours, significant number of MNGCs underwent apoptosis by day 

3. Addition of Wiskostatin had no effect on the non-irradiated parent cells, confirming that 

specificity of the inhibitor on MNGCs (Figure 2.17).  
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Figure 2.16: Premature mitosis kills radiation resistant cells. A) Bar graph shows 

percentage of cell death induced by Wee 1 kinase inhibitor (MK1775) given along with 

radiation as determined by trypan blue assay. B) Flow cytometry based Annexin V/ PI 

staining showing percentage of apoptotic cells at different conditions p.ost incubation with 

600nM of Wee1 kinase inhibitor (MK1775) for 24 hours. C) Western blot with 

phosphorylated Cdk1 (Y15) of Wee1 kinase inhibitor (MK1775) treated radiated and non-

irradiated cells.  Error bars denotes SEM and *** denotes p≤0.001.  NR= Non-irradiated and 

IR= irradiated cell. 
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Figure 2.17: Blocking cytokinesis induced apoptosis of resistant cells preventing 

recurrent cell formation. Scatter plot showing apoptotic cells stained with Annexin V/PI 

after treatment of RR cells with Wiskostatin (10µM).   

In aggregate, these findings demonstrate that homotypic cell fusion mediated MNGCs 

have the capacity to sustain survival under radiation induced stress via growth factors 

mediated survival signals. Therefore, we identify homotypic cell fusion as a potential new 

therapeutic target for the survival and relapse of glioblastoma. Our data also highlights the 

importance of the non-proliferative phase during which the radiation resistant cells undergo 

homotypic cell fusion and the cytokinesis of MNGCs in glioma relapse. Targeting these two 

mechanisms also lead to the apoptosis of RR cells providing potential therapeutic benefit for 

glioma treatment.  

2.1.4 Discussion 
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Collectively, the data presented, summarized in Figure 2.18 suggest a paradigm of glioma 

survival, captured using the in-vitro radiation resistant model that we have established from 

fresh glioblastoma patient samples and cell lines. We show that in a heterogeneous mix of 

glioblastoma cells there exists a subpopulation of cells (radiation resistant cells) that is 

innately resistant to lethal dose of radiation. We observe that after the exposure to lethal dose 

of gamma radiation, the radiation resistant cells are arrested at G2/M phase of the cell cycle 

to become non-proliferative and undergo DNA damage repair. This observation is consistent 

with similar reports in other cancer types like hepatomas, epithelial cancer and fibrosarcoma 

[130,138, 164]. However, contradictory to these reports in which inevitably the non-

proliferative cells undergo cell death, we do not see apoptosis of non-proliferative radiation 

resistant cells in our glioblastoma cultures. In fact, the non-proliferative state of these cells is 

transient and these cells resume growth.  

 

Figure 2.18: Schema showing the multi-step in-vitro radiation model recapitulating the 

progression of GBM and demonstrating the non-proliferative phase. 
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Interestingly, although non- proliferative, radiation resistant cells undergo cell-cell 

fusion events at high frequency forming non-proliferative multinucleated giant cells 

(MNGCs). It is noteworthy that the actual fusion events could be more than what is reported 

here as we could not quantitate the fusion events occurring between two green or two red 

fluorescent cells. Cell-cell fusion of cancer cells is a rare phenomenon. Recent reports based 

on the fusion between normal cells and between gastric epithelial cells and mesenchymal 

stem cells have demonstrated their role in initiation of tumour formation and epithelial-to-

mesenchymal transition, respectively [154, 165]. However, no direct role has been attributed 

to be imparted by cancer cell fusion.  

Literature reports have shown the dearth of therapy induced MNGCs in many cancers 

[140]. However, MNGCs formed in our glioma cultures are able to sustain viability through 

non-proliferative phase and resume growth suggesting that the MNGCs formed in 

glioblastoma are fundamentally different from other cancer types. Thus, formation of 

MNGCs is not the consequence of sudden shock of high dose of radiation but is an innate 

nature of Glioma cells to form MNGCs in order to overcome stress.  The purposive formation 

of MNGCs in glioma cells provides an insight about the behaviour of cells and various 

mechanism used by the cells to overcome radiation stress. However, our understanding of 

molecular players involved in cell fusion is inadequate and requires additional studies. It is 

unclear at this stage how exactly non-viral cell-cell fusion amongst tumour cells helps the 

non-proliferative cells in overcoming radiation induced stress.  

            Senescence is a physiological state of cell established in response to several insults 

like DNA damage, telomere shortening and oncogenic stress. There is only one report linking 

the induction of cellular senescence by viral protein mediated cell-cell fusion [166] 

Interestingly, cancer cell senescence is known to be beneficial as a tumour suppressor, though 

there are increasing evidences suggesting genotoxic stress and oncogene expression inducing 
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complex senescence and promoting EMT (epithelial-to-mesenchymal)-like changes in 

neighbouring cell populations via secretion of cytokines and pro-inflammatory factors called 

SASP (senescence-associated secretory proteins) [146, 167]. To best of our knowledge this is 

the first study showing that radiation induced homotypic cancer cells fusions can induce 

cellular senescence leading to higher expression of SASPs in MNGCs providing them with 

the growth signals to overcome stress. Consequently, induction of senescence and prevention 

of escape from senescence is recognized as a potential treatment of cancer. Results provided 

here also highlight the fact that the non-proliferative state of RR cells actually provides the 

time and mechanism that allows this subpopulation of cells to overcome the stress induced by 

radiation and enable their survival and recurrence.  

We also identified percentage of giant cells in RR cells and tumour volume to be a 

potential prognostic marker for GBM, highlighting the use of primary cultures for such 

studies. Lack of significant number of cases did not allow for a more robust multi-variate 

analysis and hence, is the lacunae of this study. However, the data is promising and therefore 

warrants studies on a larger cohort of patient samples to confirm the significance of 

combination of radiation associated markers for stratifying these highly heterogeneous 

tumours into clinically relevant prognostic subgroups.  

Importantly, our findings introduce two therapeutically relevant windows to improve 

clinical outcome of the patient with aggressive glioblastoma. Firstly, targeting non 

proliferative radiation resistant cells by inducing them to undergo mitosis before they could 

repair their radiation induced damage, hence causing their cell death by apoptosis. Indeed, 

radiation resistant cells treated with Wee1 kinase inhibitor (which abrogates S-phase and G2 

arrest) show complete cell death, confirming the importance of non-proliferative phase in 

glioma resistance and relapse. Accordingly, combination of ionizing radiation and Wee 1 

kinase could be a promising therapy for glioblastoma. As such, Phase I clinical trials 
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evaluating Wee 1 kinase inhibitor for refractory melanomas have already been carried out 

[168]. Secondly, targeting MNGCs during their division would also abrogate relapse. As 

expected, when we use inhibitor of cytokinesis to revoke division of MNGCs, significant cell 

death of MNGCs is seen in all the cultures. Further studies will certainly be required to 

establish the in vivo significance of the cell culture findings, as well as to determine more 

precisely the molecular mechanisms underlying reversible radiation tolerance and cell- cell 

fusion.  

2.2 Characterization of recurrent cells using Raman spectroscopy 

In this study, recurrent cells obtained from RR cell were employed for biological and Raman 

spectroscopic analysis with the aim to identify attributes specific to the recurrent population.  

2.2.1 Introduction 

Several factors have been attributed to increased recurrence rate seen in GBM. The presence 

of cancer cells in the heterogeneous GBM with innate capacity to survive the radio-

chemotherapy has been associated with the increased resistance observed in GBM [32, 169-

172]. Over-expression of proteins like EGFR, Survivin, MGMT and altered metabolic 

proteins has been reported in these resistant GBM cells [24-27]. Additionally, the cancer-

initiating cells are thought to modulate DNA damage repair proteins including ATM, ATR 

and MSH6 to impart therapy resistance to GBM. Therefore, the presence of innately resistant 

cells in the parent tumour has implications in the survival and recurrence of the tumour. The 

identification of these resistant cells would help in better prognosis of the tumour and 

optimizing the treatment regimen of patients that may lead to better therapeutic outcomes. 

However, detection of such resistant sub-population of cells from bulk tumour population has 

not been possible using currently available diagnostic techniques.  
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Raman spectroscopy (RS) is a vibrational spectroscopic technique based on inelastic 

scattering of light where the energy of photons scattered by the sample is different from the 

incident photon due to transfer of energy to or from the vibrational modes of molecules in the 

sample.  This technique can be applied on live cells and is sensitive enough to detect subtle 

biochemical changes in the cells. Because of these reasons, Raman spectroscopy is being 

extensively explored in the disease diagnosis [173-175]. RS has shown promising results in 

the diagnosis of several cancers including cervical, lung, oral and brain tumours [176-181]. 

Most of the studies on brain tumours have focused on in vivo and ex vivo diagnosis of 

tumours including gliomas, followed by recent studies on surgical demarcation to determine 

the precise tumour margins.[182-185]. Recent studies have also shown the utility of Raman 

spectroscopy and Stimulated Raman Scattering microscopy in detecting the brain regions 

infiltrated with tumour cells during the course of surgery and distinguishing them from the 

normal tissue[186, 187]. The spectroscopic technique has further been used for evaluating the 

tumour response upon radiation treatment identifying treatment associated changes in tumour 

[188-190]. Further, RS has been explored for detecting radio-response in cervical cancers, 

predicting radiation response in 2RT and 5RT tissues[191] and in oral cancers delving the 

feasibility of classifying a parental SCC cell line and its radio-resistant 50Gy and 70Gy 

clones[192]. An exploratory study in predicting recurrence of oral squamous cell carcinoma 

was also performed on a smaller cohort using serum Raman spectroscopy by our group[193]. 

Although such remarkable advances in Raman spectroscopy have enabled better tumour 

detection, Raman spectroscopy has not been explored for detection of the resistant tumour 

cells from parent population. 

In this study, we used recurrent population derived from an in vitro radiation model 

established in our laboratory from primary Grade IV glioma patient samples and cell lines 

with the aim to explore if the recurrent population can be separated from the parent 
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population on the basis of bio-molecular differences. Here, we first show by biological assays 

that the recurrent cells are indeed different as they have resistance to radiation and enhanced 

survival capacity associated with the increased expression of pERK1/2 and Survivin.  

However, variations in these biological assays were seen in different recurrent populations. 

We further show that the whole transciptome analysis invariably identified two different 

transcriptional landscapes of the parent and recurrent population of cells. Since detection of 

these resistant populations required a global means of detection, we demonstrate the 

efficiency of Raman spectroscopy, a non-invasive technique that can identify subtle 

biochemical variations, in differentiating naïve parent and recurrent populations. The data 

reveals that the Raman spectroscopy can classify the recurrent population into a cluster 

distinct from parent population. Spectral profiles demonstrate increase in lipid and an overall 

shift from protein to lipid as hallmarks of the recurrent population. The potential of Raman 

spectroscopy was then evaluated on an independent set of primary human GBM tissues 

wherein the efficacy of RS in classifying samples differing in their clinical outcome: 

responders and non-responders was investigated. Principal Component Analysis (PCA) and 

Principal Component-Linear Discriminant Analysis (PCA-LDA) revealed separate clusters 

corresponding to the responding and non-responding patient samples.  The spectral profiles 

identified modulation of lipid along with an additional DNA-related features in the tissues 

from non-responders compared to the responders. Prospectively, studies on larger cohort of 

the GBM tissues will be required to validate findings of this preliminary study before 

implicating Raman spectroscopy in the prediction of GBM patient’s outcome. 

2.2.2 Materials and Methods 

2.2.2.1 Clinical tissues 
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Six histopathologically confirmed GBM primary tumours were also collected after patient’s 

consent and frozen at -80ºC until the acquisition using Raman spectroscopy. All the patients 

underwent complete total resection followed by standard radio-chemotherapy. The clinical 

information was obtained from their medical records or by the telephonic correspondence. 

The survival patients with no recurrence or disease progression even after 3 years of follow 

up were included in the responders group.  Patients with tumour-associated mortality within 

the study period were included in the non-responders group. 

2.2.2.2 Whole Transcriptome sequencing analysis 

Total mRNA from recurrent and parent populations of two patient samples (PS1 and PS2) 

and two cell lines U87MG and SF268 were extracted (Dynabeads, mRNA Direct Micro Kit, 

Invitrogen), used for library preparation and sequenced them on Illumina’s Hi-Seq 1000 

platform. We generated 101 bases long paired-end reads for the parent (30 Million X 2 paired 

end reads), and recurrent samples (30 Million X 2 paired end reads) from each of the sample. 

Further, RNA-Seq analytical pipeline as detailed by Trapnell et al [194]was carried out, 

mapping these sequence reads to human hg19 genome, with reference gene based annotations 

from the UCSC’s genome browser (UCSC knowngenes.gtf). FPKM values of all four 

samples of the same population (i.e SF268, U87MG, PS1 & PS2 parent cells and SF268, 

U87MG, PS1 & PS2 recurrent cells) were normalized amongst themselves. These normalized 

FPKM values were used for Principal Component Analysis (PCA) in R (v3.1.0) using 

cummeRbund Bio-conductor package. 

2.2.2.3 Raman Spectroscopy 

2.2.2.3.1 Sample preparation and spectral acquisition 

Equal number of 6 independent generated batch cultures of parent and recurrent cells from 

U87MG & patient sample 2 and three independent cultures from SF268 and patient sample 1 



 

67 
 

Establishment and characterization of the radiation resistant model 
 

were harvested and washed with PBS prior to spectra recording. The harvested cell pellet was 

placed on CaF2 window and spectra were acquired using a Raman microprobe system as 

described earlier [175]. Briefly, this system consists of laser 785 nm (Process Instruments) as 

an excitation source and HE 785 spectrograph (Horiba-Jobin-Yvon, France) coupled with 

CCD (Synapse, Horiba-Jobin-Yvon) as dispersion and detection elements, respectively. 

Optical filtering of unwanted noise, including Rayleigh signals, is accomplished through 

‘Superhead’, the other component of the system. Optical fibers were employed to carry the 

incident light from the excitation source to the sample and also to collect the Raman scattered 

light from the sample to the detection system. Spectra acquired at excitation wavelength (λex) 

= 785 nm, laser power = 30 mW, were integrated for 10 seconds and averaged over 6 

accumulations.  Estimated laser spot size at the cell pellet sample was 5–10 µm. 

Approximately, 5-6 spectra were acquired from each cell pellet. Thus, a total of 30 spectra 

per group were acquired for each of the parent and recurrent population.  

Spectral acquisition of GBM tissues was carried out by a fiberoptic Raman probe (In 

Photonics Inc, Downy St. USA) consisting of an excitation and a collection fiber of diameters 

105 and 200 µm, respectively. This commercial Raman probe was coupled to the Raman 

spectrometer described above. Spectral acquisition parameters were: λex = 785 nm, laser 

power-80 mW, spectra were integrated for 15 seconds and averaged over 3 accumulations. 

About 7-8 spectra were recorded for each GBM tissue. 

2.2.2.3.2 Spectral pre-processing and data analysis 

The acquired Raman spectra were corrected for CCD response and spectral contaminations 

from substrate and fiber signals. To remove interference of the slow moving background, first 

derivatives of spectra (Savitzky-Golay method and window size 3) were computed [175, 185, 

195]. Spectra were interpolated in the two regions: fingerprint range (700-1800 cm-1) and 

high wavenumber region (2800-3100 cm-1) for the cell line study while 1200-1800 cm-1 for 
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the GBM tissue study. Interpolated first derivative and vector normalized spectra were then 

subjected to multivariate unsupervised Principal component analysis (PCA) and supervised 

Principal component-linear discriminant analysis (PC-LDA). In brief, Principal Component 

analysis (PCA) is routinely used method for data compression and visualization. It describes 

data variance by identifying a new set of orthogonal features, called as principal components 

(PCs) or factors. In LDA, the classification criterion is identified using the scatter measure of 

within class and between class variance. LDA can be used in conjunction with PCA (PC-

LDA) to increase the efficiency of classification. The advantage of doing this is to remove or 

minimize noise from the data and concentrate on variables important for classification. In our 

analysis, significant principal components (p<0.05) were selected as input for LDA. In order 

to avoid over-fitting of the data, as a thumb rule, total number of factors selected for analysis 

were less than half the number of the spectra in the smallest group [195]. PC-LDA models 

were validated by Leave-one-out cross-validation (LOOCV). Leave-one-out cross validation 

is a type of rotation estimation, a technique used for assessing performance of a predictive 

model with a hypothetical validation set when an explicit validation set is not available. 

Algorithms for these analyses were implemented in MATLAB (Mathworks Inc.) based in-

house software [196]. 

For spectral analysis, average spectra were computed from the background-subtracted 

spectra prior to derivatization for each class and were baseline-corrected by fitting a fifth 

order polynomial function. These baseline corrected, smoothed (Savitzky–Golay, 3) and 

vector-normalized spectra were the used for spectral comparisons. Spectral assignments were 

performed as per existing literature. [197] [198].  

2.2.3 Results  
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2.2.3.1 Recurrent cells have similar morphology and proliferation rate as compared to the 

parent population 

In the first step, morphological characteristics of the parent cells were compared with its 

recurrent cell counterpart to explore the presence of any visually apparent differences. 

Cellular morphology of parent and recurrent cells from all cultures was visualized by 

fluorescence microscopy after staining for β-actin, a cytoskeletal protein. As shown in figure 

2.19A, no substantial differences between the morphological features of the two populations 

were observed. Further, proliferation potential of these cells was analysed using trypan blue 

assay for 10 days. Variability was observed in case of the cell lines; recurrent cells from 

U87MG cell line showed lower proliferation rate whereas SF268 recurrent cells showed 

higher rate of proliferation as compared to the parent population. Whereas, recurrent cells 

formed from the primary cultures of patient samples did not show any enhancement in the 

growth potential as compared to their parent cells (Figure 2.19B). This suggests that 

recurrence of the glioma cells does not depend entirely on increased cellular proliferation. 

Indeed, Schröder et al showed that the proliferation index remained similar in both the 

recurrent and primary tumours[199].  
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Figure 2.19: Recurrent cells generated from cellular model shows similar morphology 

and growth rate as that of parent cells. A) Immunofluorescence images of the parent and 

the recurrent cells from the two cell lines and patient samples as indicated. Cells are stained 

for β-actin (green) and counterstained with DAPI (blue) to visualize the nucleus. B) Line 

graphs show the growth curve for parent and recurrent cells. Cell growth was monitored by 

trypan blue assay. * denotes p ≤ 0.05, and ** denotes p ≤ 0.01. Scale bar for 

immunofluorescence images- 10µm.  

2.2.3.2 Recurrent cells possess enhanced radiation resistance as compared to the parent 

population 

Since the recurrent cells are formed from the innately radio-resistant cells, we examined the 

resistance potential of the recurrent and parent cells. As shown in figure 2.20A, clonogenic 

assay was performed to compare the survival of the parent and the recurrent cells at different 

doses of radiation. We observed that the recurrent cells from the patient samples as well as 

SF268 indeed had significantly higher cell survival at the low doses of radiation ranging from 

2-6Gy (Figure 2.20A). The D0 (dose at which 37% of cells survive upon radiation treatment) 



 

71 
 

Establishment and characterization of the radiation resistant model 
 

of the recurrent cells was found to be 4.1, 5.2, 4.7 and 4.2Gy whereas it was found to be 5.79, 

4.79, 3.5 and 3.4Gy in the parent population of U87MG, SF268, patient sample 1 and patient 

sample 2, respectively. These data show the enhanced radio-resistant character of the 

recurrent cells from the patient samples and SF268. However, the U87MG recurrent cells 

showed higher radio-sensitivity as compared to the parent cells (Figure 2.20A). 

 

Figure 2.20: Recurrent cells reveal differences as compared to parent cells at the 

molecular level. A) Clonogenic survival assay curve showing the survival fraction at 

different doses of radiation for parent and recurrent cells of U87MG, SF268, patient samples 

1 and patient sample 2. B) Bar graph shows the transcript levels of pro-survival genes 

Survivin and Bcl-xL and pro-apoptotic gene Bax in parent and recurrent population as 

determined by qPCR. C) Western blot analysis using anti-pERK1/2, total ERK and β-actin 

antibodies on parent cells (P), radiation resistant (RR) and recurrent (R) cells of the indicated 

samples. PS1 represents patient sample 1 and PS2 represents patient sample 2. 

2.2.3.3 Recurrent cells show up-regulation of survival pathways 
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Enhanced survival capacity is a known property of treatment-resistant recurrent GBM cells. 

Therefore, the transcript levels of known pro-survival genes Survivin, Bcl-xL and pro-

apoptotic gene Bax in the recurrent and parent cells were investigated by quantitative PCR 

(Figure 2.20B). The graph shows that recurrent cells had lower mRNA expression of pro-

apoptotic gene Bax when compared to their parental counterpart whereas the transcript levels 

of Survivin was 2-7 fold higher in these cells compared to the parent cells.  However, patient 

sample 2 (PS2) showed only a marginal increase in the Survivin expression. The increased 

expression of Survivin in the recurrent cells formed upon lethal exposure of radiation is 

noteworthy since Survivin has been shown to be overexpressed in Glioblastoma tumours 

associated with high anti-apoptotic activity [200, 201].  The expression of other pro-survival 

gene Bcl-xL in the recurrent cells remain unaltered except for SF268 cells (Figure 2.16B), 

may be due to the dependency of GBM recurrent cells on Survivin for its anti-apoptotic 

activity. MAPK pathway- another major survival pathway known to promote tumour growth 

was also investigated for the phosphorylation of ERK1/2 in the parent, immediately after IR 

in the RR cells and recurrent (R) cells. It was observed that as compared to parent cells, 

recurrent cells had higher expression of pERK1/2 indicative of heightened survival capacity 

in recurrent cells, except in the PS2 recurrent cells where the levels of pERK1/2 were 

comparable to parent cells (Figure 2.20C). The expression of pERK1/2 was less pronounced 

in the cells generated immediately after radiation as compared to the recurrent cells (R) 

probably due to late activation of survival signals. 

 

2.2.3.4 Whole transcriptome analysis confirms recurrent cells are different from parent cells 

As opposed to a particular biological behaviour where fewer molecular players impart that 

specific characteristic to a cell, whole transcriptome analysis provides a global picture of 

cellular transcriptional activity at any given time. Hence, we performed whole transcriptome 
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sequencing of the parent and recurrent cells. Principal Component Analysis (PCA) of the 

transcriptome data showed Principal Components 3 and 6 captured maximum variations from 

the data, distinguishing the recurrent cells from parent cells, while patient sample 1 parent 

clustered separately (Figure 2.21).  

 

Figure 2.21: PCA plot of global transcripts showing differences between parent and 

recurrent cells. 

Collectively, these data show that the parent and recurrent populations were 

morphologically similar but differing in certain biological properties like proliferation and 

radiation resistance. Because of the inconsistencies observed in these properties among 

different populations, neither of them can be used as a hallmark of either parent or recurrent 

population. However, global expression profile of these samples by RNA-sequencing 

revealed unique transcriptional landscape for these populations, separating them into distinct 

clusters. This result suggested that the use of methods that detect global molecular changes in 

parent and recurrent cells could uniquely identify parent and recurrent cell populations as 

separate entities. Thus, we explored Raman spectroscopy, a rapid, label-free, cost-effective, 

non-invasive approach which yields global or holistic information about the biochemical 

milieu of the sample and may provide recurrence - specific spectral markers.  
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2.2.3.5 Mean and difference spectra from Raman Spectroscopy of the parent and recurrent 

population reveals spectral features unique to recurrent population 

Raman spectroscopy of parent and recurrent cell populations of all the cultures was carried 

out as described in the materials and methods section. First, mean spectral comparisons were 

undertaken, followed by multivariate analysis of the data. The mean normalized spectra for 

parent and the recurrent cell lines from both the patient samples and cell lines were computed 

for both fingerprint (700-1800cm-1) as depicted in figure 2.22 and high wavenumber (2800-

3100cm-1) regions as shown in figure 2.23. Average spectra from each parent population 

were overlaid with their respective recurrent population for better comparison and 

understanding. Additionally, difference spectra between parent and recurrent population were 

also generated as shown in figure 2.22A-D and figure 2.23A-D and annotated based on 

previous reports [197, 198, 202-204]. The analysis of the spectra showed that features 

corresponding to higher DNA content (1095 cm-1- DNA backbone, 1340 cm-1-total nucleic 

acid content and 1610 cm-1-cytosine base), protein related features like amide III (1260 cm-1), 

CH2 bending at 1450 cm-1, phenylalanine (1008     cm-1), tryptophan (1560 cm-1) and sharp 

features around amide I (1660 cm-1) characterized the parent populations. Thus, in parent 

population, higher DNA content and overall protein-related features were observed.  On the 

other hand, prominent features of recurrent population included lipid-related features like 

1272 cm-1 and 1305 cm-1, sharp 1447cm-1,1725 cm-1 and 1746 cm-1; protein bands like amide 

III (1262 cm-1), shifted CH2 bend (1447 cm-1) and sharp amide I  (1660 cm-1).The band at 

1660 cm-1 could also be attributed to ceramide backbone as another minor shoulder band was 

observed at 1673 cm-1 in some recurrent cells’ spectra. Difference spectra were also 

computed by subtracting parent cells’  
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Figure 2.22: Mean and difference spectra from parent and recurrent population reveals 

spectral features unique to recurrent population. A-D) shows the mean spectra and 

difference spectra of parent and recurrent population obtained for U87MG, SF268, patient 

samples 1 and patient sample 2, respectively. Dotted lines represent recurrent cells and solid 

lines represent parent cells. 

 

spectra from recurrent cells’ spectra which showed positive peaks at 1260-70 cm-1, 1305 cm-

1, 1440-50 cm-1, 1660 cm-1and 1744 cm-1 corresponding to lipid/phospholipid and protein 

content and negative bands at 1075-1090 cm-1, 1330-40 cm-1, 1480 cm-1 corresponding to 

DNA (Figure 2.22A-D). However, SF268 recurrent population was characterized by lower 

protein and slightly higher DNA content compared to the parent cells. Mean spectral analysis 

in high  
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Figure 2.23: Mean and difference spectra from parent and recurrent population reveals 

higher lipid peaks in recurrent population. A-D) shows the mean spectra and difference 

spectra of parent and recurrent population obtained for U87MG, SF268, patient samples 1 

and patient sample 2, respectively in high wavenumber region. Dotted lines represent 

recurrent cells and solid lines represent parent cells. 

wavenumber region depicted in figure 2.23A-D indicated shoulder band in the 2850-2900cm-

1 region and band in the region of 2900-2950 cm-1. In all the samples, a higher breadth and 

intensity in the 2840-2880cm-1 region corresponding to lipid content was observed in the 

recurrent samples with respect to parent samples while positive peak around 2900 cm-1 

indicative of protein was seen in parent cells. Thus, from parent to recurrent, in both the 

fingerprint and high wavenumber regions, a shift towards increased lipid content was 

observed.  This shift from protein to lipid synthesis in the recurrent population is consistent 
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with several reports, demonstrating an increase in the lipid biogenesis contributing to 

resistance to chemotherapy and radiotherapy [205, 206] [207]. Also, a sharp peak observed at 

1660 cm-1 in the recurrent population attributed to ceramide has been implicated in driving 

cancer resistance to various chemotherapeutic drugs[208, 209] and may play a role in 

promoting radio-resistance. Thus, Raman spectroscopy analysis revealed characteristic 

features for both recurrent and parent cells in terms of peak position and intensity variations. 

Major features observed in recurrent cells included lower DNA content, higher lipids, 

phospholipids and proteins. 

2.2.3.6 Principal component analysis (PCA) identifies unique clustering of recurrent and 

parent cells  

As the parent and recurrent cells showed variations in their Raman spectra, the feasibility of 

classification of parent and recurrent population as distinct entities using RS was also 

explored. First, an unsupervised Principal component analysis (PCA) was performed to 

obtain a unique classification of the recurrent population (obtained from primary cultures and 

cell lines) as compared to their parent counterpart. PCA was carried out using 10 factors. Out 

of these, maximum variability could be captured between factor 2 and 4. Scatter plot between 

factor 2 and 4 indicated classification between each of the parent and recurrent population 

(Figure 2.24A). In fact, two almost distinct clusters corresponding to parent and recurrent 

population were observed. The loadings spectra corresponding to factors 2 and 4 are shown 

figure 2.24B. The loadings of factor 2 showed spectral features corresponding to DNA (1072 

cm-1, 1345 cm-1, 1380 cm-1), and proteins (1255 cm-1,1448 cm-1, 1665 cm-1, tryptophan 1559 

cm-1) while factor loading 4 had features from lipids (1440 cm-1, 1740 cm-1), DNA (1072 cm-

1, 1344 cm-1,  
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Figure 2.24: PCA analysis classifies the recurrent cells from parent cells. A) PCA scatter 

plot for parent and recurrent populations from the cell lines and two samples. B) Spectra 

show the loadings of factor 2 and 4.  

 

1373 cm-1) and proteins (1250 cm-1, 1650 cm-1, phenylalanine (1005 cm-1). PCA for high 

wavenumber region (2800-3100 cm-1) was also carried out and showed a tendency of 

classification between parent and recurrent spectra of all samples. Although PCA is a data 

visualization tool, this analysis indicated that the unique pattern clustering is due to overall 

differences in the biochemical profile of recurrent and parent cells. The data also revealed 

that exposure to radiation alters the biochemical profile of a cell.  

2.2.3.7 Principal component-linear discriminant analysis (PC-LDA) distinctly classifies the 

recurrent cells from parent cells 
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Upon obtaining modest classification of all recurrent cells from parent population using PCA, 

a method used for exploratory data analysis unravelling trends and outliers in the data, PC-

LDA, a supervised method of data analysis, was explored for better classification.  In the first 

step, standard models using one set of experimental data from parent and recurrent 

populations of U87MG, SF268, patient sample 1 (PS1) and patient sample 2 (PS2) were built 

and validated by leave-one-out-cross-validation (LOOCV) In the subsequent step, the model 

was evaluated by independent data acquired from PS2 and U87MG cell line.  

Five factors accounting for ~93% correct classification were used to build the 

standard model (Figure 2.25A). The scatter plot for PC-LDA is shown in figure 2.25B. Like 

PCA, two major clusters representing all parent and all recurrent populations were observed. 

As shown in table 2.2.1, almost 100% classification efficiency was achieved for all parent 

and recurrent populations, indicating important and distinct differences between these two 

populations. Moreover, even in LOOCV, >95% classification efficiency was observed for all 

groups with minor misclassifications between recurrent populations of U87MG, SF268 and 

PS1. Upon test prediction on this standard model, 16/16 spectra from PS2 parent group and 

14/16 spectra from recurrent group were correctly classified. All 18 spectra from U87MG 

parent group were correctly classified and 16/22 recurrent population could be correctly 

classified. Of the 6 misclassifications in U87MG recurrent population, 5 were classified as 

PS2 recurrent group indicating overlapping features between these two samples. Thus, the 

efficacy of RS in correct identification of parent and recurrent populations was demonstrated.  
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Figure 2.25: PCA-LDA analysis classifies the recurrent cells from parent cells. A) PCA 

factors used for the study is shown. B) PCA-LDA scatter plot for parent and recurrent 

populations from the cell lines and two samples.  

 

2.2.3.8 Raman spectral analysis of GBM tissues classified a population of GBM tissues 

differing in clinical outcome  

As shown above, we could demonstrate that Raman spectroscopy was able to distinguish 

between biologically variable recurrent cells from their parental counterpart. However, as 

patient derived primary cultures do not exactly recapitulate the clinical samples, we further 

went on to examine independently the feasibility of Raman spectroscopy in categorizing the 

highly heterogeneous primary tissue samples. As previously reported, presence of innately 

resistant cells within GBM tumours affect overall survival of the patients [32, 172]. 

Therefore, we hypothesized that patients responding to standard treatment (responders) may 

have lower or no percentage of innately resistant sub-population while the patients non-

responsive to standard treatment (non-responders) may have higher percentage of these 

innately resistant cells. Based on this hypothesis, 6 GBM primary tissues with confirmed 

clinical outcome (responders=3 and non-responders=3) were analysed in this preliminary 
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study to investigate if tumours with differential treatment response can be distinguished using 

RS. 

Table 2.2.1: PC-LDA Standard model for recurrent and parent cells. 

Confusion Matrix 

 
PS1 P PS1 R PS2 P PS2 R SF268 P SF268 R U87MG P U87MG R 

PS1 P 17 0 0 0 0 0 0 0 

PS1 R 0 16 0 0 0 0 0 0 

PS2 P 0 0 16 0 0 0 0 0 

PS2 R 1 0 0 14 0 1 0 0 

SF268 P 0 0 0 0 20 0 0 0 

SF268 R 0 0 0 1 0 18 0 0 

U87MG P 0 0 0 0 0 0 18 0 

U87MG R 0 0 0 5 0 0 1 16 

Leave-one Out cross (LOOCV) confusion matrix 

 PS1 P PS1 R PS2 P PS2 R SF268 P SF268 R U87MG P U87MG R 

PS1 P 17 0 0 0 0 0 0 0 

PS1 R 0 16 0 0 0 0 0 0 

PS2 P 0 0 16 0 0 0 0 0 

PS2 R 1 0 0 14 0 1 0 0 

SF268 P 0 0 0 0 20 0 0 0 

SF268 R 0 0 0 1 0 18 0 0 

U87MG P 0 0 0 0 0 0 18 0 

U87MG R 0 0 0 5 0 1 1 15 

Test prediction 

 PS1 P PS1 R PS2 P PS2 R 

PS2 P 0 0 16 0 

PS2 R 1 0 0 14 

U87MG P 0 0 0 0 

U87MG R 0 0 0 5 
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PCA and PCA-LDA of these tissues identified two almost distinct clusters belonging to 

responders and non-responders group with minor overlap (Figure 2.26A and B, Table 2.2.2). 

Average spectra analysis was also undertaken to understand the bio-molecular basis of 

classification. Spectral features for responders and non-responder tissues indicate prominent 

features of protein (amide III, CH2 deformation, C=C, Tyr, Trp and amide I), DNA (1320, 

1340, 1485 cm-1) and lipids (1313, 1750 cm-1) as shown in figure 2.26C. To understand the 

changes pertaining to non-responders group, difference spectra were computed. The non-

responders difference spectra identified positive spectral features at 1313 cm-1 (CH3/CH2 

twisting/bending/wagging of lipids; CH3CH2 twisting mode of lipid/collagen), 1320-1321 cm-

1 (DNA bases, Amide III (alpha-helix), CH2 deformation of lipids), 1340 cm-1 (nucleic acid 

content), 1367 cm-1 (phospholipids), 1485 cm-1 (G and A bases of DNA), 1579 cm-1 (DNA 

and heme) and 1750 cm-1 (lipid) in the non-responding group (Figure 2.26D). Interestingly, 

some spectral similarities were observed in lipid related features between non-responding 

group and the recurrent samples from our cell cultures. However, biological meaning of this 

similarity requires further investigation. Additionally, spectral features of DNA also 

contributed to their individual classification. Overall these results indicate that Raman 

spectroscopic analysis of the highly heterogeneous primary tissues obtained before any 

chemo-radiation therapy may help in predicting prognosis of the patients.  
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Figure 2.26: Raman spectroscopic analysis distinctly classifies the non-responders from 

responders group of patients. A) PCA scatter plot for non-responders and responders 

patient samples. B) PCA-LDA scatter plot for non-responders and responders patient 

samples. C) Mean spectra of the responding group from the non-responding group of 

samples. Dotted lines represent non-responding group while solid lines represent responding 

group of patients. D) Difference spectra computed after subtracting spectra of responding 

group from the non-responding group of samples. 

2.2.4 Discussion 

Even after extensive studies on GBM, the prognostic determinants have been limited to the 

methylation status of MGMT, mutations in IDH1, PTEN and Karnofsky performance score 

(KPS)[210]. RS is a non-invasive technique that provides insights into the chemical milieu of 

the samples. Apart from its application in the detection and classification of malignant cells 

from the normal cells, RS has also shown potential in predicting the radiation response from  
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Table 2.2.2: PC-LDA standard model for responding and non-responding GBM tissues. 

Confusion matrix 

 Responders Non-responders 

Responders 34 11 

Non-responders 3 42 

Leave-one Out cross (LOOCV) confusion matrix 

 Responders Non-responders 

Responders 31 14 

Non-responders 3 42 

 

the tissues and recurrence from serum samples[179, 186, 188-190, 192, 193, 195]. A recent 

development of hand held Raman probe has enabled the detection of brain tumour cells with 

higher efficiency during the surgery [187].  

These studies have so far investigated diagnosis and surgical demarcation in glioma. 

As radiation resistance is the primary cause of poor survival rates in glioma patients, early 

detection of these tumours can possibly help in optimizing the treatment regime and help in 

improving prognosis of these patients. To understand the mechanisms responsible for 

radiation resistance, a cellular radiation resistance model was developed as described in the 

first part of this chapter. Most of the recurrent populations generated in this model displayed 

higher survival capacity at low dose of radiation mediated by enhanced pERK1/2, higher 

mRNA expression of Survivin and down-regulation of Bax as compared to the naïve parent 

cells. Balance between the pro-apoptotic and pro-survival genes are known to determine the 

fate of the cells, with over-expression of pro-survival genes imparting resistance phenotype to 

the recurrent cells. Additionally, whole transcriptome analysis classified the recurrent 

samples separately from the parent cells, however; intra sample heterogeneity was also seen 

as it is the inherent property of GBM cells. 

As an alternative, Raman spectroscopy- a sensitive technique based on vibrational 

spectroscopy known to provide holistic information about the biochemical changes inherent 
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to the sample, was evaluated for the detection of these recurrent cells. Using Raman 

Spectroscopy, we were able to distinguish the recurrent cells from the parent populations of 

primary patient cultures and cell lines. Raman spectral features in the recurrent cells revealed 

significantly different biological composition seen in lipid, DNA and protein content of these 

cells. Variations were also seen in the spectral features of individual recurrent and patient 

samples in the form of minor spectral shifts and intensity-related differences. These inter-

sample differences apparent between parent (or recurrent) populations from different origins 

were however, less significant than spectral features characteristic to parent and recurrent 

cells. PCA and PCA-LDA highlighted these global features specific to both parent and 

recurrent cells and brought about classification between parent and recurrent populations 

from different samples.  However, variation was seen in the recurrent cells from SF268 which 

revealed higher DNA content and lower protein content as compared to the parent cells. This 

cell line also demonstrated atypical behaviour in different biological assays; this unusual 

biological behaviour of SF268 cell line could be the basis for the observed findings.  The 

variability observed with respect to SF268 cell line may be reflective of the multiformity 

existing in GBM and may lead to a reduced sensitivity of any analytical method aimed at 

detecting recurrent cells.  

GBM tumours are known to be highly heterogeneous and the inherently recurrent 

cells may vary in different tissues. Previous reports with cell-based Raman spectroscopic 

studies have examined the feasibility of differentiating normal and abnormal (pre-malignant 

or malignant phenotype) cells in both oral and cervical cancers [211, 212] and also the 

feasibility of identifying a cancer cell in a mixed cell population having subtle variations has 

been demonstrated [213]. In case of oral and cervical cancers, heterogeneous cell populations 

were obtained on exfoliation. In most subjects, the atypical and malignant cells were 

obscured by presence of overwhelmingly large number of normal cells. However, using a 
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pellet-based approach, RS was able to identify the small number of abnormal cells among the 

heterogeneous group of samples with ~80% efficiency. Additionally, the classification and 

characterization of cancer cells exhibiting MDR phenotype has also been demonstrated in the 

sarcoma cell lines using RS[214]. RS analysis on primary GBM tissues was also conducted 

for this study to investigate the feasibility of RS to classify these primary tissues based on 

their clinical outcome (responders or non-responders to treatment). PCA and PCA-LDA 

classified these tissues into two groups with minor overlap observed amongst them, 

contributed by the common clonal cells. Spectral analysis revealed the presence of higher 

lipid and DNA related features in the non-responding group of patients compared to the 

responding group. Spectral similarity between the non-responders and the in vitro recurrent 

cells was observed but requires further examination for a meaningful interpretation of this 

observation. Additional features unique to either cells in culture or primary tumour samples 

were also seen, however a direct correlation between the two was not envisaged in this study. 

Further, several other spectral features characteristic to non-responders in the GBM tissue 

study could be attributed to increased spot size, tissue architectural and morphological 

contributions, including deeper areas attributed to a penetration depth of ~5mm using the 

fiber-probe based system. 

These findings indicate potential of RS in identifying recurrent cells separately from 

the parent cells using cellular resistance model. Since cell line based model systems do not 

adequately represent the heterogeneous GBM disease, we examined Raman spectra of an 

independent cohort of tumour samples where we found that RS could classify these tissues 

based on their therapy response. Nevertheless, an extensive study on larger cohort of naïve 

primary GBM patients’ needs to be undertaken to confirm the present findings. These studies 

can then set the stage for clinical translation of Raman spectroscopy for glioblastoma 

prognostics.
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Chapter 3 

Identification of differential double strand break repair pathway 

activation and chromatin changes in radiation resistant compared 

to the parent cells.  
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This chapter investigates the role of DNA double strand break repair pathway and its 

regulation in mediating survival of glioblastoma radiation resistant cells. The first part of the 

chapter discusses the differential recruitment of sensory kinases ATM/ATR and preferential 

use of NHEJ repair in the radiation resistant cells which result in survival of resistant cells 

and impart differential survival capacity to recurrent cells (cells formed from radiation 

resistant cells). The second part of this chapter discuss the significance of chromatin 

predominantly histone methylation H3K36me2 and SETMAR methyltransferase in 

facilitating the NHEJ repair in the radiation resistant cells.  

3.1 Introduction 

DNA is exposed to various types of damage resultant of endogenous metabolic and 

replication stress or exogenous exposure to UV, ionizing radiation and chemotherapeutics. 

One such damage: double strand breaks (DSBs) are the most toxic lesion generated by 

ionizing radiation [215-217]. Even of one such lesion remains unrepaired it could lead to 

genomic instability and/or cell death. Indeed, defective DSB repair is reported to be 

associated with various developmental, immunological, and neurological disorders and 

predispose to cancer [218, 219]. Therefore, cells have orchestrated elaborate mechanisms as 

discussed below to ensure proper repair of DSBs.  

The repair of DSBs is brought about by two major repair pathways: homologous 

recombination (HR) and non-homologous end-joining (NHEJ). In NHEJ, the ends of the DSB 

ends are protected from 5′ end resection by the double-stranded DNA (dsDNA) end-binding 

protein complex, the Ku70-Ku80 heterodimer (Ku) which holds the two ends together in 

close proximity to each other. Promoting direct ligation of the DSBs, NHEJ an error-prone 

repair occurs in all cell cycle phases, generating several insertions, deletions, translocations 

and substitutions at the break site during its process [68]. Compared to NHEJ, HR repairs 
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DNA in an error-free manner predominantly in S and G2 phase of the cell cycle, resecting the 

DSBs by nucleases and helicases including MRN, CtIP, EXO1, generating 3′ single-stranded 

DNA (ssDNA) overhangs. RAD51 recombinase then further assembles onto the ssDNA 

creating a nucleoprotein filament which invades into homologous duplex DNA, acting as a 

template for the repair process [220].  

Apart from the multiple protein regulators of DNA repair, chromatin plays an 

important role by controlling the accessibility of these repair factors to the lesions. 

Immediately after DNA damage, one of the early alteration that occurs at chromatin is the 

phosphorylation of the histone variant H2AX nearby the break site. The phosphorylated form 

of H2AX (γH2AX) marks the nucleosomes by surrounding the DSBs, signalling the presence 

of damage and links the damage to repair machinery, initiating the recruitment of repair 

factors [221, 222]. This phosphorylation of H2AX at the DSB site is achieved by the PI3 

kinases ATM, ATR or DNA-PK depending on the source of the damage, extending the signal 

beyond 2Mb of site of damage [223-225]. While ATM is rapidly activated by DSBs 

generated by DNA damaging agents like ionizing radiation [226, 227], ATR is activated by 

ssDNA generated at stalled replication forks and DSBs, coated with RPA2 protein [228]. The 

presence of phosphorylated H2AX is thought to stabilize the interaction between repair 

components at the break site, facilitating the accumulation of other DDR proteins [229-231]. 

Apart from H2AX, ATM phosphorylates and activates multiple downstream substrates 

including kinases like Chk2 while ATR conventionally is known to activate Chk1 [232, 233]. 

However, recent reports have also demonstrated a cross-talk between the ATM and ATR for 

the activation of these downstream target kinases [234]. DNA-PK, another serine/threonine 

kinase part of the PI3-kinase family of proteins [235], can be activated by the DNA damage 

induced by IR, UV or even V(D)J recombination. It is composed of a catalytic subunit and 
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possesses an inherent DSB binding activity that is stabilised by the Ku70–Ku80 heterodimer 

[236], hence is involved in NHEJ pathway of repair. 

In addition to phosphorylation, histones undergo other modifications like 

phosphorylation, acetylation, methylation and ubiquitination during DNA repair as shown in 

figure 3.1. Of these modifications methylation of histones is especially known to directly bind 

 

Figure 3.1: Types of histone modifications involved in DNA repair [237]. 

to the repair factors. Methylation of histone H3 at lysine 79 (H3K79me2) by Dot1 

methyltransferase mediates recruitment of 53BP1 protein (via its tudor domain) after damage 

[238]. Direct binding of 53BP1 also occurs via MMSET and SET8 dependent H4K20me2 

[111, 239]. Additionally, histone methylations including H3K4me2 and H3K36me2 have 

been associated with the transcription of active euchromatin, alternative splicing, dosage 

compensation and transcriptional repression, as well as DNA repair (via NHEJ pathway) and 

recombination [240, 241]. Furthermore, H3K79me2 and H3K27me2 are demonstrated to be 
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involved in regulating DNA damage response, cell cycle and transcriptional regulation [242, 

243]. The enhancer of zest homolog-2 (EZH2), the catalytic component of Polycomb 

Repressor Complex (PRC2) induces the methylation of H3K27me1 and H3K27me2 in 

mammalian cells leading to transcriptional repression [243]. H3K9me2 is reported to prevent 

activation of gene expression by recruiting transcriptional repressors of the HP1 family and 

thus, inhibiting acetylation [105, 244]. Loss of this modification leads to increased 

spontaneous DNA damage in heterochromatin region and activation of DNA repair cell cycle 

checkpoints [245]. 

In addition to its function as a regulator of DNA repair process, histone methylations 

have been reported to be over-expressed in many cancers including prostate, lung, stomach 

and pancreatic cells [246].  

Thus, in this study we aimed to investigate the role of DNA repair and histone di-

methylations in mediating survival of glioblastoma cells. Glioblastoma Grade IV is the highly 

malignant form of brain tumour associated with poor overall survival contributed by the 

treatment refractory cells. In our previous report and chapter 1, we have shown using an in 

vitro radiation model that a sub-population of inherently resistant cells (RR) survives the 

radiation exposure, over-expressing multiple survival pathways. In this study, these resistant 

cells were examined to identify differences in DNA repair pathway contributing to their 

enhanced survival. We show that the radiation resistant cells undergo a global de-compaction 

of the chromatin mediated by over-expression of histone methylations H3K36me2 and 

H3K4me2 along with the increase in SETMAR methyltransferase that facilitate efficient 

NHEJ repair. 

3.2 Materials and Methods 

3.2.1 Electron microscopy 
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Three million parent and radiation resistant cells were harvested and washed with phosphate- 

buffer saline, following the cells were fixed with 3% glutaraldehyde for 2 hours at 4ºC. The 

cells were then washed 3 times with 0.1M sodium cacodylate buffer for 5 minutes and 

centrifuged at 3000rpm. Post fixation, cells were treated with 0.1% osmium tetraoxide for 1 

hour at 4ºC, followed by 3 washes with 0.1M sodium cacodylate buffer. Subsequently, the 

cells were dehydrated in increasing percentage of absolute alcohol: 30% absolute alcohol-15 

minutes, 50% alcohol- 15 minutes, 70% alcohol- 30 minutes, 90% alcohol-15 minutes and 

finally in 100% absolute alcohol for 60 minutes. Dehydrated cells were then incubated with 

absolute alcohol and araldite A (1:1 ratio) for 30 minutes at 60ºC, araldite A for 30 minutes at 

60ºC, araldite B for 30 minutes at 60ºC and the finally in araldite B for 48-72 hours at 60ºC 

for polymerization and embedding of the cells. Ultrathin sections of 70nm were then made 

using Leica Ultra microtome (UC7). The sections were then stained in 10% of alcoholic 

uranyl acetate for 10 minutes followed by 3 minutes incubation with lead acetate. The 

sections were then washed with CO2 free distil water to remove any unbound stain. The 

imaging was then carried out on transmission electron microscope (Jeol 1400 plus).   

3.2.2 Immunofluorescence 

The cells were seeded on coverslips at density of 0.5 million for at least 12 hours, following 

which the cells were washed with PBS and fixed with methanol: acetic acid (2:1) for 10 

minutes on ice. The fixative was removed and cells were washed with PBS three times for 5 

minutes each, permeabilized with 0.5% Triton X-100 (Sigma-Aldrich 93443) for 15 minutes 

at 4ºC. The permeabilized cells were then incubated with 5% bovine serum albumin 

(HiMedia MB083) solution for 1 hour at 37ºC, followed by overnight incubation with 

primary antibodies: γ-H2AX (1:200, rabbit, Cell signalling 9718), Phospho-ATM (Ser1981) 

(1:100, rabbit, Cell Signalling 5883), Phospho-ATR (Ser428)(1:50, rabbit, Cell Signalling 
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2853), Phospho-Chk2 (Thr68) (1:100, rabbit, Cell Signalling 2197), RPA32/RPA2 (1:200, 

mouse, Abcam ab2175),  HP-1 alpha (goat, 1:100, Abcam 77256), Ku80 (rabbit, 1:200, Cell 

Signalling 2180) and pBRCA1 (rabbit, 1:50, Cell Signalling 9009). The coverslips were then 

washed with PBS three times for 5 minutes each and were incubated with the secondary 

antibodies: FITC-conjugated anti-goat (1:200, Abcam 6737), anti-rabbit Alexa488 conjugated 

(1:100, ThermoFischer scientific A11034) in a moist chamber at room temperature for 1 

hour. Unbound antibody was removed by washing with PBS subsequent to which the cells 

were mounted in VECTASHIELD mounting media (Vector Labs H1000), counterstained 

with DAPI (0.5ug/ml; Sigma-Aldrich 96542). The cells were then visualized under Zeiss 

LSM 780 Meta Confocal Microscope. Image J software was used for quantitation of HP-1 

alpha intensity and FociCounter software was used for counting the number of foci/cell.  

3.2.3 Comet assay 

0.1 million cells were harvested in cold condition at different time points after radiation: 2, 4, 

6, 8, 24, 48 hours as well as the non-irradiated and RR cells, washed with cold PBS and re-

suspended in 10µl of PBS. The alkaline comet assay was performed as described by Singh et 

al[250]. These cells were then mixed with 90 µl of low-melting point agarose or LMPA 

(0.5%, 37ºC), spread onto the slides pre-coated with 1% normal melting point agarose or 

NMPA placing the coverslip onto slide resting on ice packs allowing the agarose layer to 

harden (~5 to 10 minutes). The coverslips were then removed and the slides were incubated 

in freshly prepared lysis solution (2.5M NaCl, 100mM EDTA, 10mM Tris, 1% Triton X-100 

and 10% DMSO) for 2 hours in dark at 4ºC. The slides were then removed from the lysis 

solution and placed in the reservoir tank filled with freshly made pH>13 electrophoresis 

buffer (300mM NaOH and  1mM EDTA) for 20 minutes to allow for unwinding of the DNA 

and the expression of alkali-labile damage. The slides were then electrophoresed at 24 volts 

(~0.74 V/cm) for 30 minutes, adjusting the current to 300 milliamperes by raising or lowering 
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the buffer level. The slides were then thrice coated with neutralization buffer (0.4 M Tris-HCl 

pH 7.5) for 5 minutes each. Slides were the stained with DAPI solution (1µg/ml), visualized 

under upright microscope (Zeiss, Axioimager Z1).  

The neutral comet assay was performed as described by Olive et al [251] with minor 

modifications. Briefly, 750 ml of 1% low-melting-point agarose was added to the cell 

suspension. The contents were pipetted onto a slide. precoated with 1% normal agarose, 

covered with coverglass, and allowed to gel for 20 min. Slides were then immersed in warm 

lysing solution (30 mmol/L EDTA, 1% Triton X-100, pH8.3) for 4 h at 438C with coverglass 

on. Following lysis and removal of the coverglass, slides were rinsed 3 times in TBE buffer 

(90 mmol/L Tris, 90 mmol/L boric acid, 2 mmol/L EDTA, pH 8.5) and were electrophoresed 

at 0.66 V/cm for 25 min at room temperature. After rinsing 3 times in MilliQ water slides 

were stained with DAPI solution (1µg/ml). 

The percentage DNA in tail was determined using CometScore software for at least 100 cells 

from each time point. 

3.2.4 Histone acid extraction 

Four million cells were harvested, washed twice with ice cold PBS and then re-suspended in 

Triton Extraction Buffer (250mM sucrose, 50mM Tris-HCl, pH 7.5, 25mM KCl, 5mM 

MgCl2, 50mM NaHSO3, 45mM sodium butyrate, 0.2mM phenylmethylsulfonyl fluoride, 

2mM ethylenediaminetetraacetic acid, 2mM ethylene glycol tetraacetic acid, 1mM sodium 

orthovanadate, 10mM sodium fluoride, 10mM β-glycerophosphate, 10mM 2-

mercaptoethanol and 0.2% Triton X-100) at a cell density of 107 cells/ml. Subsequently the 

cells were lysed on ice for 10 minutes with gentle vortexing. The suspension was then 

centrifuged at 2000rpm for 10 minutes at 4ºC. The supernatant was transferred to another 

tube and the nuclear pellet was then washed again with half the volume of lysis buffer to 
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remove any debris. Further the pellet was re-suspended in 6 times volume of 0.2M H2SO4 

(approximately 300-400 μl) and extracted in the acid by vigorous vortexing at 4ºC. The 

samples were then centrifuged at 16,100g for 20 minutes at 4ºC, supernatant was collected 

and chilled acetone (4 vol) of the supernatant was added. Next day, the pellet was washed 

with 50mM HCl in acetone, with acetone and subsequently the pellet was vacuum dried in 

speed back, dissolved the pellet in β-mercaptoethanol (0.1%) in water. The samples were 

loaded onto 18% acrylamide and histones were quantified after silver staining and Image J 

analysis. 

3.2.5 Western blot analysis  

Equal amount of histones were loaded onto 18% SDS-polyacrylamide gel and transferred 

onto the nitrocellulose membrane at 300mM for 3 hours at 4ºC. The membranes were stained 

with fast green to visualize the transferred histones, washed with TBS containing 0.1% 

Tween-20 (Sigma-Aldrich 9416) and blocked with 5% bovine serum albumin (HiMedia 

MB083) for an hour at room temperature. The membranes were then incubated overnight 

with primary antibodies: Phospho-Chk2 (Thr68) (1:100, rabbit, Cell Signalling 2197), 

Phospho-Chk1 (Ser345) (1:1000, rabbit, Cell Signalling 2348), Ku80 (1:1000, rabbit, Cell 

Signalling 2180), pBRCA1 (Ser1524) (1:1000, rabbit, Cell Signalling 9009), total BRCA1 

(1:800, rabbit, Cell Signalling 9010), β-actin (1:5000, Sigma-Aldrich A5316), H3K4me2, 

H3K27me2, H3K9me2, H3K36me2, H3K79me2 and total H3 (1:1000, rabbit, Cell Signalling 

9847) at 4ºC on shaking. The membranes were then washed with TBST (3 times, 10 minutes 

each) and incubated with secondary antibodies: anti-rabbit HRP labelled (1:2500, Cell 

Signalling 7074) and anti-mouse HRP labelled (1:2500, Cell Signalling 7076) for 1 hour at 

room temperature. The membranes were then washed to remove the secondary antibody with 

TBST thrice for 15 minutes each and were subsequently was visualized with Takara 

chemiluminescence HRP substrate (catalogue number T7101A).  
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3.2.6 RNA isolation, cDNA synthesis and Quantitative real-time RT-PCR 

Total RNA was extracted from parent and radiation resistant cells by Trizol reagent 

(Invitrogen) based methods and later resolved on 1.2% agarose gel to confirm the integrity of 

the RNA. First strand cDNA synthesis was performed using Superscript III kit (Invitrogen) 

using equal concentration of RNA and semi-quantitative evaluative PCR for GAPDH, 

SETMAR, NSD1, EZH2, Dot1L and Suv39h2 was performed to check the cDNA integrity, 

optimum primer concentrations and melt curve analysis was performed to check the primer 

dimer or non-specific amplifications. Real-time PCR was carried out using KAPA master 

mix (KAPA SYBR® FAST Universal qPCR kit) in 5µl volume in triplicate on Light cycler 

480 (Roche, Mannheim, Germany) machine. All the experiments were repeated thrice 

independently. The data was normalized with internal reference GAPDH, and analyzed by 

using delta-delta Ct method  described previously [247]. The details of all the primers used 

for expression analysis have been provided in Annexure I. 

3.2.7 Cloning of shRNAs against SETMAR in pLKO.1-Tet-On knockdown 

The oligo sequences for SETMAR available at The RNAi Consortium shRNA Library were 

ordered and reconstituted in 1X Tris-EDTA to 100mM.  Equal concentration of the primers 

(20µM) in 50µl volume were used for annealing in 1X NEB buffer 2 (containing 50mM 

NaCl, 10mM, Tris-HCl, 10mM MgCl2 and 1mM DTT) at 95ºC for 5 minutes, 70ºC for 10 

minutes followed by incubation at room temperature for 2 hours. Simultaneously, the vector 

pLKO.1-Tet-On was digested with EcoRI+ AgeI and gel-purified using gel extraction kit- 

MACHEREY-NAGEL (Ref 740609.50). Ligation reaction was set up as: 1μl of annealed 

oligos, 1μl of gel-purified digested pLKO-Tet-On (10-20 ng), 1μl of 10X ligase buffer 

(NEB# M0202S, 0.5μl of T4 DNA ligase (NEB#M0202S) and 6μl of ddH20 overnight at 

16ºC. The ligated mixture was transformed in Stbl3 E.coli competent cells with 4 ul of the 
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total ligation reaction volume incubated for 20-30 minutes in ice, heat shock for 45 seconds at 

42ºC, followed by growth in SOC medium. The colonies were then grown in LB+ Ampicillin 

media and the positive colonies (XhoI digested colonies giving band of ~200bp) were 

sequenced using H1 primer for confirming the insertion of shRNAs into the vector.  

3.2.8 Site-Directed mutagenesis (SDM) and cloning of mutant/wild type H3.3 in pBABE 

vector 

The mutation at the H3.3 was performed using QuikChange II Site-Directed Mutagenesis Kit 

instruction manual (Agilent Catalog #200523). For conducting SDM, H3.3 was amplified 

from H3.3- pTZ57R/T (kind gift from Dr. Sanjay Gupta, ACTREC, India) using forward 

primer which had a mutation base change from AA to GC at 109,110 position in the presence 

of Pfu ultra HF DNA Polymerase. Mutagenic Primer Design: 

The mutagenic oligonucleotide primers used was designed as per the following guidelines: 

  Both mutagenic primers must contain the desired mutation and anneal to the same 

sequence on opposite strands of the plasmid. 

  Primers should be between 25 and 45 bases in length, with a melting temperature (Tm) of 

78°C. Primers longer than 45 bases may be used, but using longer primers increases the 

likelihood of secondary structure formation, which may affect the efficiency of the 

mutagenesis reaction.  

The following formula is commonly used for estimating the Tm of primers: 

                  Tm =   81.5 + 0.41(%GC) (675/ ) % mismatch                                                  

 For calculating Tm:  

 N is the primer length in bases.  

 values for %GC and % mismatch are whole numbers  
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For calculating Tm for primers intended to introduce insertions or deletions, use this modified 

version of the above formula:  

                      81.5 + 0.41(%GC) (675/ ) Tm   N  

 where N does not include the bases which are being inserted or deleted. 

The desired mutation (deletion or insertion) should be in the middle of the primer with 

~10–15 bases of    correct sequence on both sides. 

  The primers optimally should have a minimum GC content of 40% and should terminate 

in one or more C or G bases. 

Additional Primer Considerations  

 The mutagenesis protocol uses 125 ng of each oligonucleotide primer. To convert 

nanograms to picomoles of oligo, use the following equation: 

              X pmoles of oligos =              ng of oligos 

                                                     330*no of bases in oligo 

                                             = 12.6 pmole 

 Primers need not be 5´ phosphorylated but must be purified either by fast polynucleotide 

liquid chromatography (FPLC) or by polyacrylamide gel electrophoresis (PAGE). Failure to 

purify the primers results in a significant decrease in mutation efficiency.  

 It is important to keep primer concentration in excess. Varying the amount of template 

while keeping the concentration of the primer constantly in excess. 

The PCR reaction set up was as follows: 

Control reaction: 5 l of 10× reaction buffer 2 l (10 ng) of pWhitescript 4.5-kb control 

plasmid (5ng/l) 1.25 l (125ng) of oligonucleotide control primer #1  [34-mer (100 ng/l)] 

1.25 l (125ng) of oligonucleotide control primer #2 [34-mer (100 ng/l)] 1 l of dNTP mix 
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3 l of QuikSolution reagent 36.5 l of double-distilled water (ddH2O) to a final volume of 

50 l. Then add 1 l of PfuUltra HF DNA polymerase (2.5 U/l) 

Sample reaction(s): 5 l of 10× reaction buffer, 10 ng of dsDNA template, 125 ng of forward 

primer #1, 125 ng of reverse primer #2, 1 l of dNTP mix,  3 l of QuikSolution  ddH2O to a 

final volume of 50 l and then 1 l of Pfu Ultra HF DNA polymerase (2.5 U/l) was added. 

The PCR conditions are as follows: 

Table 3.1: Cycling Parameters for the QuikChange II XL Method. 

           Segment              Cycles Temperature Time 

                    1                  1     95°C. 1 min 

                     

                    2 

                 

                  18 

    95°C. 50 sec 

    60°C. 50 sec 

    68°C. 1 min/kb  

                    3                   1      68°C. 7 minutes 

  

The PCR amplified product was digested using the Dpn1 endonucleases which is specific for 

methylated and hemimethylated DNA to digest the parent DNA template. The nicked vector 

DNA incorporating the desired mutation was transformed into ultra-competent E. coli DH5α 

cells. The plasmids were isolated were sequenced using pBABE reverse primer.  

3.2.9 Cloning of wild type H3.3 and H3.3K36A mutant in retroviral vector pBABE 

3.2.9.1 PCR Gene Specific Amplification of H3.3 from TA vector 

We amplified our gene H3. 3 using M13 primers that flank the TA cloning vector pTZ57R/T 

(Annexure I) using the following reaction conditions. 

Table 3.2: PCR reaction mixture for H3.3 amplification. 

Reagents Stock Final For 20ul 

Taq Buffer 10X 1X 2ul 
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Taq Polymerase 5U 1U 0.2ul 

Forward Primer 10mM 15 picomoles 1.0ul 

Reverse Primer 10mM 15 picomoles 1.0ul 

MgCl2 25mM 2mM 0.2ul 

dNTP's 0.2mM 0.2mM 0.5ul 

Template  100-200 ng/ul  1-2ul 

Distilled Water   13.6ul 

Total   20ul 

 

Table 3.3: Optimised PCR Conditions 

Step Temperature Time 

Initial Denaturation 95˚C 3 mins 

Denaturation 95˚C 30 sec 

Annealing 55˚C 30 sec 

Extension 72˚C 20 sec (35 cycles) 

Final extension 72˚C 5mins 

Hold 4˚C ∞ 

 

The PCR products were run on 1.8% agarose gel containing 2ul of 0.5ug/ml of EtBr and gel 

extracted using extraction kit- MACHERY-NAGEL (REF 740609.50).  

pBABE is a retroviral expression vector of 5.2kb is an expression vector optimized for higher 

expression in mammalian cells. The MCS is in between the immediate early promoter of 

CMV and the YFP coding sequence. The restriction enzyme sites chosen from the MCS for 

inserting H3.3 were EcoR1 and BamH1.  The gel purified PCR product and pBABE vector 

were double digested with BamHI (NEB, R3136S) and EcoRI (NEB, R0104S) incubated 

overnight at 37°C.The enzymes were then inactivated by heating to 65°C for 10mins. After 

running digested products on gel, band was eluted and purified using PCR clean-up gel 

extraction kit- MACHERY-NAGEL (Ref. 740609.50) as per the kit instructions. 

3.2.9.2 Ligation 
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The digested vector and insert were added to ligation mix in 1:4 and 1:6 molar ratios. The 

amount of insert to be added per 50ng of vector was calculated by using following formula.  

            

 

3.2.9.3 Transformation: The protocol is as follows: 

 

1) Competent cells DH5α were thawed on ice and 2μl of DNA of interest was added into the 

cells. 

2) The cells were kept on ice. 

3) Cells were immediately given heat shock at 42°C for exactly 90 seconds. 

4) After heat shock cells were again quickly kept on ice for about 5min. 

5) Luria broth of 800μl was added in the tube having cells and kept at 37°C for 1 hour on 

shaker. 

6) Cells were centrifuged at 5,000rpm for 5min. Supernatant was discarded leaving 100μl 

behind and pellet was re-suspended in rest of supernatant. 

7) Cells were spread onto the plate containing 100ug/ml ampicillin.  

8) Plates were kept at 37°C incubator overnight for about 15 hours. 

9) Next day the colonies were allowed to grow in 5ml of luria broth media. 

The plasmid DNA was the extracted using MACHERY-NAGEL mini-prep kit (Ref. 

740499.50). 

To confirm the insertion of gene into the vector, PCR was done using gene as well as vector 

specific primers from the isolated plasmids. The PCR conditions used were same as described 

previously. The PCR positive colonies were then confirmed using Sanger sequencing.  

Plasmid extracted from the ligated colonies – 1µl (300ng) 

Primer (H3.3 Fwd) – 1µl (5pmols) 
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3.2.10 Retrovirus and lentivirus production, infection and drug selection 

293FT cells were seeded in 6 well plates one day prior to transfection and each shRNA 

constructs including the scrambled (4µg each) or pBABE-H3.3K36A and pBABE-H3.3K36 

with pPAX or pAmpho (1.5µg) and pVSVG (150ng) helper vectors were transfected using 

Lipofectamine 3000 reagent (Invitrogen L3000008) as per manufacturer’s protocol. Viral 

supernatant was collected after 48 and 72 hours of transfection, filtered (with 0.45µM filter) 

and infected the U87MG and SF268 cells seeded at 0.4 million density in six well plate with 

one ml of the virus supernatant (1:2 dilution) and 8µg/ml of polybrene (Sigma-Aldrich) for 

seven hours. Cells were selected in 2µg/ml of puromycin (Sigma-Aldrich P8833). 

3.2.11 Transfection of NHEJ and HR vectors 

4.5µg of HR vector and 1.5µg of NHEJ vector were first incubated overnight with I-SceI 

endonuclease enzyme (NEB catalogue number R0694S) to linearize the vectors. The 

linearized vectors were then purified using PCR clean-up gel extraction kit- MACHERY-

NAGEL (Ref. 740609.50) as per the kit instructions. 0.5million U87MG and SF268 parent as 

well as RR cells were seeded in a 6-well plate 12 hours prior to transfection. The transfection 

mixture was as follows: 4.5µg of linearized HR vector/ 1.5µg of linearized NHEJ vector + 0.5 

µg of TdRed expressing plasmid +2.5 µl of X-treme GENE HP DNA Transfection Reagent 

(Roche Diagnostics catalogue number 06366244001) mixed in 200 µl of plain DMEM and 

incubated at room temperature for 30 minutes. The transfection mixture was then added on 

top of the cells containing 1ml of DMEM+10% FBS using cut tips and incubated for 

72hours. The cells were then visualized under the florescent microscope for GFP positive 

cells and percentage of GFP, Red and dual positive cells were determined on FACS Aria, BD 

Biosciences. The analysis of the flow data was performed using FlowJo software. 
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3.3 Results 

3.3.1 Re-appearance of γ-H2AX observed in radiation resistant cells  

Since the aim of this study is to understand the regulation of DNA damage repair in radiation 

resistant cells, we started by examining the earliest indicator of DNA damage that is the 

phosphorylation of H2AX. We first examined the kinetics of H2AX phosphorylation at 

different time points post radiation treatment in the parent population until the formation of 

MNGCs. As shown in figure 3.2A and C, maximum number of cells with foci was seen in 2 

and 4 hours post radiation in SF268 and U87MG, respectively. The resolution of γ-H2AX 

foci occurred in 24 and 48 hours in these cell lines. To further evaluate the amount of DNA 

damage in these cells we performed neutral as well as alkaline comet assay which showed  

maximum damage as represented by the percentage DNA in tail was observed at 2 hours in 

SF268 and at 4 hours in U87MG with subsequent decrease in the later time points (Figure 

3.2A-D) consistent with the phosphorylation of H2AX, However, unexpectedly, there was re-

appearance of the phospho-H2AX in the MNGCs indicating the induction of DNA damage in 

these cells  8-12 days post radiation. Similar results were seen with alkaline comet assay 

indicating presence of DNA damage other than DSBs, where the radiation resistant cells had 

higher damage compared to the parent non-irradiated cells confirming the generation of 

secondary DNA breaks.  

3.3.2 Phosphorylation of H2AX in the resistant cells can be mediated either by ATM or 

ATR  

Re-appearance of gamma-H2AX we also examined in the MNGCs generated in the primary 

cultures from the patient samples. Similar to the resistant cells from cell lines, radiation 

resistant cells from primary cultures also displayed phospho-H2AX demonstrating that 
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activation of DNA damage repair response in the glioma residual cells is not a cell line 

artefact (Figure 3.3A).  

The phosphorylation at serine139 of H2AX is brought about by ATM or ATR, depending 

upon the type of damage induced, thus their recruitment was determined in the radiation 

resistant cells generated from cell lines and patient samples. Surprisingly, only 5 out of 10 

patient samples shown in the figure 3.3A displayed pATM foci in the radiation resistant cells 

while the remaining samples recruited ATR at the break sites. 
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Figure 3.2: Re-appearance of phosphorylated H2AX in the radiation resistant cell 

possessing higher damage compared to the parent cells. A and C) Immunofluorescence 

images for γH2AX (green) nuclei counterstained with DAPI (blue) in U87MG and SF268 

cell lines at different time intervals after radiation. Representative images for neutral and 

alkaline comet assay are shown for different time points. Scale bar-5µm for 

immunofluorescence, 50 µm comet images. B and D) Bar graph depicts the percentage of 

nuclei with foci for N= 50 cells, quantitation of neutral and alkaline comet assay. Percentage 

DNA in comet tail as calculated using CometScore for N=100 is shown. NR-non-irradiated 

and RR-radiation resistant cells.  

Additionally, 3 of the patient samples activated both the sensory kinases, however, at 

variable levels. Accordingly, the activation of downstream checkpoint kinases (Chk1 and 

Chk2) also varied in the resistant cells. The samples that recruited ATM activated Chk2 while 

the samples (SF268, patient samples 1, 3 and 14) that recruited ATR activated Chk1 (Figure 

3.3A and B). Notably, RR cells from SF268, patient sample 1 and 3 showed RPA32 cluster 
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formation depicting the coating of single strand breaks by RPA32 protein (Figure 3.3C). 

Thus, these RR cells displayed heterogeneity in the repair pathways.  
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Figure 3.3: Differential recruitment of sensory kinases in the RR cells. A) 

Immunofluorescence images depicting the recruitment of pATM and pATR (green; nuclei-

DAPI) in RR cells. Bar graph represents quantitation of the percentage of nuclei with foci 

formed by these proteins, where N=50. B) Expression levels of pChk1 and pChk2 in different 

RR samples is shown. C) RPA32 staining (green) counterstained with DAPI in RR and parent 

cells of cell lines and 2 patient samples are represented.  Scale bar-5µm.  

3.3.3 Recurrent cells display altered ATM/ATR recruitment kinetics  

Importantly, the recurrent cells generated from the resistant cells showed altered activation of 

ATM kinase compared to the parent cells upon exposure to lethal dose of radiation. As shown 

in figure 3.4, the U87MG recurrent cells recruited ATM at different time points at a rate 

different to that of parent cells while the SF268 recurrent cells revealed little induction in the 

pATM levels after radiation as compared to parent cells. Instead, SF268 cells showed 
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enhanced recruitment of pATR within 4hours at the DSB sites, demonstrating the shift in the 

preference of sensory kinase from parent to recurrent cells.   

3.3.4 Recurrent cells generated from radiation resistant cells show variable sensitivity 

towards ATM inhibitor 

As shown in figure 3.4, the recurrent cells generated from U87MG and SF268 cells exhibited 

altered recruitment kinetics of ATM upon exposure to the lethal dose of radiation. We then 

questioned whether the altered kinetics had any influence on the radiation sensitivity of the 

recurrent cells generated from cell lines and patient samples as compared to the parent cells. 

As shown before, the recurrent cells generated from SF268, patient sample 1, 2 and 3 had 

higher clonogenic capacity at low doses of radiation while U87MG recurrent cell showed 

sensitivity towards low dose of radiation as compared to the parent cells. Upon inhibition 

with 10µM of ATM kinase inhibitor KU55933, we observed that the clonogenic ability of the 

 



 

107 
 

Identification of differential DDR pathway and chromatin changes in resistant cell 
 

 

Figure 3.4: Recruitment kinetics of pATM and pATR vary in recurrent cells as 

compared to parent cells. Representative immunofluorescence images depicting recruitment 

of both sensory kinases ATM and ATR (green, counterstained with DAPI) in recurrent and 

parent cells upon exposure to lethal dose of radiation. Line graph shows the quantitation from 

three independent experiments. Scale bar- 5µm.  

recurrent cells were reduced in U87MG and patient sample 2 as compared to the parent cells 

at different doses of radiation. However, recurrent cells from SF268 and patient samples 1 

and 3 showed higher survival capacity as compared to the parent cells as seen in lower doses 

of radiation (Figure 3.5). These observations demonstrate the variable response of ATM 

inhibition on the survival of different recurrent cells. Since the cells with higher clonogenic 

ability showed recruitment of pATR, hence might be contributing to their enhanced 

clonogenic capacity after radiation.  
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Figure 3.5: Clonogenic assay with inhibitor alone or in combination with KU55933 in 

the parent and recurrent cells. 

 

3.3.5 Radiation resistant cells prefer NHEJ pathway repair over HR pathway  

As mentioned earlier, the radiation resistant cells generated after 8-12 days post radiation 

show high levels of γ-H2AX foci early in the non-proliferative phase mediated by ATM or 

ATR. We then wanted to examine the preference of DSB repair pathway in these cells which 

can either be brought about by Non homologous end joining (NHEJ) or homologous end 

joining (HR). For this, we performed immunofluorescence and western blot with NHEJ 

protein Ku80 and HR protein pBRCA1. We found that there was significantly higher 

expression and recruitment of Ku80 as compared to pBRCA1 (Figure 3.6A and B).  

However, the recruitment of repair 
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Figure 3.6: Higher recruitment and expression of Ku80 in RR cells. A) and B) 

Immunofluorescence images and western blots showing recruitment and expression of 

pBRCA1 and Ku80 (green, nuclei-DAPI) in different RR cells. Scale bar- 5µm.  

proteins is only suggestive of favouring of NHEJ pathway. Thus, to ascertain whether higher 

recruitment translated into higher NHEJ repair efficiency in RR cells, we measured the 

efficiency of both the pathways using an in vivo fluorescent assays with GFP gene interrupted 

by an intron (GFP-Pem1), an adenoviral exon flanked by two HindIII and two inverted I-SceI 

sites. The digestion of NHEJ-I construct with I-SceI enzyme generated incompatible ends 

similar to the ends generated by radiation, followed by repair reconstructs the GFP gene. 

Similarly, the HR reporter construct consists of two defective copies of GFP-Pem1 with the 

first copy containing the sites for I-SceI and the repair of the cleaved I-SceI ends indicates 

HR repair. First, we transfected the linearized reporter constructs of NHEJ and HR and the 
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ratio of GFP positive cells from each other vectors was determine for calculating the repair 

efficiencies. Notably, we observed that the RR cells showed enhanced NHEJ repair compared 

to the HR when calculated from the ratio of GFP positive cells for NHEJ and HR vectors 

(U87MG-6%/1%= 6 and SF268 -7%/1.5%= 4.66) as shown in figure 3.7A. To rule out the 

possibility of different transfection efficiencies of the RR cells, these were then co-

transfected with TdRed expressing plasmid along with the repair vectors. The percentage of 

cells expressing both red and green florescence were then determined and   the ratio of GFP+ 

and TdRed+ cells in parent and RR cells transfected with NHEJ and HR vectors was used to 

measure the efficiency of NHEJ or HR repair. Consequently, we observed that the RR cells 

even though were present arrested in different cell cycle phases as shown in figure 2.11, 

showed higher NHEJ repair efficiency (repair efficiency: U87MG parent vs RR cells=1.7±0.6 

vs 2.61±0.5 and SF268 parent vs RR cells =1.59±0.2 vs 2.38±0.6). These results suggest that 

the RR cells prefer error-prone NHEJ over HR pathway to repair their DNA. 

To investigate the dependency of RR cells on NHEJ pathway for their survival, we 

incubated the residual resistant cells with NHEJ inhibitor NU7026 and determined their 

clonogenic capacity. We observed that indeed the survival capacity of RR cells was 

significantly diminished, preventing the formation of recurrent cells (Figure 3.7C), thus 

highlighting the importance of NHEJ pathway in facilitating the survival of RR cells.  

 

3.3.6 Radiation resistant cells display altered chromatin architecture 

The chromatin including the organization and histone modifications are known to regulate the 

recruitment of various transcription factors as well as DNA repair proteins thus influencing 

the choice of repair pathway and the efficiency of repair. Therefore, we wanted to understand 
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the role of chromatin in regulating DNA repair in the radiation resistant cells (RR). First the 

RR  

 

Figure 3.7: RR cells show higher NHEJ repair efficiency as compared to HR. A) 

Representative images of parent and RR cells transfected with NHEJ and HR vectors. B) 

Scatter plot showing the expression of GFP indicating NHEJ and HR repair efficiencies along 

with transfection control plasmid expressing TdRed. C) Clonogenic assay of parent and RR 

cells after incubation with 10µm of NHEJ repair inhibitor NU7026.  
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cells generated from the parent cells were examined for over-all chromatin changes. We 

found that the RR cells displayed a more relaxed chromatin architecture as compared to the 

parent cells when examined under transmission electron microscope (Figure 3.8A). This data 

is suggestive of RR cells having more euchromatinized DNA. To confirm this observation, 

we performed immunostaining with HP-1 alpha (Heterochromatin Protein-1 alpha) which is 

known to bind heterochromatin or more compact chromatin. As seen in the confocal images 

and the quantitation that HP-1 alpha staining showed significant reduction in HP-1 alpha 

expression confirming more open chromatin organization compared to the parent cells in RR 

population (Figure 3.8B). 

3.3.7 Radiation resistant cells show over-expression of H3K36me2 and H3K4me2 

modifications concomitant with the increase in its methyltransferases  

The histone methylation is known to regulate the chromatin architecture as well as the double 

strand break repair response. Thus, we examined the expression levels of histone 

methylations namely H3K4me2, H3K79me2, H3K9me2, H3K27me2 and H3K36me2 

reported in literature to be associated with DNA repair response [237] in the RR cells from 

the two GBM cell lines U87MG and SF268. We found two histone modifications- 

H3K36me2 and H3K4me2 to be up-regulated in both the cells lines (Figure 3.9A). These 

histone marks are also known to be involved in mediating euchromatinization and aiding in 

better DDR response [248, 249]. Additionally, we observed lower expression of H3K9me2 

marks a known histone mark that interacts with HP-1 to induce heterochromatin. Therefore, 

low expression of H3K9me2 is consistent with lower HP-1recruitment. (Figure 3.9A). 

Furthermore, there was also a decreased expression of Suv39h2 a methyltransferase that 

transfers a methyl group to H3K9 explaining the decrease in H3K9me2 mark (Figure 3.9B). 
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Furthermore, we observed loss of H3K27me2 and H3K79me2 modifications in U87MG RR 

cells while SF268 RR cells showed similar levels of H3K27me2 and higher levels of 

H3K79me2 as compared to the parent cells (Figure 3.9A). The enzyme Dot1L was found to 

be up-regulated in RR cells from both the cell lines while down-regulation of EZH2 was 

seen, the transcript levels not corroborating with their modification H3K79me2 and 

H3K27me2, respectively (Figure 3.9B).  

 

Figure 3.8: Global architectural analysis reveals euchromatinization in the RR cells. A) 

Representative electron microscopy images of parent and radiation resistant (RR) cells from 

cell lines. White arrows indicate the nuclei margin. Quantitative data for the cells with 
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condensed or relaxed chromatin is also shown as bar graph. N=10 and the experiment was 

performed in duplicate. B) Representative confocal images depicting the expression levels of 

HP-1 alpha protein (green –pan staining and also clusters) counterstained with DAPI in 

parent and resistant cells (RR). Average intensity per 50 cells as measured by Image J is 

represented in the bar graph. Scale bar- 5µm and *** depicts p<0.001. Results are 

representative of three independent experiments. 

 

Because of consistent findings with H3K36me2 and H3K4me2 in the RR cells of cell 

lines, we expanded our screen to examine these modifications in the RR cells generated from 

primary cultures derived from patient samples. As shown in Figure 3.9C, 6 out of the 8 

patient samples showed higher expression of H3K36me2 (fold change ranging from 1.4 to 

10.8) while di-methylation of H3K4 was observed to be up-regulated in 4/8 samples (fold 

change ranging from 1.8 to 15.5).  

The transfer of a methyl group from S-adenosine methionine to the histone N-terminal 

lysine residues are brought about by several of the SET and non-SET domain containing 

methyltransferases. Thus, we checked for the expression of SETMAR and NSD1 

methyltransferases known to modify H3K36 and H3K4 di-methylations. We observed that 

the transcript levels of one of the methyltransferases SETMAR also known as Metnase to be 

up-regulated in 7/10 RR cells (including the cell lines), co-relating with the expression of 

H3K36me2 (Figure 3.9C) while NSD1 showed up-regulation only in 2/10 samples with most 

of the samples having lower NSD1 transcript levels as compared to the parent cells (Figure 

3.9D).  

Overall, we observed 70% percent of the samples over-expressed SETMAR 

transcripts and H3K36me2 in the RR cells. These data intrigued us to investigate the role of 
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SETMAR and H3K36me2 in RR cells. For this, we adopted two strategies: 1) knockdown of 

SETMAR specifically in the RR cells and 2) mutation of lysine 36 residue to alanine in H3.3.   

Figure 3.9: Increased levels of H3K36me2 and SETMAR observed in majority of the 

GBM resistant cells. A) Western blot analysis for di-methylation of H3K27, H3K4, H3K9, 

H3K36 and H3K79 in the acid extracted histone samples from parent and radiation resistant 

cells (RR) of U87MG and SF268 cell lines. Total H4 was used as a loading control. B) 

Transcript levels of Suv39H2, EZH2 and Dot1L in the RR cells from the two cell lines are 

shown as bar graph. C) H3K4me2 and H3K36me2 expression levels in RR cells generated 

from patient samples. D) Transcript levels of histone methyltransferases SETMAR and NSD1 

in RR cells normalized to that in the parent cells. GAPDH was used as an internal reference. 

*** depicts p-value<0.001, ** indicates p-value <0.01 and * for p-value<0.05. 

PS1,2,3,4,5,6,7,8 -patient samples 1,2,3,4,5,6,7,8. 

3.3.8 SETMAR is required for proliferation of RR cells 
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Because SETMAR is a methyltransferase required for normal functioning of the cells to 

delineate its role specifically in RR population, we wanted the knockdown of SETMAR only 

during the RR phase of cell. For this we generated 2 shRNA constructs targeting SETMAR 

and a control scrambled shRNA under Tet- inducible system (Figure 3.10A and B 

representing chromatogram for shRNA1) and established cell lines expressing inducible 

SETMAR shRNAs. Upon induction with doxycycline, sh1 showed 70-76% and 82-90% 

reduction in the transcript levels of SETMAR in parent and RR cells, respectively while sh2 

showed 40-50% reduction in both parent and RR cells (Figure 3.11A). To begin with, we first 

determined the growth potential of the parent and RR cells expressing both the shRNA 

constructs and compared it to the scrambled shRNA. As shown in figure 3.11B, sh1 

displaying a greater knockdown of SETMAR induced cell death of about 95% RR cells and 

the few cells (5%) became senescent as they showed positivity for β-galactosidase staining. 

The cells that remained senescent for as long as 40 days with reversing back from 

senescence.   

 

Figure 3.10: Cloning of shRNAs against SETMAR in pLKO.1-tet. A) Double digestion of 

pLKO.1-tet puro with EcoRI and AgeI. 1- 1kb ladder, 2-undigested pLKO.1 vector, 3- EcoRI 

and Age1 digested vector.  B) Chromatogram depicting the shRNA1 inserted into the 

pLKO.1 vector.  
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 RR cells expressing sh2 similar to the sh1, initially did show decrease in the cell 

number, however the cells that survived regained their growth capacity similar to the 

scrambled shRNA cells (Figure 3.11B). Interestingly, none of these shRNA constructs altered 

the growth pattern of parent cells but only hampered the proliferation potential of RR cells, 

highlighting an important role that SETMAR plays in the RR cells.  

We then wanted to see if the effects seen by the knockdown of SETMAR are mediated via 

H3K36me2. We checked for H3K36me2 mark in the cells showing SETMAR knockdown 

and found significant reduction in H3K36me2 marks in the cells expressing shRNA1 against 

SETMAR (Figure 3.11C). A report from Fnu et al in 2011 suggested a link between 

SETMAR mediated H3K36me2 modification and DSB repair via NHEJ pathway [250]. As 

demonstrated previously, we also observed NHEJ pathway preference in RR cells, we asked 

whether SETMAR is involved in aiding NHEJ pathway repair. For this, we examined the 

recruitment of NHEJ protein Ku80 in the RR cells in a SETMAR knockdown background. 

We observed that upon shRNA-mediated silencing, there is a significant reduction in the 

Ku80 recruitment (Figure 3.11D), suggesting SETMAR mediated NHEJ repair driving the 

growth of RR cells. 
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Figure 3.11: SETMAR is required for proliferation, H3K36me2 and recruitment of 

Ku80 in RR cells. A) Transcript levels of SETMAR in cells expressing scrambled shRNA 

and shRNAs against SETMAR -sh1 and sh2 with and without doxycycline induction. B) 

Growth curve of cells expressing SETMAR shRNAs (after induction) in RR and parent cells. 

Right panel shows representative images of the β-galactosidase staining in the RR cells after 
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12 and 20 days after knockdown. Scale bar-50µm. C) Western blot showing the expression of 

H3K36me2 in parent and RR cells of both U87MG and SF268 cell lines expressing 

scrambled shRNA and sh1. D) Recruitment of Ku80 in the knockdown parent and RR cells. 

Quantitation of the same is shown as bar graph, N=100 cells. Scale bar-10µm.  

3.3.9 H3K36me2 is required for retention of Ku80 and mediates the survival of RR cells  

To address the importance of over-expressed di-methylated H3K36 in RR cells, we cloned 

the wild type H3.3K36 and mutant H3.3K36A in the retroviral vector pBABE-puro (Figure 

3.12).  

 

Figure 3.12: Cloning of wild type and K36A H3.3 in pBABE vector. A) Double digestion 

of pBABE- puro and pTZ57R/T containing H3.3 with EcoRI and BamHI. 1- 1kb ladder, 2- 
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undigested pTZ57R/T vector, 3- double digested pTZ57R/T vector, 4- undigested pBABE 

vector, 4- double digested pBABE vector, 3- undigested vector.  C) and D) Nucleotide blast 

results depicting the percentage sequence match from the wild type H3.3 and H3K36A  

(GC>AA) cloned into the pBABE vector.  

 

We then generated stable U87MG and SF268 cells harbouring mutation at the lysine 

36 residue of H3.3 and cells with un-altered H3.3. Overexpression was confirmed by 

checking for the transcripts of H3.3 in 293FT, U87MG and SF268 cells (Figure 3.13). To 

begin with, the expression of H3K36me2 in the mutant and wild type expressing parent and 

RR cells was checked in the acid extracted histones. Indeed, we observed that RR cells of 

expressing mutant  
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Figure 3.13: Higher transcript levels of H3.3 was observed in 293FT, U87MG and 

SF268 cells as determined by real time PCR. 

H3K36 showed none or very faint levels of H3K36me2, confirming that most of the 

endogenous wild type H3.3 is replaced by mutant H3K36A (Figure 3.14A). Incorporation of 

the mutated histones was also confirmed with the immunofluorescence for H3K36me2. 

Similar to the western blots, U87MG H3.3 mutant showed no expression of the modification 

while SF268 cells did exhibit marginal expression of H3K36 di-methylation in the nucleus 

(Figure 3.14B). Several of these histone methylations are reported to regulate the cell 

proliferation and  

 

Figure 3.14: H3.3 mutant cells demonstrate reduced survival capability compared to the 

wild type H3.3 expressing cells. A and B) Expression and recruitment of H3K36me2 in 

H3.3 wild type and mutant expressing U87MG and SF268 cells lines are shown. Scale bar 
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10µm. C) Growth curve of these cells at different time points after exposure to lethal dose of 

radiation is shown as line graph.   

 

growth, lack of which can lead to the cell cycle defects. Thus, we first examined the growth 

kinetics of the non-irradiated and irradiated wild and mutant H3.3 expressing cells. As shown 

in Figure 3.14C, loss of lysine 36 residue did not alter the growth rate of non-irradiated cells 

however, post irradiation continuous cell death was observed, that is there were no radiation 

resistant cells formed. 

Since the loss of H3K36me2 prevented the survival of the RR cells, we further 

examined the influence of histone amino acid change on the NHEJ and HR repair responses.  

For this, we checked for the recruitment and expression of Ku80 and pBRCA1 proteins 

expressing wild type and mutant H3.3 by immunofluorescence and western blot at different 

time intervals post irradiation. Interestingly, within 6-14 hours after radiation treatment, 

expression of NHEJ protein Ku80 and HR protein pBRCA1 was observed in both the cells 

expressing wild type H3.3 and mutant H3.3, and there was recruitment to the sites of DSB as 

well at initial time points (6 -14 hours) as these cells progressed from G1 to S and G2-M 

phases of the cell cycle.  However, a significant increase in the expression and recruitment of 

Ku80 was observed in H3.3 wild type cells while a substantial amount of reduction in the 

recruitment of Ku80 was observed in the H3.3 mutant cells as compared to the cells 

expressing wild type H3.3 at later time points (24-48 hours). The difference in the 

recruitment was most prominent in the RR population as shown in figure 3.15, 3.16A and B.  
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Figure 3.15: Recruitment kinetics of Ku80 in H3.3 mutant cells vary from that of the 

wild type H3.3 expressing cells. A and B) Representative images depicting the recruitment 

of Ku80 and pBRCA1 in H3.3 wild type and mutant expressing U87MG and SF268 cells 

lines are shown. Bar graph depicts the number of foci as counted in 100 cells. Scale bar- 

5µm. Results are representative of three independent experiments. *** depicts p-

value<0.001, ** indicates p-value <0.01 and * for p-value<0.05.     

 

Notably, we also observed decrease in the expression of Ku80 in H3.3 mutant 

expressing cells. To rule out the possibility of decreased expression leading to reduced 

recruitment of Ku80, we quantitated the western blot expression and immunofluorescence 

images. Even though very low levels of Ku80 protein was still being expressed in the mutant 

RR cells, there was absolutely no recruitment of Ku80 was seen in the mutant H3.3 
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expressing RR cells, suggesting that apart from recruitment, H3K36me2 may be involved in 

regulating the expression of the Ku80 as well, however requires further investigation.  

 

Figure 3.16: Expression levels of Ku80 in H3.3 mutant cells vary from that of the wild 

type H3.3 expressing cells. A and B) Shows western blot analysis for the Ku80, total 

BRCA1 and pBRCA1 as well as the cell cycle distribution in H3.3 wild type and mutant 

expressing U87MG and SF268 cells lines at different time points after radiation exposure. 

Furthermore, to our surprise even though substantial percentage of the cells were 

present in S and G2-M phases, the expression of total BRCA1 and pBRCA1 was perturbed in 

the later time points post radiation in the wild type expressing cells. Moreover, in spite of 

similar distribution of cells in S and G2-M population in both wild type and mutant 

expressing cells, change (loss) in the expression of total BRCA1 was observed in the cells 

harbouring mutant H3.3 (Figure 3.16). This could possibly be due to the continuous apoptosis 

occurring in the mutant cells or due to its regulation via H3K36me2, however requires 

additional confirmatory experiments.   
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3.4 Discussion 

Glioblastoma (GBM) is the most frequent, highly infiltrative type of primary brain tumour 

arising from glial cells and associated with poor prognosis. Despite of increase in the 

understanding of this disease and the advancements in the treatment regime, the cure still 

eludes the GBM patients.  DNA repair components have been reported to be altered (over-

expressed and mutated) in various cancer cells. Cancers harbouring alterations in the repair 

proteins in turn modulate the efficacy of chemotherapeutic drugs and radiotherapy, playing 

an important role in imparting resistance to the cancer therapy. One of the most common 

DNA repair protein known to impart resistance phenotype to the cancers include the over-

expression of MGMT in colon cancer [251, 252], melanoma [253, 254],  pancreatic 

carcinoma [255],  lung cancer [256] and gliomas [257]. Thus, a number of therapeutic 

methods have been initiated to inhibit MGMT and increase the efficiency of drug responses 

in the clinical scenario. The functions of these DNA repair proteins are in turn controlled by 

epigenetic processes including DNA methylation and histone modification. Thus, this study 

was envisaged to investigate the role of DNA repair proteins and its regulation by histone 

methylation.   

For this, we studied the radiation resistant (RR) cells generated from parent cultures 

of cell lines and patient samples after subjecting them to radiation as previously reported 

[116].  The parent cells immediately after radiation showed increased levels of phospho-

H2AX and recruited pATM, initiating DNA repair and subsequently resolving the damaged 

DNA. Interestingly, at later time point after 6-10 days post radiation, these cells revealed 

enhanced damage indicated by alkaline comet assay and γH2AX and activating either ATM-

Chk2 or ATR-Chk1-RPA32 repair axis, however a cross-talk between these axes was also 

observed in different patient samples. Similar to the RR cells, the recurrent cells from these 

RR cells also displayed variations in the recruitment choices of ATM and ATR and hence, 
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the recurrent cells differed on their response towards ATM inhibitor along with radiation 

compared to the parent cells. Thus, the RR cells alter the activation of DDR components, 

extrapolating it to the recurrent cells and thus, increasing the heterogeneity of the repair 

response. The results demonstrate that even though all the samples were subjected to their 

lethal dose of radiation, the remaining RR cells so formed generate variable levels of single 

strand breaks/ DNA overhangs. Further studies on the DNA ends processivity will be 

required to understand the possible reasons for difference in the recruitment of sensory 

kinases.  

Furthermore, upon electron microscopic examination of the RR cells, we observed a 

global change in the organization of the chromatin compared to the parent cells. This 

observation was further confirmed by the decrease in the overall expression of HP-1 alpha in 

the RR cells when compared with the expression in parent cells.  Several reports have 

suggested that the formation of heterochromatin architecture inhibits the DNA repair 

processes [258, 259] and a global de-compaction of the chromatin occurs possibly aided by 

loss of HP-1 alpha, making the damaged sites accessible to DNA repair proteins. 

Notably, these RR cells show higher recruitment of NHEJ protein Ku80 as compared 

to HR protein pBRCA1, repairing the lesions induced by lethal dose of radiation. 

Furthermore, these cell exhibit higher levels of H3K36 and H3K4 di-methylation along with 

over-expression of Metnase enzyme known to di- methylate H3 at both 36 and 4 lysine 

residues, compared to the parent cells. High expression of H3K36me2 has been previously 

shown to initiate oncogenic programming influencing myeloma pathogenesis [260] and is 

associated with poorly differentiated histologic grade of Squamous Cell Carcinoma of the 

Head and Neck [261]. Furthermore, Metnase/ SETMAR is overexpressed in acute leukaemia 

cells compared to the normal hematopoietic progenitors, mediating resistance to the DNA 

damaging drug etoposide [262]. Similar to leukemic cells, expression of SETMAR also 
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conferred breast cancer cells resistant phenotype against adriamycin [263]. Additionally, the 

SET-domain of SETMAR mediates di-methylation of H3K36 adjacent the site of DSBs, 

stabilizing and retaining the Ku and MRN complex at the DNA breaks. This further leads to 

enhanced DSB repair via non-homologous end joining pathway (NHEJ) [250].  Based on 

these reports and our results, we questioned whether the H3K36me2 over-expression was 

mediated by SETMAR. Upon shRNA mediated knockdown of SETMAR in RR cells, we 

observed that a significant reduction in the H3K36me2 expression. However, a complete loss 

of H3K36me2 was not seen since the fewer transcripts of SETMAR were still present. The 

presence of additional methyltransferases contributing to the di-methylation of H3K36 also 

cannot be ruled out. Importantly, upon knockdown of SETMAR in RR cells, the resistant 

cells could not regain their growth potential after the non-proliferative phase, rather displayed 

a senescent phenotype as seen by β-galactosidase staining. However, no such defect in the 

cell proliferation was seen in the parent samples. This suggests that the silencing of the 

SETMAR displayed a greater effect on the RR cells which probably rely on its expression for 

the cell growth. Williamson et al also observed that the anti-proliferative effect of 

ciprofloxacin mediated inhibition of SETMAR varied in different cancer cells possibly due to 

varying expression of the enzyme [264]. Furthermore, we observed that the SETMAR 

knockdown led to the reduction in Ku80 foci in the RR cells demonstrating that H3K36me2 

induced by SETMAR facilitated NHEJ repair in the resistant cells during their non-

proliferative phase. Similar to the knockdown, loss of H3K36me2 due to mutation at lysine 

36 residue completely abolished the growth capacity of resistant cells, preventing their 

maintenance. Importantly, loss of this modification prevented persistent recruitment or 

retention Ku80 protein at the DSB site as well as its expression suggesting that the presence 

of H3K36me2 is required as a substrate for efficient assembly or retention of NHEJ repair 

factors and thus, loss of this modification could not provide adequate time for the cells to 
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repair, eventually underwent cell death. To our surprise, loss of total BRCA1 protein was 

observed in the H3.3 mutant expressing cells as compared to the wild type cells.  In this 

context, thus further experiments will be necessary to help in understanding the regulation of 

DDR pathway in the cells having high H3K36me2.  

The di-methylation is known to occur at both H3.2 and H3.3 lysine 36 residues with 

higher abundance of H3.3K36me2 relative to H3.2K36me2 reported in the neuronal cells and 

also during postnatal development of mouse brain neurons have shown to accumulation more 

of H3.3 than H3.2 [265, 266]. Furthermore, the analysis of the GBM tissues from The Cancer 

Genome Atlas revealed 18% over-expression of H3.3 genes as compared to H3.2 genes. The 

complete loss of H3K36me2, thus indicates towards more incorporation of H3.3 into the 

GBM cells, however a quantitative mass spectrometry approach will be required to validate 

these observations.  

Taken together, ours is the first study demonstrating the multistep process of survival 

in the radiation resistant GBM cells. We show that these cells preferentially undergo repair 

by activating ATM/ATR and NHEJ pathway. We observe that regulation of NHEJ pathway 

occurs at the level of chromatin by the SETMAR-mediated H3K36me2. We also show that 

specific targeting of SETMAR in the resistant cells can prevent the formation of recurrent 

cells. 
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4.1 Summary 

Glioblastoma is the most fatal type of primary brain tumour associated with worst prognosis. 

The principal cause of the poor prognosis is majorly due to presence of highly treatment 

refractory GBM cells. Current understanding of resistance mechanisms predominantly 

directed towards temozolomide resistance, are based on studies on naïve primary GBM 

tissues and/or in vivo orthotropic models. However, the bulk GBM tumours consist of 

multiple clones, each eliciting a heterogeneous response to therapy. Additionally, monitoring 

of the resistant cells is not possible with the current in vivo models.  Thus, in this thesis an in 

vitro model was established from 20 naïve primary GBM tissues to understand the radiation 

resistance in GBM cells.  Using this model, we obtained a population of cell that is innately 

resistant to a single lethal dose of radiation. We observed the following: 

1. The innately resistant cells (RR) underwent a non-proliferative phase lasting for 

almost a week after radiation, arrested in different cell cycle phases and 

predominantly expressing inhibitory phosphorylation of Cdk1(tyrosine 15). 

2. Morphologically, these cells displayed multinucleated and giant cells (MNGCs) 

phenotype. The percentage of multinucleated and giant cells varied in different patient 

samples and cell lines. 

3.  Pre-existing large cells from the parent samples did not possess survival capacity. 

This demonstrated that the multinucleated and giant cells enriched in resistant cells 

were induced post radiation exposure and were not the pre-existing cells from parent 

population.  

4. Unlike other reports, the resistant cells (MNGCs) showed no apoptosis but over-

expressed pro-survival genes including BIRC3, Bcl-xL and pAKT. They underwent a 

transient senescent phase as seen by β-galactosidase assay however, eventually could 
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undergo atypical cytokinesis as seen by presence of multiple spindle poles to regain 

growth forming recurrent cells.  

5. To understand the importance of the resistant cells associated characteristics in patient 

survival we performed correlating analysis with the radio-pathological parameters and 

resistance associated markers including the day of required for emergence of RR cells 

(Drr), percentage of multinucleated cells, percentage of giant cells, length of non-

proliferative phase and total days taken to form recurrent population (Dr), for 20 

patient samples. We observed that tumour volume showed a significant positive 

correlation with length of non-proliferation phase (r=0.758, p=0.007) and percentage 

of giant cells (r=0.682, p=0.021) indicating that larger tumours have higher number of 

resistant cells (Figure 3.6D-F). Individually, percentage of giant cells influenced the 

clinical outcome with a marginal significance. However, patients with lower tumour 

volume and lower percentage of giant cells had better prognosis (15.33 months, 95% 

CI: 14.04-16.64) as compared to the patients with higher tumour volume and higher 

percentage of giant cells (6 months, 95% CI: 2.159-9.841).  

6. The multinucleated and giant cells enriched in resistant cells were formed 

predominantly by cell- cell fusion process, however occurrence of endo-replication in 

small percentage of cells could not be ruled out. 

7. We show that these cells can be targeted either by using Wee1 kinase inhibitor by 

inducing mitosis prematurely or by inhibiting cytokinesis using Wiskostatin to 

prevent recurrent cell population. 

Since the resistant cells escaped the lethal dose of radiation, this thesis aimed to identify 

various survival mechanisms contributing to their survival. Therapy is primarily governed 

by the DNA repair which in turn is influenced by chromatin architecture of the cell.  
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Hence, the role of double strand break repair along with the chromatin- histone 

methylation was investigated in these resistant cells. 

1. The radiation resistance cells formed after a week of radiation, displayed high levels 

of γH2AX foci mediated by either ATM or ATR sensory kinases. Depending upon the 

kinase (ATM or ATR) activated in the cells either Chk2 or Chk1-RPA32 respectively 

are activated as downstream effector proteins.  

2. Irrespective of the upstream sensor kinase activation and cell cycle phase, resistant 

cells showed higher expression and recruitment of NHEJ repair protein Ku80 and 

showed higher NHEJ repair efficiency when compared with the HR. Accordingly 

resistant cells incubated with NHEJ inhibitor showed significantly reduction in their 

survival capacity. 

3. In addition, the resistant cells displayed more open chromatin architecture as seen by 

loss of HP-1 alpha. Resistant cells showed high levels of H3K36me2 modification 

and over-expression of methyltransferase SETMAR  

4. To understand the role of H3K36me2 and SETMAR over-expression in resistant cells, 

we mutated H3.3 at lysine 36 position and generated inducible knockdown constructs 

against SETMAR. 

5. Mutation at lysine 36 position led to reduction in the recruitment of Ku80 proteins and 

abrogation of radiation resistant (RR) cell formation.  

6. Inducible knockdown of SETMAR led to a significant decrease in the H3K36 di-

methylation resulting in decrease expression and recruitment of Ku80 proteins in the 

resistant cells. The resistant cells expressing shRNA1 against SETMAR displayed an 

irreversible senescence, altering the growth potential of resistant cells.   

Furthermore, our model system also enables us to generate and thus characterize the 

recurrent cells formed form the radiation resistant cells. 
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1. Recurrent cells had similar morphology when compared with the parent cells however 

they showed higher resistance index at lower doses of radiation except for the 

recurrent cells from U87MG cell line. The recurrent cells also showed variable rate of 

proliferation among different samples.  

2. The recurrent cells showed higher expression of Survivin transcripts and higher levels 

of pERK1/2 as compared to the parent cells, although as with the proliferation and 

resistant phenotype disparity across recurrent cells was observed.  

3. Additionally, the recurrent cells generated from cell lines and patient samples varied 

in their recruitment of ATM and ATR sensory kinases and thus, displayed altered 

sensitivity towards ATM inhibitor KU55933 when compared with the parent cells. 

4. Irrespective of the biological dissimilarity, Raman spectroscopic analysis of the 

recurrent and parent cells led to a distinct classification parent and recurrent cells 

based on PCA and PCA-LDA. Spectroscopically, higher lipid related spectral peaks 

were observed in recurrent population.  

5. Importantly, Raman spectral analysis led to classification of an independent set of 

naïve primary glioblastoma tumour tissues into non-responders and responders 

groups. 

4.2 Conclusion 

Overall, the major part of the study involves the establishment of the in vitro radiation model 

and characterization of the innately resistant cells where we identified multiple mechanisms 

involving a rare process of cell-cell fusion, gene and protein expression changes and altered 

DNA double strand break repair pathway facilitated by histone methylation to be important 

RR cell survival and their escape from the radiation stress. Furthermore, a preliminary study 

on recurrent samples generated in vitro as well as primary tissues using Raman spectroscopy 
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demonstrated potential of the spectral features of recurrent cells to be used in predicting 

therapy response in GBM  

Future studies on identifying molecular players involved in cell-cell fusion as well as the 

regulation of NHEJ repair would help in better understanding of the survival strategies 

adopted by these resistant GBM cells. Establishment of in vivo radiation resistant orthotopic 

mouse model has already been undertaken in the laboratory to identify the innately resistant 

cells. These studies will further enable in the development of therapeutic strategies that will 

improve the GBM patient outcome.  
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Appendix I 

Gene name Sequence 

P21 Forward GACACCACTGGAGGGTGACT 

Reverse ACAGGTCCACATGGTCTTCC 

BAX Forward GCTGGACATTGGACTTCCTC 

Reverse CAGCCCATCTTCTTCCAGAT 

GAPDH Forward ACCCACTCCTCCACCTTTGA 

Reverse CTGTTGCTGTAGCCAAATTCGT 

BIRC3 Forward TATGTGGGTAACAGTGATGA 

Reverse GAAACCACTTGGCATGTTGA 

BIRC4 Forward GCCCAGTGTTTCTTCTGCTTCA 

Reverse GCACTTTCTCCGCAGTTTCCTC 

SURVIVIN Forward TCCACTGCCCCACTGAGAAC 

Reverse TGGCTCCCAGCCTTCCA 

Bcl-xL Forward GATCCCCATGGCAGCAGTAAAGCAAG 

Reverse CCCCATCCCGGAAGAGTTCATTCACT 

IL-8 Forward CAGTTTTGCCAAGGAGTGCT 

Reverse TTGGGGTGGAAAGGTTTGGA 

SCF Forward TGGGATCTCGTCAACCTTCT 

Reverse GCAGAATCAGACCGAAAAGC 

GM-SCF Forward CATCACCGTGGTTGAGAGC 

Reverse AATTGTAGTGTGCCCACCTCTC 

IL-6 Forward AATGAAAAGGCCCCCAAGGTAGTTATCC 

Reverse GTCGTTTCCGCAACAAGTCCTCTTC 

NSD1 Forward AAGGAAGCGAAAACGACA 

Reverse CGGGATCGTGTTCTACAC 

Dot1L Forward GATGCCTACAGATCCCCTCA 

Reverse GGCGTTCTTCTCCTTCTCCT 

SETMAR Forward GAAAGGGCCCAATTCTTCTC 

Reverse AGCATTTTCTGCATCCTGCT 

Suv39H2 Forward CGGTGAGAATGACTTCAGCA 

Reverse CTCACAGGTGTGGCATTCAC 

EZH2 Forward TTCATGCAACACCCAACACT 

Reverse CTCCCTCCAAATGCTGGTAA 

H3.3_SDM Forward CTACCGGCGGGGTGGCGAAGCCTCATCGCT 

Reverse AGCGATGAGGCTTCGCCACCCCGCCGGTAG 

H3.3_PCR Forward ATGGCCCGAACCAAGCAGACTGCT 

Reverse AGCCAACTGGATGTCTTTGG 

H3.3_qPCR Forward AGGAAAAGCGCTCCCTCTAC 

Sh1SETMAR Forward CCGGTCTAGATATCGAATTCTCGACCTCGAGACAA

ATGGCAGTATTCATCCACAATTTTTG 

Reverse AATTCAAAAATTGTGGATGAATACTGCCATTTGTCT
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Appendix 
 

CGAGGTCGAGAATTCGATATCTG 

Sh2SETMAR Forward CCGGTTCTACGGTCGTTCGACATTTCTCGAGAAATG

TCGAACGACCGTAGAATTTTTG 

Reverse AATTCAAAAATTCTACGGTCGTTCGACATTTCTCGA

GAAATGTCGAACGACCGTAGAA 

Scrambled 

shRNA 

Forward CCGGTAGTCTGTAGCTAGCTACTAAAGTTCTCTTAG

TCTGTAGCTAGCTACTATTTTTG 

Reverse AATTCAAAAATAGTCTGTAGCTAGCTACTAAGAGA

ACTTTAGTCTGTAGCTAGCTAGAA 

H1 Forward TTTCCCAGAACACATAGCGA 

pBABE Forward CTTTATCCAGCCCTCAC 

Reverse ACCCTAACTGACACACATTCC 

 


