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ABSTRACT 

Glioma is the most common and aggressive type of primary intracranial tumors. 

The poor prognosis of glioma patients has not changed for decades despite the 

advancements in diagnostic tools and treatment strategies. The inability to accurately 

predict the survival and response to anticancer therapy emerges from several factors 

including the high heterogeneity of the tumor and the inadequacy of the currently applied 

World-Health Organization (WHO) classification system. Both factors result in high 

variability in the clinical outcome due to variable sensitivity to treatment. Thus, 

molecular classification represents an important strategy for better categorization of 

glioma patients and for their stratification to anticancer therapy. Our high-throughput 

screening analysis for the identification of genetic aberrations in the glioma study 

population revealed high frequency of chromosomal instabilities in glioma specimens. 

This indicates that DNA-repair mechanisms are defective which may have contributed to 

gliomagenesis and progression. 

Furthermore, DNA-repair represents an integral interplayer in the determination 

of glioma response to anti-neoplastic agents due to the fact that the majority of the 

currently applied agents possess their cytotoxicity via DNA-damaging actions. Tyrosyl 

DNA-phosphodiesterase I (TDP1) has been implicated in the resistance to various types 

of anticancer agents in vitro, including radiation and topoisomerase poisons due to its 

ability to repair various types of DNA lesions. Moreover, it has been found to be 

overexpressed in different kinds of cancers, however, its relevance in glioma has not yet 

been studied.  

In this work we show that TDP1 is overexpressed in patients with malignant 

glioma compared with non-tumor cases. An ascending increase of TDP1 protein 

expression with a correlation with glioma grade is evidenced in the astrocytic lineage and 
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glioblastoma multiforme samples expressed the highest levels. Moreover, we show an 

association between high TDP1 transcript levels and the poor prognosis of glioma 

patients. These findings suggest that TDP1 plays an important role in gliomagenesis; 

however, the underlying molecular mechanisms need to be identified. 

For an exploration of the predictive value of TDP1 in malignant glioma the 

correlation between TDP1 level and the sensitivity of malignant glioma cell lines to 

anticancer therapy has been investigated. We show that manipulating TDP1 level alone in 

malignant glioma cell lines is not sufficient to modulate their response to treatment. 

TDP1 overexpression or knockdown resulted in changes in the transcript levels of several 

DNA-repair genes including O6-methylguanine DNA methyltransferase (MGMT), 

topoisomerases and the base excision repair genes poly [ADP-ribose] polymerase 1 

(PARP-1), polynucleotide kinase phosphatase (PNKP) and x-ray repair cross-

complementing protein 1 (XRCC1). This hindered the ability to characterize the role of 

TDP1 to modulate the in vitro sensitivity of malignant glioma cell lines to topoisomerase 

poisons and temozolomide. Nonetheless, this emphasizes the importance of the 

comprehensive role of several DNA-repair genes for a finalized DNA-repair process to 

determine the sensitivity of tumor cells to DNA-damaging anticancer agents. 

Finally, we tested the ability of inhibiting TDP1 enzyme activity to potentiate or 

synergize the cytotoxicity of topoisomerase poisons using small-molecule ligands. We 

show that treatment of malignant glioma cell lines with a combinational therapy of a 

small-molecule TDP1 inhibitor and a topoisomerase poison enhances their sensitivity to 

the latter drug but with minimal efficacy.  

As a conclusion, the characterization of TDP1 in glioma is a novel finding that 

can aid in enhancing the diagnosis and prognosis of patients. However, its role as a 

predictive biomarker for better stratification of patients to therapy needs further 

investigation. 
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CHAPTER I 

INTRODUCTION 

1.1. Glioma 

Gliomas are the most common type of primary intracranial tumors accounting for 

about 60% of cases (1). They develop from glial cells which are mainly responsible for 

supporting the neurons by holding them together and possessing other important 

functions including: providing nutrition to the neurons and maintaining the homeostatic 

environment of the CNS. The two main types of glial cells are astrocytes and 

oligodendrocytes. Thus, gliomas are classified based on the respective cell of origin into 

astrocytomas, oligodendrogliomas and mixed oligoastrocytomas.  

 

 

 

 

Figure 1.1. Sub-classification of gliomas by the World Health Organization 
(WHO). Based on the cell type of origin, gliomas are classified into astrocytomas, 
oligodendrogliomas, or mixed oligoastrocytomas. 
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According to the World health Organization (WHO) and based on the histological 

features of the tumor in terms of tissue necrosis (cell death), nuclear atypia (variant 

appearance of the nucleus), mitotic index and microvascular proliferation, gliomas are 

subclassified into four grades. Grade I glioma exclusively occurs in children. In adults, 

astrocytomas are subcategorized into three prognostic grades, grade II ﴾diffuse 

astrocytomas; ACG), grade III (anaplastic astrocytomas; AAC), and grade IV 

(glioblastoma multiforme; GBM) (Figure 1.1). 

As shown in Figure 1.2 Astrocytomas are the most frequent type accounting for 

about 70% of all gliomas. GBM is the most common and aggressive type and it is 

contributing to almost two thirds of the glioma incidents. GBM can arise de novo 

(primary GBM) or after malignant transformation of grades II or III astrocytomas 

(secondary GBM). Primary GBM accounts for 95% of the GBM cases, 68% of them have 

a clinical history of only 3 months and mainly occurs in older patients and is associated 

with more resistance to therapy (2). 

The WHO subclassification of oligodendrogliomas includes: grade II (well-

differentiated oligodendrogliomas; ODG) and grade III (anaplastic oligodendrogliomas; 

AOD and mixed oligoastrocytomas; MOA) (Figure 1.1). Compared to astrocytomas, 

oligodendrogliomas account for less number of the cases (4%-15%), are slower growing 

and are more responsive to therapy. Thus the oligodendrocytic lineage gliomas are 

associated with prolonged overall survival (10 years for ODG and 5 years for AOD) (2). 

1.2. Genetic alterations in glioma development and 

transformation 

Based on aggressiveness, gliomas could be one of two categories; low-grade 

gliomas (LGG; grade II tumors) or high-grade gliomas (HGG; grade III and IV tumors). 

The latter are also called malignant gliomas. Low-grade gliomas are less common and are 

associated with better prognosis and response to therapy while high-grade gliomas 
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account for about 80%, are less differentiated and associated with poorer prognosis (3). It 

is believed that the anaplastic transformation process from low-grade to high-grade is 

driven by the occurrence of multiple genetic alterations (4). The degree of these 

aberrancies and their interactions correlate with the aggressiveness of the tumor. Thus, 

HGGs are characterized by the high genetic heterogeneity which plays an important role 

in the dreadful prognosis and the bad response to therapy.  

 

 

 

 

Figure 2. A pie chart representation of the distribution of diffuse gliomas 
by histology (N=16,780). ACG = diffuse astrocytoma, grade II, AAC = 
anaplastic astrocytoma, grade III, GBM = glioblastoma multiforme, grade IV, 
ODG = oligodendroglioma, grade II, AOD = anaplastic oligodendroglioma, 
grade III, others = other types of glioma. 

Source: Central Brain Tumor Registry of the United States (CBTRUS) 
statistical report 2002-2003. 
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Different types of genetic alterations and their association with prognosis and 

survival of glioma patients have been identified. Typical oligodendrogliomas possess 

1p/19q co-deletion in 83% of ODG and 63% of AOD cases, while they only occur in 

39% of MOA (2) and in 10% of astrocytomas (5). This loss has been shown to be 

associated with better prognosis and response to therapy including ionizing radiation (IR) 

and PCV regimen (procarbazine, lomustine, and vincristine) in oligodendroglioma 

patients but has little impact in astrocytomas (2,5). 

Epidermal growth factor receptor (EGFR) amplification  and overexpression (in 

50% of GBM)  and mutant EGFRvIII (half of GBM with amplified EGFR) that results in 

constitutive activation of the receptor are hallmarks of primary GBM but rarely seen in 

secondary GBM and grade II and III gliomas (6). EGFR stimulation results in the 

downstream activation of different precursors such as phosphoinositide 3-kinase (PI3K) 

and RAC-alpha serine/threonine-protein kinase (Akt-1) thus promoting tumor survival 

and hence poor prognosis (6). On the other hand, tumor protein 53 (TP53; a tumor 

suppressor gene) mutations resulting in p53 inactivation are commonly seen in LGGs and 

is a hallmark of secondary GBM but not primary GBM (2,6). These mutations were 

associated with poorer prognosis (7). 

Another important genetic aberration that has been identified is the O6-

methylguanine DNA methyltransferase (MGMT) promoter methylation that is associated 

with gene silencing and thus reduced DNA-repair capacity. This epigenetic mutation was 

found to be more common in secondary GBM than primary ones (75% vs. 36%), which 

is consistent with the positive correlation between MGMT methylation and the presence 

of TP53 mutations in low-grade astrocytomas (8). Different studies have shown the 

positive prognostic value of hypermethylation of MGMT in glioma (2,9). 

Beside the previously mentioned genetic changes, other important aberrations 

have also been identified such as platelet-derived growth factor receptor (PDGFR) 

amplification (mainly in oligodendrogliomas), phosphatase and tensin homolog (PTEN) 
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loss (in all gliomas) and isocitrate dehydrogenase (IDH 1and IDH2, higher frequency in 

low-grade gliomas and secondary GBM) mutations, all of which were associated with 

prognosis (2). Although considered potential therapeutic targets, the clinical relevance of 

the previously mentioned altered genes is still under investigation with no definite 

answer. 

1.3. Glioma prognosis 

Despite the advanced diagnostic tools and the aggressive therapy of glioma, the 

prognosis is still poor with only 10% of treated patients surviving for 5 years after 

diagnosis and most deaths occur in the first 2 years (10). The main prognostic factors 

currently implied to predict patients’ survival are: 1- patient’s age (prolonged survival in 

younger ages, cut-off value is 50-60 years) (11), 2- WHO histological grade (grade IV 

GBM are the most aggressive and the median survival is 11 months versus 27 months for 

AAC) (12), 3- Karnofsky performance status (KPS) (higher KPS indicates better 

prognosis with a cut-off value of 80) (13), 4- pretreatment tumor size (14) and  5- extent 

of tumor resection (less ability to resect the majority of the tumor mass indicates more 

infiltration and thus a more aggressive tumor; complete versus partial resection versus 

biopsy only) (11). 

Although considered somehow useful in predicting survival, these prognostic 

variables are of modest reliability because of the intra- and inter-tumor molecular and the 

genetic heterogeneity of glioma. The WHO classification for example is problematic 

since it is subjective and highly depends on the part of the tumor that has been resected. 

Thus there is an urgent need for the identification of new, novel and more reliable 

prognostic factors that can classify gliomas into subgroups based on the 

genetic/molecular profile of the tumor. 

Previous investigators tried to develop a prognostic scaling system of grade III 

glioma patients based on a combination of their clinical characteristics (including age, 
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gender, degree of tumor resection and adjuvant therapy) and a combination of molecular 

markers including: 1p/19q, IDH1/2, MGMT, EGFR, p-glycoprotein (P-gp), PTEN, 

matrix metallopeptidase 9 (MMP-9), p53, vascular endothelial growth factor (VEGF), 

and topoisomerase ii (TOP-II) (15). Based on the log-rank statistical analysis, they 

developed a scoring scale where age<50, 1p/19q co-deletion, IDH1/2 mutation, negative 

MGMT expression, and negative EGFR expression, all considered as positive prognostic 

biomarkers and significantly correlated with progression free survival and overall 

survival (15). Using this scoring system they were able to divide the patients into four 

levels with patients falling in level 1 having the worst prognosis (15). This highlights the 

importance of the identification of novel molecular biomarkers to aid in the classification 

of gliomas and hopefully in the treatment decisions. 

The poor prognosis of glioma especially high-grade can be attributed mainly to 

the malignant location of the tumor which if not resected results in death due to increased 

intracranial pressure and cerebral edema. Nonetheless, the issue of resistance to therapy 

cannot be denied as a main contributor to the dismal prognosis of glioma. Resistance 

could be either intrinsic (de novo) which is characterized by inherent poor response to 

therapy or extrinsic (acquired) when the tumor cells develop after treatment and it is a 

main cause of tumor relapse (16). Examples of resistance mechanisms are: 1- 

upregulation of ATP-binding cassette (ABC) transporters in the blood brain barrier 

(BBB) such as P-gp which results in reduced intracranial concentration by increasing the 

drug’s efflux, 2- TP53 mutations which result in anti-apoptotic properties and resistance 

to death (17), and 3- acquired MGMT overexpression as a result of treatment with DNA-

alkylating agents such as temozolomide (TMZ), carmustine ( BCNU) and lomustine 

(CCNU).    

The previously discussed genetic alterations and their prognostic value in glioma 

directed researchers to apply targeted molecular therapies in the treatment regimens and 

study their clinical effect on the survival of patients. Examples are tyrosine kinase 
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inhibitors (e.g. erlotinib (EGFR inhibitor), imatinib (PDGFR inhibitor) and bevacizumab 

(VEGF inhibitor)) and P-gp inhibitors. Tyrosine kinase inhibitors revealed limited 

efficacy due to several factors including the poor penetration across the BBB and the fact 

of the coactivation of different tyrosine kinases which hindered the usefulness of a single 

agent therapy. Moreover, increased intracellular concentrations of anticancer drugs by P-

gp inhibition showed non-promising results which points at the presence of concurrent 

molecular alterations that renders glioma cells resistant to therapy. 

Thus there is an inevitable need for a better understanding of the molecular 

biology of glioma which will provide insights into enhancement of the response to the 

currently available chemotherapeutic agents besides the development of clinically 

applicable targeted agents that can be used alone or in combination with conventional 

cytotoxic drugs to overcome glioma resistance. 

Key players in the resistance of glioma to currently applied anticancer therapies 

are the DNA-repair proteins. “DNA-damage repair is a double-edged-sword in the cancer 

world”, insufficient DNA-repair in normal cells is carcinogenic while in tumor cells it 

induces resistance to DNA-damaging anticancer therapy. An inverse correlation has been 

revealed between the DNA-repair capacity of high-grade gliomas and their sensitivity to 

therapy. 

1.4. Treatment of glioma 

1.4.1. Treatment of newly diagnosed glioma 

For newly diagnosed gliomas, the gold standard treatment starts with maximal 

tumor resection by surgery when possible to reduce tumor size. This is also important for 

diagnostic purposes and molecular analyses. The role of surgery to improve survival of 

glioma patients is controversial. Surgery must be followed by chemoradiotherapy in 

GBM patients with controversy regarding the use of chemotherapy in astrocytomas, 
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oligodendrogliomas and mixed oligoastrocytomas because the benefit from 

chemotherapy is not yet established. 

Radiation in a total dose of 60 Gy over a period of 6 weeks is the mainstay of 

therapy and has been shown to significantly prolong the survival of GBM patients (18). 

TMZ given concomitantly with IR followed by adjuvant TMZ alone improved the 

median survival of primary GBM patients from 12.1 months to 14.6 months and 

increased the 2 years survival rate by 16.1% (19). 

Almost all malignant gliomas recur after therapy, and in general recurrent 

anaplastic gliomas are more responsive to treatment than recurrent glioblastomas. Up to 

date, there is no established treatment regimen for recurrent gliomas. TMZ has shown 

modest efficacy for treating glioma patients who already received the drug. Currently 

available salvage therapies consist of nitrosureas, procarbazine, carboplatin and 

topoisomerases I and II poisons such as irinotecan and etoposide respectively. 

1.4.2. Anticancer therapy for recurrent gliomas 

Almost all malignant gliomas recur after optimal treatment with surgery and 

adjuvant chemoradiotherapy. The median time to progression is about 7 months for GBM 

and 2-5 years for anaplastic gliomas (19,20). Recurrent gliomas are considered more 

aggressive and less responsive to therapy with a median survival of 3 to 9 months 

regardless of treatment option (21). Reoperation of the patients could be an option for 

debulking the tumor and decrease the symptoms, pathology confirmation and to enhance 

the response to chemotherapy; however, it results in a low survival benefit (20,22). Re-

irradiation of patients could be also an option but with controversial results regarding its 

effect on 6-month progression free survival and overall survival (20,22). Moreover, to 

date there is no established chemotherapeutic regimen for treatment of recurrent gliomas. 

Retreatment with TMZ showed efficacy when used in an alternative dosing regimens. It 
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was associated with response rates and 6-month progression free survival of 35% and 

46% and 5.4% and 21% in recurrent anaplastic gliomas and GBM respectively (20).  

Other salvage therapies used as single agents or in combinations have been 

investigated include: alkylating agents such as nitrosureas (CCNU and BCNU) and 

procarbazine, carboplatin, cisplatin, topoisomerase I (TOP-I) poisons like topotecan and 

irinotecan, TOP II-poisons like etoposide and doxorubicin, and targeted agents such as 

bevacizumab and erlotinib.  

 1.4.2.1. TOP-poisons as alternative anticancer therapies 

in glioma 

TOP-poisons, especially those targeting TOP-I enzyme, are promising anti-

neoplastic agents in the treatment of malignant glioma. Irinotecan or topotecan single 

therapy has shown efficacy in patients with recurrent or progressive malignant glioma but 

with controversy. Investigators suggest the use of TOP-poisons in combination with other 

anticancer therapies in order to increase the antineoplastic activity and reduce the 

toxicity. In vivo and in vitro studies of the TMZ combination with TOP I-poison such as 

topotecan or irinotecan showed a synergistic effect between the two agents resulting in 

enhanced antitumor efficacy (23). This was explained by the generation of the TOP I-

DNA cleavage complexes by the O6-methylguanine (O6-meG) adduct produced by TMZ 

which renders tumors more sensitive to TOP-I poisons. Clinically, this combination 

resulted in modest efficacy in newly diagnosed GBM patients and was associated with 

higher toxicity compared to TMZ alone (24). 

Bevacizumab-irinotecan combinational strategy was also investigated in patients 

with recurrent glioma. A study by Cecchi et al. revealed an improvement in the rates of 

progression free survival and overall survival at 6-months. Compared to the patients’ 

group treated with bevacizumab alone, the combination of irinotecan + bevacizumab 

resulted in an increase by 10.3 months and 4.3 months in the progression free survival 
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and overall survival, respectively (25). Moreover, meta-analysis of the available phase II 

trials’ findings suggest the promising efficacy of this combinational therapy in recurrent 

glioma (21). 

On the other hand, treatment of newly diagnosed GBM patients with a 

combination of topotecan with IR has resulted in an increase in the 6-month progression 

free survival by 16% compared to IR alone. However, this effect vanished after 8 months 

(26), which may indicate the development of acquired resistance against topotecan. A 

phase II trial of topotecan in combination with IR was well tolerated and resulted in 

reducing or stabilizing the disease in one third of the patients with non-resectable GBM 

but with no effect on the overall survival (27). 

Beside TOP I-poisons, TOP II-poisons-based combinational therapies have been 

also investigated as second-line therapies of recurrent gliomas. In vitro and in vivo studies 

revealed a synergistic effect between carboplatin and etoposide. This combination has 

proven efficacy in children with low-grade gliomas and in adults with recurrent 

malignant gliomas (12,28,29). Furthermore, etoposide combined with TMZ was effective 

in adults with recurrent or treatment-induced malignant gliomas (23). 

1.5. DNA-damaging anticancer therapy and DNA-

damage response in glioma 

1.5.1. DNA-damage response (DDR) 

The majority of the anticancer agents used in the treatment of glioma have DNA-

damaging properties. Upon occurrence of the DNA-damage, the cells respond by 

inducing signal transduction cascades as a DDR (Figure 1.3). The response depends on 

the type of the DNA damage and is mainly regulated by two signal transduction cascades, 

ataxia telangiectasia and Rad3-related protein/checkpoint kinase 1 (ATR/Chk1) in 

response to DNA single strand breaks (SSBs) and ataxia telangiectasia 
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mutated/checkpoint kinase 2 (ATM/Chk2) in response to DNA double strand breaks 

(DSBs) (30). 

The cascades start with the activation of PI3K-related kinases ATM and ATR 

which results in the subsequent phosphorylation and activation of checkpoint kinases 

Chk1 and Chk2 effector kinases and cellular checkpoints such as p53 (31). Then based on 

the severity of the DNA damage, the cell is directed to a cell-cycle arrest to allow for 

enough time for the DNA-repair to occur or if the DNA-damage is very severe it will 

result in cellular death by apoptosis (32). 

SSBs (affect one strand of the DNA) and DSBs (affect both strands of the DNA) 

are the two major types of DNA lesions produced in the cell. SSBs if not properly 

repaired convert to DSBs by collision with replication forks. DSBs are more toxic and 

lethal to the cells. The cells possess different DNA-repair processes that are redundant 

and intertwined. Base excision repair (BER), nucleotide excision repair (NER) and 

mismatch repair (MMR) are the main processes for the fixation of SSBs while DSBs are 

repaired by homologous recombination (HR) and nonhomologous end joining (NHEJ) 

pathways. Direct reversal is another option to repair certain types of DNA lesions. 

1.5.2. DNA-repair mechanisms 

 1.5.2.1. Base excision repair (BER) 

The BER involves two pathways, the short-patch and the long-patch (34). The 

decision between the two is hypothesized to be cell-cycle and ATP-dependent. The short-

patch BER is more defined and as shown in Figure 1.4, involves the following steps: 1- 

The recognition and excision of the damaged DNA residue by DNA-3-methyladenine 

glycosylase (MPG) leaving an apurinic/apyrimidinic site (AP-site), 2- cleavage of the 

AP-site by AP endonuclease 1 (APE-1) leaving a 3’-phosphate terminus, 3- recognition 

of the SSB by Poly [ADP-ribose] polymerase 1 (PARP-1) which in turn recruits the BER 

proteins: the scaffolding protein  x-ray repair cross-complementing protein 1 (XRCC1) 
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and polynucleotide kinase phosphatase (PNKP) enzyme that removes the 3’-phosphate 

and leaves a 3’-hydroxyl end and 4- Strand extension by DNA-polymerase β (pol β) and 

then ligation by DNA-ligase IIIα (Lig 3α) (34). 

 

 

 

 

Figure 1.3. DNA-damage response. DNA 
damage is caused by various endogenous or 
exogenous factors. The DNA-damage response 
involve the activation of kinases ATM or ATR 
depending on the type of the damage. This is 
followed by activation of checkpoint kinases and 
cell cycle checkpoints such as p53. Based on the 
severity of the DNA damage, p53 activation leads 
to cell cycle arrest to allow for DNA repair, or to 
apoptosis when the damage is very severe.  

Source: Adapted and modified from “The p53 
network: cellular and systemic DNA damage 
responses in aging and cancer”, Reinhard, 2012 
(33). 
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1.5.2.2. Nucleotide excision repair (NER) 

This pathway is responsible for the removal of bulky DNA base adducts resulting 

eventually in the excision of the damage-containing oligonucleotide (35) Figure 1.5. 

NER involves four steps. First, the recognition of the damage via the xeroderma 

pigmentosum complementation group C/UV excision repair protein Rad23 homolog B 

(XPC/HHR23B) complex which is important for the recruitment of the NER proteins 

(35). Second, the demarcation of the lesion by unwinding of the DNA surrounding the 

lesion. This is achieved by the action of different proteins including xeroderma 

pigmentosum complementation group A (XPA) and transcription factor II human 

(TFIIH) (35). Third, the excision of the oligonucleotide containing the lesion with a size 

of 24-32 nucleotides through the excision repair cross-complementing rodent repair 

deficiency complementation group 1/xeroderma pigmentosum group F complementing 

protein (ERCC1/XPF) complex which cuts at the 5’-end and xeroderma pigmentosum 

group G complementing protein (XPG) which cuts at the 3’-end (35). Finally, the gap left 

after excision is filled by DNA polymerase σ under the effect of replication factors such 

as single-strand DNA-binding protein (RPA), replication factor C (RFC) and 

proliferating cellular nuclear antigen (PCNA), followed by ligation by DNA-ligase I (Lig 

I) (35). 

1.5.2.3. Mismatch repair (MMR) 

As shown in Figure 1.6, this process starts with recognition of the mismatch via 

the mutator Sα (MutSα; a heterodimer of MutS protein homolog 2 (MSH2) and MutS 

protein homolog 6 (MSH6) that recognizes mismatches of 1-2 nucleotides) or mutator Sβ 

(MutSβ; a heterodimer of MSH2 and MutS protein homolog 3 (MSH3) that recognizes 

longer mismatches) (37). Both MutSα and β are also important for MMR initiation. This 

is followed by the excision of the mismatched bases by mutator Lα (MutLα; a 

heterodimer of MutL homolog 1(MLH1) and postmeiotic segregation increased 2 
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(PMS2)). Finally, under the activation of different replication factors such as PCNA and 

RFC the gap produced is filled by DNA polymerase σ (37). 

 

 

 

 

Figure 1.4. Schematic representation of the short-
patch base excision repair process.  

Source: Emil Mladenov and George Iliakis (2011). The 
pathways of double-strand break repair-on the pathways 
to fixing DNA damage and errors. 
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Figure 1.5. Schematic representation of nucleotide 
excision repair pathway. 

Source: How nucleotide excision repair protects against 
cancer. Friedberg, 2001(36). 
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Figure 1.6. Schematic representation of the mismatch 
repair pathway. 

Source: DNA mismatch repair: molecular mechanism, 
cancer, and ageing. Hsieh, 2008 (38). 
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 1.5.2.4. DNA-DSB repair  

DNA DSBs are the most lethal type of DNA lesions. The cells employ mainly 

two types of DSB repair processes, NHEJ or HR (Figure 1.7). The NHEJ is the 

predominant mechanism in mammalian cells; however the choice between the two 

depends on the following factors: 1- cell cycle phase, NHEJ operates in all phases but 

mainly in the G1 phase while the HR is active only in the S/G2 because it requires the 

presence of a complementary DNA strand (sister chromatid), 2- Type of the DSB, NHEJ 

repairs DSBs involving ≤ 4bp while HR repairs longer lesions, and 3- The degree of 

expression of the repair proteins and cofactors involved in both pathways (39). 

1.5.2.4.1. Nonhomologous end joining (NHEJ) 

The first step in the pathway is the recognition and binding of the DNA end of the 

DSB by Ku complex {a heterodimer of Ku70 encoded by x-ray repair cross 

complementing 6 (XRCC6) and Ku80 encoded by x-ray repair cross complementing 5 

(XRCC5)} by forming a ring around the lesion (40). Then DNA-dependent protein 

kinase, catalytic subunit (DNA-PKcs) is recruited which results in activation of its kinase 

activity causing the phosphorylation of different proteins and the DNA-PKcs itself (40). 

This leads to the trimming of the DNA end by the MRN complex (Mre11/Rad50/Nbs1) 

and the recruitment of the x-ray repair cross complementing 4/ligase IV (XRCC4/Lig IV) 

complex that is important for the religation process (40). 

1.5.2.4.2. Homologous recombination (HR) 

DNA damage signaling is induced by the MRN complex that leads to the 

activation of the DDR proteins and checkpoints (39,41). RPA and Rad52 are then 

recruited and coat the 3’-single strand ends to protect them from further degradation. 

Rad51 then wraps the ends for homology recognition and strand exchange (39,41). Then, 

Rad54 promotes homologous DNA pairing and activates DNA recombination, DNA 

polymerases extend the 3’-end of the strand and the 3’-endonuclease XPF/ERCC1 
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complex removes flaps formed after extension and the strand ends are annealed by Lig I 

(39,41). 

 

 

 

 

Figure 1.7. Schematic representation of the double-strand 
break repair pathways. To the left is the non-homologous 
end joining (NHEJ) pathway and to the right is the 
homologous recombination (HR) pathway. 

Source: Adapted from “ATP-dependent chromatin 
remodeling in the DNA-damage response”. Lans, 2012 (42). 
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1.5.3. Radiotherapy resistance and DNA-repair in glioma 

IR exerts its anticancer effects mainly by attacking the DNA resulting in base 

damages, and DNA strand breaks consisting of DNA SSBs and DSBs in a ratio of 25 to 1 

(43). However, DSBs are considered more severe and lethal to the cells and thus are the 

main DNA lesions responsible for the cytotoxicity of IR. Gliomas are intrinsically 

radioresistant and about 90% of them recur after radiotherapy. 

Different studies tried to address the radioresistance due to induced DNA-repair. 

A study by Mukherjee et al. revealed a positive correlation between EGFRvIII mutant 

and the repair of IR-induced DSBs through the increase in the DNA-PK activity and thus 

activated NHEJ process (44). Moreover, PTEN loss that is commonly seen in GBM has 

shown to induce the PI3K/Akt-1 signaling and enhance DNA-repair as a result and thus 

induce resistance to IR (45). Additionally, inherent radioresistance of glioma due to 

glioma stem cells characterized by CD133 positive expression was attributed to the 

enhanced DNA DSB repair (46). 

Although DSBs are the main contributors to radiation cytotoxicity, SSBs and 

abasic sites are produced in significantly higher amounts and if not repaired can be 

converted to DSBs thus enhance the radiosensitivity. These lesions are repaired through 

the BER process. APE-1 was found to be activated in human glioma samples and HGGs 

showed about 3 times more active enzyme compared to LGGs (47). Another study 

revealed an inverse correlation between APE-1 expression level and sensitivity to IR, 

where high APE-1 level was associated with elevated DNA-repair capacity and thus 

lower IR-induced tumor cell death (48). PARP-1 has been also implicated in 

radioresistance. It was found to be overexpressed in GBM patients samples compared to 

normal brain tissues that showed undetectable protein levels (49). Moreover, In vitro and 

in vivo studies showed that the inhibition of PARP-1 via small-molecule inhibitors was 

associated with enhanced radiosensitivity and decreased GBM xenograft size (50). 
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1.5.4. Temozolomide resistance and DNA-repair in glioma 

DNA-alkylating agents are considered the mainstay chemotherapy of malignant 

glioma. They include TMZ, nitrosureas like BCNU and CCNU, and procarbazine. TMZ 

is the first chemotherapeutic agent to be approved for the treatment of high-grade gliomas 

and currently it is the preferred alkylating agent in glioma treatment and is widely used 

because of: 1- 100% oral bioavailability, 2- highly lipophilic and small molecular size so 

readily penetrate the BBB with CNS levels that are 30% of blood concentration, 3- is 

well tolerated by patients, 4- spontaneous physiological activation (hepatic activation is 

not required) and 5- broad anti-tumor activity (51). 

Once in the CNS, TMZ is spontaneously converted to the active metabolite MTIC 

which in turn dissociates producing methyl groups that are added to the DNA. Four major 

types of base alkylation products are formed. N7-guanine position is highly nucleophilic 

thus N7-methylguanine (7meG) adducts are produced in large amounts (70%), N1 

methyladenine (1meA) account for about 15%, N3 methyladenine (3meA) for 10% and 

5% represents O6-meG (52). The latter two are the most cytotoxic and are the main DNA 

adduct responsible for the cytotoxicity of TMZ. Adducts, 7meG, 1meA and 3meA are 

repaired via the BER process. Direct reversal via MGMT is the responsible mechanism 

for the removal of methyl group from O6-G (53). MGMT is a ubiquitous DNA-repair 

protein that is also called a suicide enzyme because through its mechanism it transfers the 

methyl group to its active site resulting in the irreversible inactivation of the enzyme 

without resulting in the formation of transient DNA strand breaks (54). 

If not repaired via MGMT, O6-meG will induce MMR (recognition of the 

mismatches and initiation of the process by MutSα complex) to mispair the alkylated 

base with thymidine (53). The recurrent addition and removal of mispaired bases will 

eventually induce a futile cycle of MMRs that will result in the formation of SSB (55) 

which collide with replication forks leading to DSB formation, apoptotic activation and 

cell death (23). Consequently, sensitivity to TMZ is highly dependent on DNA-repair and 
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an increase in MGMT or BER levels or a deficiency in MMR is expected to induce 

resistance to TMZ. 

Epigenetic silencing of MGMT by promoter hypermethylation is associated with 

decreased MGMT expression. A study by Esteller et al. showed an enhanced sensitivity 

of malignant astrocytomas with MGMT promoter methylation to carmustine in terms of 

overall and progression-free survival (56). Another study by Hegi et al. revealed that the 

benefit from combining IR and TMZ compared to IR alone was only observed in GBM 

patients with MGMT promoter methylation (57). Although it shows a promising tool for 

stratifying patients for TMZ therapy, MGMT methylation status is not yet approved as a 

predictive biomarker for TMZ therapy because of the following reasons: 1- complete 

concordance between MGMT methylation and protein expression levels is not 

established (58,59), 2- an enhanced response to TMZ could not be observed in half of the 

GBM patients harboring this epigenetic mutation (60), 3- some GBM patients with 

unmethylated MGMT were still sensitive to TMZ (19,60), 4- measurements of MGMT 

methylation status and expression levels are highly dependent on the surgical site and the 

assessment methodology (58) and 5- The clinical Use of MGMT inhibitors such as O6-

(4-bromothenyl)guanine did not show efficacy (52). 

The differential response to TMZ in some patients regardless of the MGMT 

expression level or methylation status indicates the involvement of other resistance 

mechanisms. Regardless of MGMT activity, MMR deficiency may lead to tolerance to 

TMZ, thus a functional MMR was shown to be required for TMZ-induced toxicity. 

Hypermuation of MSH6 (MMR initiator) was revealed in recurrent GBM samples and 

contributed to TMZ resistance and glioma progression (61). Moreover, 

immunohistochemistry analysis of MMR proteins including MSH2 and MSH6 in 

recurrent GBM samples showed a downregulation of these proteins (62). In vitro 

knockdown of MSH6 in GBM cell lines was associated with increased resistance to TMZ 

(63). Nevertheless, variable expression of MMR proteins (MSH2 and MLH1) in GBM 
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patients’ samples was not associated with differential response to TMZ (64). MMR 

deficiency is not enough to induce resistance to TMZ due to the following possible 

explanations: 1- Microsatellite instability (MSI), a damaged DNA due to DNA-repair 

defects and could be used a surrogate marker for MMR deficiency, is rare in high-grade 

gliomas (62), 2- MMR deficiency manifested by MSH6 mutations did not correlate with 

MSI in recurrent GBM samples (64), and 3- some GBM samples expressed low MGMT 

and a proficient MMR were still resistant to TMZ; highlighting the complexity of 

mechanisms that determine cellular sensitivity to TMZ. The major adducts  produced by 

TMZ are 3meA and 7meG and they are readily repaired by the BER, so they contribute a 

little to the antitumor activity. 

Thus, targeting BER is an attractive option to enhance the cytotoxicity of TMZ 

regardless of the MGMT or MMR status. MPG expression was found to vary among 

astrocytomas patients’ samples indicating a tumerogenic potential of the enzyme (65). 

Another study by Agnihotri et al. found a variable protein expression of MPG (APNG) 

among human GBM cell lines with TMZ-resistance was evident in those expressing both 

MPG and MGMT (60). In the same study, analysis of MPG expression data from the 

European Organization for Research and Treatment of Cancer-National Cancer Institute 

of Canada (EORTC-NCIC) trial showed that MPG presence inversely correlated with the 

overall survival of patients. This was only evident after TMZ therapy and only in patients 

expressing the unmethylated MGMT, indicating the negative prognostic value of positive 

MPG expression and that patients who will benefit more from TMZ are those with MPG 

negative and methylated MGMT. On the other hand, MPG overexpression enhanced the 

sensitization of GBM cell lines to TMZ when used in combination with BER inhibitors 

(52). 

As mentioned before, APE-1 was found to be overexpressed and activated in 

malignant glioma (47). APE-1 knockdown in a GBM cell line resulted in enhanced 

sensitivity to different alkylating agents including TMZ (66). Furthermore, stabilization 
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of the AP-site by methoxyamine and prevention of APE-1 binding potentiated the 

cytotoxicity of TMZ in GBM cell lines (67). 

A currently under intensive investigation to enhance the efficacy of TMZ are 

PARP-1 inhibitors. Preclinical studies showed a promising effect of different small-

molecule PARP-1 inhibitors to increase the cytotoxicity of TMZ toward malignant 

glioma (especially those which are resistant due to lack of MMR) (52,68-70). A phase I/II 

trial is ongoing to investigate the combinational therapy of BSI-201 (PARP-1 inhibitor) 

and TMZ in newly diagnosed malignant glioma patients (71). Pol β mRNA expression 

was also found to vary between GBM samples and normal brain tissue and its 

downregulation correlated with enhanced sensitivity to TMZ under BER inhibition via 

methoxyamine (52). PTEN mutations have been also shown to affect TMZ efficacy. This 

gene is lost in about 36% of GBM and was found to be associated with sensitivity to a 

TMZ analogue due to accumulation of alkylation-induced DSBs caused by impaired HR 

process (72). 

1.5.5. Topoisomerase-poisons and DNA-repair 

1.5.5.1. Topoisomerase enzymes  

Topoisomerases are ubiquitous DNA-repair enzymes that regulate the topology of 

DNA during important cellular mechanisms including DNA replication, transcription, 

recombination and chromatin remodeling (73). 

Two major families of topoisomerases have been identified in humans, TOP-I and 

TOP-II, both of which act by introducing a break in the DNA to relieve the superhelical 

tension, then producing an intermediate where the tyrosine residue of topoisomerase 

enzyme is linked to the site of the break at the 3’- or 5’- termini in the DNA making a 

TOP-DNA cleavage complexes (74). After topological changes occur topoisomerases 

religate the breakage with a faster rate of religation than the rate of cleavage making the 

TOP-DNA intermediates reversible and short-lived. For the religation to occur the 3’-



24 
 

hydroxyl end of the DNA must be aligned with the tyrosyl-phosphodiester bond between 

the DNA and TOP enzyme in order for a nucleophilic attack to occur (75). However, if 

the cleavage occurred near certain DNA lesions such as methylated guanine, mismatched 

bases, abasic sites (76), DNA nicks (77), modified bases (78) or modified sugars (79) or 

in the presence of DNA-damaging anticancer agents such as TOP-I poisons and TOP-II 

poisons (act directly on the cleavage complexes) (80,81) and IR (produces oxidized bases 

and abasic sites thus indirectly acting on the cleavage complexes) (82) , the religation 

process is blocked leading to the accumulation of the TOP-DNA protein complexes 

which is called “trapping” because the 5’-hydroxyl end of the DNA is misaligned so the 

two DNA ends cannot be resealed together forming what is called “dead-end covalent 

complexes”. 

TOP-I enzyme acts to relax the superhelical structure of DNA by making a 

transient SSB. The catalytic mechanism of TOP-I involves two transesterification 

processes. First the Tyrosine residue (Tyr723) of TOP-I binds to the 3’-phosphate of the 

DNA forming TOP-DNA cleavage complex resulting in breakage of the single strand 

which will then rotate around the other strand in a specific way to relieve the tension of 

the DNA double helix. After the DNA has relaxed, religation of broken single strand 

occurs by the second transesterification process where the free 5’-hydroxyl of the DNA 

acts as a nucleophile and attacks the 3’-phosphotyrosyl linkage of TOP I-DNA covalent 

complex; as a result the DNA original double helical structure is restored (83). 

On the other hand, TOP-II acts to remove negative or positive DNA superhelical 

tension by the application of energy resulting in the cleavage of the two strands of the 

DNA double helix causing transient DNA DSBs and producing TOP II-DNA cleavage 

complexes (84). Thus, the cleavage complexes formed are temporary and reversed via the 

TOP enzymes themselves, but since they are ubiquitous they represent good targets for 

anticancer therapy. 
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TOP-poisons (not TOP inhibitors because they do not inhibit the enzyme itself) 

are DNA-damaging anticancer drugs that act by stabilizing the TOP-DNA cleavage 

complexes. TOP-I poisons mainly act via intercalating between the DNA bases in the 

covalent complex forming a ternary complex that results in misalignment of the 3’-

hydroxyl end of the DNA “misalignment model” that prevent the religation process (85). 

TOP-II poisons exert their function via different postulated mechanisms. One of them is 

the “misalignment model”. TOP-I poisons lead to the formation of persistent irreversible 

covalent complexes that if collide with replication forks lead to DSBs or if collide with 

transcription factors lead to the formation of SSBs that then convert to lethal DSBs. TOP-

II poisons result in the formation of DSBs directly (86). This means that compared to 

TOP-I poisons cytotoxic effect that is replication dependent, TOP-II poisons cytotoxicity 

is replication independent (85). Both types of TOP-poisons induce cell death by mainly 

triggering cellular apoptosis (87). 

1.5.5.2. Irreversible topoisomerase-DNA cleavage 

complexes and DNA-repair  

While the repair of the irreversible TOP I-DNA cleavage complexes is well 

understood, the repair of the stalled TOP II-DNA cleavage complexes is not yet well 

characterized. There are three important steps in the repair of the DNA-damage induced 

by TOP-poisons, first, the recognition of the TOP-DNA cleavage complexes as a DNA 

lesion not as a reversible intermediate of the TOP enzyme function. Second, the removal 

of the protein linked to the DNA. Third, the activation of the DDR previously discussed 

and the recruitment of the appropriate DNA-repair factors and enzymes. 

Since the produced TOP-DNA covalent complexes trap the replication fork and 

transcription factors, the recognition step is attainable. The removal of the bounded 

protein in TOP II-DNA cleavage complexes is accomplished through two possible 

mechanisms, first, the removal of the TOP-II plus part of the DNA that is attached to it 
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via an enzyme called 5’-tyrosyl DNA phosphodiesterase II (TDP2) or also called TTRAP 

(88). Second the direct removal of the TOP-II via proteolytic degradation by 26S 

proteosome. The removal of the TOP-II enzyme is followed by the DSB repair processes 

HR and NHEJ (85). 

For the repair of irreversible TOP I-DNA cleavage complexes, the removal of the 

bounded protein is dependent if the cleavage complexes were trapped by replication forks 

or by transcription factors. If associated with transcription then degradation of the TOP-I 

protein by 26S proteosome is the main pathway. However, if the trapping was by 

collision with replication forks then the removal of the TOP-I protein is attained mainly 

via two alternative pathways (Figure 1.8). The first pathway is the 3’-tyrosyl DNA 

phosphodiesterase/phosphatase pathway TDP1/PNKP which hydrolyzes the 

phosphodiester bond in the cleavage complex releasing the TOP-I enzyme and thus 

induces the BER subsequently (XRCC1/PARP-1/PNKP/pol β/lig 3α complex). The 

second pathway is via the 3’-endonuclease XPF/ERCC1 which removes the TOP-I 

enzyme and part of the DNA bound to it, and is associated with subsequent NER pathway 

where MRN (Mre11/Rad50/Nbs1) complex is a main component (75,81). The DSBs 

produced by TOP I-poisons are repaired via HR and NHEJ pathways as discussed earlier 

(81). 

1.6. Tyrosyl DNA-phosphodiesterase I (TDP1) 

TDP1 is the only known DNA-repair enzyme to be responsible for the hydrolysis 

of the phosphodiester bond in the TOP I-DNA cleavage complexes. It was first identified 

in Saccharomyces cerevisiae by Nash and colleagues in 1996 to have an ability to 

catalyze the hydrolysis of the phosphodiester bond between a DNA 3’-phosphate and an 

O-4 tyrosine residue (89).  

TDP1 is highly conserved from yeast to human, which indicates its importance. 

Homo sapiens TDP1 gene locates in chromosome 14 (14q32.11) and consists of 15 
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coding and two 5’ noncoding exons with a total size of 88,863 bases. The gene encodes a 

608 amino acids protein with a molecular weight of about 68 kda that has been described 

as a member of the phospholipase D (PLD) superfamily (90). 

 

 

 

 

Figure 1.8. DNA-repair of topoisomerase I-DNA covalent complexes. 
Topoisomerase I (TOP-I) enzyme is degraded via proteolysis followed by its 
removal from the DNA by a TDP1-dependent pathway (right scheme) or a TDP1-
independent pathway (left scheme). 

Source: Spinocerebellar Ataxia with Axonal Neuropathy (SCAN1): A disorder of 
Nuclear and Mitochondrial DNA Repair. Hok Khim Fam, Miraji K. Chowdhury 
and Cornelius F. Boerkoel, 2012. ISBN: 978-953-51-0542-8. 
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This superfamily includes a group of enzymes that are responsible for catalyzing 

the hydrolysis of phosphodiester bonds in 3—phospho-DNA adducts. PLD enzymes 

possess two H(X)K(X4)D motifs (HKD) in the catalytic site which in TDP1 present in 

the N- and C- terminal domains and contain histidine and lysine residues (263His/Lys265 

and 493His/Lys495) but lacks aspartate residues present in other HKD motifs (Figure 

1.9). The C-terminus (351-608) is highly conserved and it is important for the enzymatic 

activity, while the N-terminal domain (1-350) is poorly conserved, has no role in the 

enzymatic activity, and is believed to have regulatory functions such as protein-protein 

interactions (91). 

There are two transcript variants of TDP1 that differ in their 5’-UTR (Table 1.1). 

The region from 70-293 bps is deleted in TDP1 transcript variant 2. However, both 

encode the same protein isoform consisting of 608 amino acids. The functionality of 

transcript variant 2 is still unknown. 

TDP1 protein has been shown to be localized both in the nuclei and mitochondria; 

with the mitochondrial TDP1 (mtTDP1) expression is dependent on the nuclear gene 

because the mtDNA does not encode for DNA-repair proteins (82). 

1.6.1. Catalytic mechanism of TDP1 

The hydrolysis of the phosphodiester bond catalyzed by TDP1 involves two steps 

(Figure 1.10) (92). The first step is the formation of a 3’-phosphohistidine Tdp1 covalent 

intermediate by the nucleophilic attack of the phosphodiester bond by H263 then H493 

act as a proton donor to the tyrosyl moiety of the leaving group. The second step is the 

hydrolysis of the 3’-phosphohistidine intermediate by a nucleophilic attack by a water 

molecule. This hydrolysis reaction is activated by H493. A 3’-phosphate product (usually 

a DNA strand) and a free TDP1 is the final result. 
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Figure 1.9. Modified representation of: (A), the chromosomal arrangement of 
14q32.11, (B), Tyrosyl-DNA-Phosphodiesterase I (TDP1) protein structure, 
including the N-terminal domain (amino acids 1-350; red) and the C-terminus 
(amino acids 351-608; yellow). HKD motifs present in the catalytic site of 
TDP1 in the N- and C- terminal domains and contain active site residues, 
histidine and lysine residues (263His/Lys265 and 493His/Lys495) indicated by 
arrows in C. (C), Three dimensional representation of human TDP1 protein. 

Source: Inhibitors of human tyrosyl-DNA phosphodiesterase (hTdp1) developed 
by virtual screening using ligand-based pharmacophores. Weildlich, 2010 (91). 
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Table 1.1. Tyrosyl-DNA-phosphodiesterase I (TDP1) transcript variants 

 
 

 

 

1.6.2. DNA lesions targets of TDP1 

TDP1 has been described as the only enzyme capable of catalyzing the 

phosphodiester bond in irreversible TOP I-DNA cleavage complexes such as those 

produced by TOP I-poisons. Besides hydrolyzing the 3’-phosphodiester linkage in TOP I-

DNA covalent complexes produced in the nucleus, TDP1 has been found to be important 

in the repair of these complexes formed in the mitochondria since they possess their own 

TOP-I enzyme (mtTOP-I) (82). Additionally, TDP1 has been found to catalyze the 

removal of other different types of moieties from the 3’-end of the DNA. Such adducts 

include 3’-abasic sites, 3’-nucleosides, and 3’-ribonucleosides (93). 

Furthermore, TDP1 has shown the ability to hydrolyze the phosphodiester bond 

between 3’-end of DNA and glycolate (3’-phosphoglycolate) (94). This substrate is the 

result of oxidative DNA damage produced either exogenously by exposure of cells to 

ionizing radiation, tobacco or xenobiotic agents (e.g. bleomycin, and mitomycin C) or 

endogenously as a result of naturally occurring endogenous reactive oxygen species 

(ROS). TDP1 is responsible for the removal of 3’-phoshpgylcolate lesions associated 

with SSBs or 3’-overhangs or blunt ends of DSBs (82). TDP1 has been suggested to be 

the only enzyme capable of hydrolyzing the protruding 3’-phosphoglycolate in DSBs and 

3’-overhangs (94,95). This activity against ROS-induced DNA lesions has shown 

significance in the mitochondria since they possess high oxidative stress and the mtDNA 



31 
 

needs to be preserved because almost all of it is translated into proteins that are important 

for the function of the cells (82).  

 

 

 

 

Figure 1.10. Tyrosyl DNA-Phosphodiesterase I (TDP1) catalytic 
activity. The hydrolysis of the phosphodiester bond catalyzed by TDP1 
involves two transesterification reactions. First, a nucleophilic attack of the 
phosphodiester bond by H263 resulting in the formation of a 3’-
phosphohistidine TDP1 covalent intermediate. Second, hydrolysis of the 
TDP1-DNA intermediate resulting in a 3’-phosphate DNA and a free TDP1. 

Source: Analysis of human tyrosyl DNA-phosphodiesterase I catalytic 
residues. Raymond, 2004 (92). 
 

 

 

In addition, TDP1 has the ability to hydrolyze the phosphoamide linkage in the 

phosphohistidine intermediate that is produced during the TDP1 catalytic cycle. TDP1 

also has a limited DNA and RNA 3’ exonuclease activity resulting in the removal of a 

single nucleoside from the 3’-hydroxyl end of the substrate. Furthermore, studies on yeast 

showed that this enzyme is capable of hydrolyzing the 5’-phosphotyrosyl linkage 
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between TOP-II and DNA. However, this activity could not be proven in human cells and 

was attributed to a different phosphodiesterase enzyme called TDP2 (88). 

1.6.3. TDP1 and DNA strand breaks repair 

TDP1 has revealed DNA repair activities against both SSBs and DSBs. TOP I-

DNA cleavage complexes as discussed earlier induce both SSBs and DSBs as shown in 

the Figure 1.11. TDP1 is involved in the SSB repair of TOP I-DNA cleavage complexes 

through the BER process. It has a 3’-endonuclease activity inducing the cleavage of the 

AP-sites (the initial steps in the BER process) and has been found to exist in a 

multiprotein complex with BER proteins including XRCC1, PARP-1, PNKP, Lig 3α, and 

pol β. A prerequisite for the hydrolysis of the TOP I-DNA cleavage complex by TDP1 is 

the proteolysis of TOP-I by 26S proteosome (96). After the hydrolysis of the 

phosphodiester bond, DNA with a 3’-phosphate end results which is removed by PNKP. 

On the other hand, the role of TDP1 in the repair of the DSBs produced by TOP I-poisons 

is not yet well established. 

A homozygous nonsynonymous mutation A1478G in the active site of TDP1 

gene resulting in a histidine to arginine mutation (H493R) has been identified as the 

cause of an autosomal recessive disease which is called spinocerebellar ataxia with 

axonal neuropathy (SCAN1). This mutation has been associated with a 25 fold decrease 

in the TDP1 activity compared to the normal levels. Thus, extensive studies have been 

performed on SCAN1 cells to assess the effect of TDP1 mutation on the response to 

anticancer therapy. 

The ability of TDP1 to hydrolyze the 3’-phosphoglycolates contributed to the 

TDP1-dependent repair of SSBs induced by IR. It has been shown that SCAN1 

lymphoblastic cells are defective in the repair of 3’-phosphoglycolate termini (95,97) and 

they are less able to repair SSBs induced by hydrogen peroxide or IR when compared to 
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normal cells (98,99). This disease as mentioned earlier is due to a mutation in the active 

site of the TDP1 resulting in an enzyme product that is 25x less active than the wild-type.  

Although TDP1 is more efficient in the repair of SSBs, its role in the repair of 

DSBs has been investigated in different studies. Compared to normal cells and after 

treatment with different DSBs-inducing anticancer agents (IR, bleomycin, and 

chalicheamicin), low TDP1 levels due to mutation as in SCAN1 cells or due to protein 

knockdown in murine embryonic fibroblasts, Hela cells or vertebrate chicken 

erythrocytes have been shown to be associated with lower DSB repair rate 

(95,97,100,101). This was explained by the lower ability to remove the 3’-

phosphoglycolates associated with 3’-overhangs of DSBs. A study by Das et al. has 

shown that in response to the DSBs produced by either IR or camptothecin, the DDR 

cascade induced by ATM followed by an activation of DNA-PK (NHEJ initiator) has 

resulted in the phosphorylation of TDP1 at serine 81. This was not required for TDP1 

enzymatic activity but resulted in its stabilization and enhanced its interaction and the 

recruitment of XRCC1 at damage sites, which is consistent with the role of the TDP1 N-

terminus in regulating protein-protein interactions. In the case of DSBs produced by 

camptothecin, at the damage sites, γH2AX were also present; suggesting the role of both 

TDP1 and XRCC1 in the repair of the DSBs produced by camptothecin (102). 

Several studies investigated the role of TDP1 in the repair of the DNA damage 

induced by TOP II-poisons resulted in controversial findings. A study by Barthelmes et 

al. showed that TDP1 overexpression in HEK293 cell lines resulted in reduction in the 

DSBs produced by etoposide compared to cells expressing mutant TDP1 which were less 

able to remove the damage (103). 
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Figure 1.11. Schematic representation of the DNA-repair pathways of the 
DNA damage associated with irreversible topoisomerase I-DNA cleavage 
complexes. As part of its mechanism of action, topoisomerase I enzyme 
produces temporary DNA single-strand break (SSB) through binding to the 3’-
end of the DNA via a phosphodiester bond resulting in the formation of 
reversible intermediates called TOP I-DNA cleavage complexes. Endogenous 
DNA lesions or exogenous factors such as TOP I-poisons (e.g. camptothecin) 
stabilize these complexes making them long-lived and irreversible. Vicinity to 
endogenous DNA-lesions such as abasic sites or collision with transcription 
factors converts stalled TOP I-DNA cleavage complexes to permanent SSBs, 
while collision with replication forks results in DNA double-strand breaks 
(DSBs) formation. This results eventually in the activation of SSB and DSB 
repair processes. 

Source: TDP1-dependent DNA single-strand break repair and 
neurodegeneration. El-Khamisy and Caldecott, 2006 (86). 
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1.6.4. Correlation between TDP1 level and sensitivity of cells to 

anticancer therapy 

The effect of TDP1 level on response to different DNA-damaging agents has been 

investigated with promising results. SCAN1 cells have shown hypersensitivity to 

camptothecin when compared to a heterozygous cell line and wild-type cell lines (cell 

lines containing wild-type TDP1) (104). Another study on mice has shown that cells 

derived from the TDP1-knockout mice were hypersensitive to topotecan (105). The 

ability of TDP1 to resolve 3’-phosphglycolates induced by oxidative stress was translated 

into hypersensitivity of TDP1-konckout mice and TDP1-knockout chicken DT40 cells to 

bleomycin, with however no effect on response to IR in SCAN1 cells (95,99,101). 

Studies on yeasts have demonstrated that TDP1 knockdown has resulted in the 

hypersensitivity to etoposide. However, this finding was not observed in SCAN1 

lymphoblastoid cells and TDP1 knockout mice (104,106), but was evidenced to be true in 

TDP1-knockout chicken DT40 cell lines (101). 

On the other hand, overexpression of wild-type in HEK293 cell lines has been 

associated with resistance to etoposide and camptothecin (103). Moreover, a study by 

Nivens et al. has shown that bone marrow progenitor cells retrovirally overexpressing 

TDP1 are not sensitive to the cytotoxic effects of camptothecin (107). 

All the previous findings were on normal cell lines (non-neoplastic), only one 

study by Perego et al., tried to identify the correlation between TDP1 level and the 

response to TOP I-poisons like gimatecan, topotecan and camptothecin and to TOP II-

poisons like etoposide and doxorubicin. Ovarian carcinoma cell lines (IGROV-1) 

resistant to gimatecan were developed by continuous exposure to gradient concentrations 

of the drug showed an overexpression of TDP1 compared to parental cell lines. 

Nevertheless, knockdown of TDP1 using siRNAs or miRNAs in U2-osteosarcoma (U2-

OS) cells did not enhance their sensitivity to gimatecan. Moreover, TDP1 overexpression 
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in the same type of cell line did not induce their resistance to many TOP I and TOP II-

poisons.  

In order to produce a completed DNA repair process this requires the removal of 

the phosphate produced by TDP1 and the recruitment of other DNA-repair pathway 

interplayers. Thus, in the study by Perego et al., manipulation of several DNA-repair 

gene levels in U2-OS was performed to investigate their effect on response to gimatecan. 

Co-silencing of TDP1 and PARP-1 or Rad17 (DDR checkpoint protein) was not 

associated with enhanced sensitivity compared to parental U2-OS. On the other hand, 

knocking-down both TDP1 and XRCC1or breast cancer type 1 susceptibility protein 

(BRCA1; component of the HR pathway) enhanced U2-OS sensitivity to gimatecan. This 

indicates the complexity of the response to the DNA-damaging therapy and that it is not 

solely dependent on one DNA-repair protein.  

Since almost all the previous studies support the efficient role of TDP1 in the 

repair of the DNA damage induced by different anticancer agents, TDP1 represents a 

novel therapeutic target. Using specific inhibitors may potentiate/synergize the 

cytotoxicity of DNA-damaging antineoplastic therapy. The identification of TDP1 

inhibitors is under investigation with the focus on small-molecule inhibitors that can trap 

the TDP1-DNA intermediate. There is also a current effort on finding molecules that can 

inhibit both TOP-I and TDP1 enzymes (108,109). 

1.6.5. Clinical relevance of TDP1 in cancer 

Analysis of the protein expression and enzyme activity in cancer has shown an 

overexpression of TDP1 in more than half of 30 non small-cell lung cancer samples 

(NSCLC) compared to 8 normal lung tissues and an increased enzymatic activity was 

evident in all tumor samples (110). Suggesting a negative prognostic value of TDP1 in 

NSCLC and that this overexpression could be responsible for the resistance of this tumor 
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to TOP I-poisons. Moreover, overexpression of TDP1 in colorectal cancer tissues 

compared to normal ones has been also reported (111,112). 

1.7. Clinical relevance of TDP1 in glioma 

TOP I-poisons are currently a promising second-line option given in combination 

with other anticancer agents in the treatment of glioma. The pivotal role of TDP1 in the 

repair of the DNA damage induced by TOP I-poisons encouraged us to study the clinical 

relevance of TDP1 in glioma. Moreover, the critical role of TDP1 in the repair of ROS-

induced DNA SSBs and DSBs indicates that TDP1 could be of critical value in the brain 

tissue. Normally, the brain tissue encounters high levels of oxidative stress that needs 

efficient DNA repair mechanisms to maintain the genome integrity besides the fact that 

IR is the mainstay of therapy in gliomas; both lead to the accumulation of DNA strand 

breaks resulting from oxidation. It is also known that IR induces the formation of TOP I-

DNA cleavage complexes, emphasizing the role of TDP1. This may be evidenced by the 

high expression levels of TDP1 in normal brain and by the neurodegeneration, cerebellar 

atrophy and mental retardation associated with SCAN1 disease. Moreover, among the 

DNA-repair processes, BER has been found to be the most vital in the brain. And since 

more than 70% of the DNA-lesions produced by TMZ rely on BER for reversal, there is 

also a possible role of TDP1 in modulating the response of brain cells to TMZ via the 

BER pathway. 

1.8. Statement of the problem 

Glioma is an aggressive type of CNS tumor with the property of dreadful 

prognosis has not changed since decades. Although the available WHO classification 

system is useful, it does not explain the large variability in clinical outcome and response 

to therapy among patients of the same histological group. Consequently, a more 

comprehensive and accurate approach is required. Molecular classification represents a 

vital strategy that aids in the identification of molecular signatures that provide more 



38 
 

accurate diagnosis, better prediction of survival and may represent novel therapeutic 

targets for personalization of medicine. Part of these signatures are the ones related to the 

DNA-repair pathways. 

DNA-repair capacity is an important determinant of the response of cancer 

diseases to antineoplastic agents. It has a magnified role in glioma because the majority 

of the approved chemotherapeutic agents and the irradiation used in the treatment of 

glioma possess their anticancer properties via damaging the DNA. Tyrosyl DNA-

phosphodiesterase I (TDP1) is one newly discovered DNA-repair enzyme that has shown 

relevance in affecting the response to various anticancer agents including but not limited 

to topoisomerase I poisons and topoisomerase II poisons, all of which are main second-

line agents used in the treatment of glioma. 

TDP1 repairs various types of DNA-lesions and plays an important role in the 

repair of DNA single-strand and double strand breaks produced by topoisomerase I-

poisons and ionizing radiation. Moreover, TDP1 is a vital component of the base excision 

repair process that is important for the repair of about 70% of the DNA lesions produced 

by temozolomide. Although ionizing radiation and temozolomide are the mainstay 

therapies for glioma, there is a non-neglectable number of patients who are resistant to 

these therapies and the majority of the tumors recur after treatment. The identification of 

the causes of resistance is not yet well established. Additionally, the relevance of TDP1 

in gliomagenesis and determining the response to anticancer therapy has not yet been 

studied. 

To pave the way for molecular classification, several steps and confirmatory 

investigations are to be followed which can be referred as translational research. The first 

step is the screening for genetic aberrations and the build of gene expressions profiles 

from human tumor specimens. This made feasible by the evolvement of high-throughput 

screening assays such as microarray, array comparative genomic hybridization, 

fluorescent in situ hybridization, and SNP array. This must be followed by analytical tests 
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for correlations between significant alterations or differential gene expression levels and 

tumor aggressiveness and clinical outcome of patients. The second step is to characterize 

the underlying molecular mechanisms of the significant correlations identified. This is 

obtained from preclinical studies including in vitro and in vivo by utilizing cancer cell 

lines and mouse models with molecular modifications that are representative to tumor 

microenvironment. The third step is to translate the results of these preclinical 

investigations into clinical studies where patients can be stratified to therapy based on the 

tumor molecular profiles. Moreover, this can aid in the development of novel targeted 

agents. This is to be followed by intensive preclinical and clinical investigations for a 

new therapeutic agent to be applied in the clinic as part of the treatment regimen of 

patients with glioma.   

1.9. Project goals and hypotheses 

Goal 1: To identify genetic alterations associated with DNA-repair genes and 

their relevance in glioma diagnosis, prognosis, and treatment prediction. Due to the 

critical role of molecular classification in providing better understanding of cancer 

diseases, we wanted to analyze chromosomal instabilities such as copy number 

alterations (CNAs) and loss of heterozygosity (LOH) that are associated with DNA-repair 

genes including TDP1 and assess their differential frequency in glioma biopsies 

compared to control samples.  

Hypothesis: Glioma biopsies show various types of genetic alterations in major 

DNA-repair genes with differential frequency among glioma samples compared to 

controls and each of these alterations present in certain glioma subtypes and correlate 

with the clinical outcome of patients. To address this hypothesis we performed a SNP 

array analysis to identify CNAs, LOH regions and single nucleotide polymorphisms 

(SNPs) in 60 glioma biopsies. Moreover, we performed several statistical analyses to 

identify their correlation with glioma diagnosis and the clinical outcome of patients. 
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Goal 2: To analyze TDP1 expression at both mRNA and protein levels in glioma 

samples and correlate them with tumor aggressiveness and patient’s survival. The 

relevance of TDP1 in gliomagenesis and prognosis has not yet been studied. Thus, we 

will identify TDP1 relevance in glioma in terms of improving the diagnosis and 

predicting the clinical outcome of patients. 

Hypothesis: TDP1 is overexpressed in malignant glioma tissues compared to 

controls and that TDP1 level correlates with tumor aggressiveness (an increase in 

expression from grade II to grade IV) which thus is associated with poorer survival.  To 

address this hypothesis we analyzed TDP1 protein level by western blot in glioma 

biopsies and compared it to that in control samples. Furthermore, we quantified TDP1 

mRNA expression level in glioma samples and performed survival analyses to identify its 

correlation with the survival of patients. 

Goal 3A: To study in vitro the effect of TDP1 level in determining the response of 

glioma cell lines to anticancer therapy. Several studies suggested the role of TDP1 level 

in affecting the response to various anticancer agents mainly topoisomerase I and II 

poisons. Low or mutated TDP1 resulted in enhanced cytotoxicity of topotecan and 

etoposide while high TDP1 levels yielded opposite results. However, until now, there are 

no studies investigating the effect of TDP1 level on the cytotoxicity of antineoplastic 

agents toward malignant glioma cell lines. 

Hypothesis: Malignant glioma cell lines expressing high TDP1 levels are 

resistant to anticancer therapy compared to those expressing low TDP1 levels. To 

address this hypothesis we utilized U87 and U251 malignant glioma cell lines. U87 and 

U251 cells express very low levels of TDP1, thus we overexpressed the full length TDP1 

gene and we measured the viability of the cells overexpressing TDP1 after treatment with 

topotecan, etoposide, doxorubicin or temozolomide. 

Goal 3B: To assess the effect of TDP1 inhibitors to potentiate/synergize the 

cytotoxicity of topoisomerase-poisons. Since TDP1 has been shown to play a role in the 
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repair of the DNA damage produced by topoisomerase I and II poisons, targeting TDP1 

could be a promising strategy to enhance the cytotoxicity of topoisomerase-poisons via 

inhibiting the repair of the DNA damage produced by these agents. 

Hypothesis: A combinational therapy of topoisomerase-poisons and a TDP1 

inhibitor is associated with a significantly higher cytotoxic effects compared to treatment 

with a topoisomerase-poisons alone. To address our hypothesis, we utilized 

phosphotyrosine mimitics as TDP1 inhibitors that act as false substrates for the enzyme. 

We treated U87 cell lines with topotecan, etoposide or doxorubicin alone or in 

combination with a TDP1 inhibitor. Then we measured tumor-cell viability and 

performed comparison tests for the potentiation effect. 
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Figure 1.12. Chart representation of the thesis objectives. Tyrosyl DNA-
phosphodiesterase 1 (TDP1) relevance in glioma includes the identification of its role 
1- To predict the clinical outcome of patients (prognosis) by showing correlation 
between TDP1 level and the overall survival , 2- To assist in glioma diagnosis by 
showing differential expression levels among glioma subtypes, and 3- To predict the 
response of glioma patients to anticancer therapy (prediction) by showing correlation 
between TDP1 level and the cytotoxicity of DNA-damaging anticancer drugs. 
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CHAPTER II 

TYROSYL DNA-PHOSPHODIESTEARASE I (TDP1): A PROMISING 

PROGNOSTIC FACTOR IN GLIOMA 

2.1. Introduction 

The poor prognosis of malignant glioma is an inevitable truth that has not 

changed since decades despite the advances in the diagnostic tools and the treatment 

strategies including surgery, radio- and chemotherapy. Practitioners rely on the world 

health organization (WHO) classification to predict the patients’ outcomes. This 

classifying system is pathologically related to the respective cell type of origin and 

divides gliomas into astrocytomas, oligodendrogliomas and mixed oligoastrocytomas. 

Further grading into WHO grades I-IV is based on the aggressiveness of the tumor in 

terms of mitosis, necrosis and microvascular proliferation. Although the WHO 

classification is considered the only clinically applied strategy for classifying patients 

into diagnostic and prognostic groups and for the stratification to therapy, it is inadequate 

to explain the variability in the clinical outcome between patients in the same 

pathological group. Even with the application of other clinical prognostic factors such as 

age and Karnofsky Performance Status (KPS), the prognostic variability can be partially 

explained. Multivariate Cox proportional hazards modeling performed by Vitucci et al. 

revealed that a proportion of 20—30% of prognostic variability is not explained by the 

currently adapted clinicopathological prognostic factors {WHO grade, patient’s age, 

KPS, and 1p/19q co-deletion (mainly for oligodendrogliomas)} (113). Therefore, the 

molecular classification and the identification of genetic signatures represent an 

important strategy for the subclassification of gliomas. By shading the light on molecular 

biomarkers and critical cellular pathways that play a role in the tumor growth and 

progression, part of the prognostic variability can be explained. There are two types of 

molecular markers; 1- prognostic, they predict the survival of the patient regardless of 

treatment, and 2- predictive, they predict the response of the patient to a certain therapy. 
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As a consequence, molecular classification advantages are: 1- dividing patients 

into more homogeneous diagnostic groups, 2- providing prognostic information, 3- 

identification of new therapeutic targets and 4- the stratification of patients to treatment 

and individualization of therapy. The latter two are considered the most critical and play 

a vital role in enhancing the response of gliomas to the currently applied anticancer 

treatments, and the development of novel chemotherapeutic agents that can be used alone 

or in combination with other chemical drugs. The advantageous role of molecular 

classification in terms of targeted therapy is evident in different types of cancers. For 

example, in lung adenocarcinoma, epidermal growth factor receptor (EGFR) mutation 

predicted better response to erlotinib (EGFR inhibitor), and proto-oncogene B-Raf 

(BRAF) mutation predicted better response to vemurafenib (BRAF inhibitor) (114).  

In an attempt to address the unequivocal need for more informative categorization 

of glioma, various studies have been conducted with some promising results regarding 

prognostication but not prediction. All of the up to date available molecular markers 

identified in glioma have a prognostic value with controversial results regarding their 

predictive benefits. Abnormalities associated with EGFR (amplification or EGFRvIII) are 

commonly seen in high-grade astrocytomas but rarely in oligodendrogliomas (6,115); 

however targeted therapy toward EGFR failed to show clinical efficacy and did not 

correlate with EGFR status (116). 1p/19q co-deletion is a common feature of 

oligodendrogliomas and has been associated with increased survival and enhanced 

response to the PCV regimen (procarbazine, lomustine and vincristine) (2,5). In a survey 

study by Abrey et al., about half of the practitioners recommend chemotherapy as the 

first-line option rather than ionizing radiation (IR) for anaplastic oligodendrogliomas 

(AODs) harboring the co-deletion (117). O6-methylguanine methyltransferase (MGMT) 

methylation has been found to act as a positive prognostic factor in gliomas and was 

associated in some studies with enhanced response to temozolomide (TMZ) and IR (19). 

Nonetheless there are no definitive answers regarding stratifying patients to PCV or TMZ 
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based on the 1p/19q co-deletion or MGMT methylation statuses. This enlarged the circle 

of molecular classification from being based on a single gene to be dependent on multiple 

genetic signatures. Moreover, clinical targeting of a single gene in glioma was associated 

with negative results, explained by the heterogeneic nature of this aggressive tumor and 

the complexity and redundancy of the cellular pathways. This indicates the necessity of a 

comprehensive examination of multiple genes rather than relying on a single gene 

signature.  

An initial step in understanding glioma is the clarification of the causative or risk 

factors. However, there is little known about the etiology of glioma with exposure to 

large doses of IR or ultraviolet light are the only established risk factors and they account 

only for limited number of cases. An assumptive fact is that cancer is a genetic disease 

and that the accumulation of genetic aberrations results in tumor formation and its 

malignant transformation. The cancer cells can acquire one of two major types of genetic 

alterations/imbalances including: 1- numerical abnormalities (aneuploidy; complete loss 

or gain of a chromosome), and/or 2- structural abnormalities (insertion, deletion, 

translocation, or point mutation). Examples are loss of heterozygosity (LOH) and copy 

number alterations (CNAs; deletions or amplifications). LOH is a common phenomenon 

in glioma and is mainly related to tumor-suppressor genes (TSGs). According to 

Knudson’s two-hit model the first hit is a point mutation resulting in loss of one allele 

and the second hit is usually a deletion resulting in gene silencing. In opposite to 

hereditary cancers where the first hit is inherited, in glioma both mutations are acquired 

(118). 

Single nucleotide polymorphisms (SNPs) are normal variations in a single base of 

the DNA. They are the most common type of DNA variation and their correlation with 

glioma risk has been extensively studied (119-121). CNAs are abnormal gains or losses 

of DNA regions larger than 1 kilobases (1 kb). This type of genetic aberration is believed 

to play a major role in tumorigenesis and transformation. Various CNAs have been 
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identified in glioma such as amplifications in EGFR, alpha-type platelet-derived growth 

factor receptor (PDGFRA), cyclin-dependent kinase 4 (CDK4), mouse double minute 2 

homolog (MDM2), and MDM2-like p53-binding protein (MDM4) or deletions in cyclin-

dependent kinase inhibitor 2A (CDKN2A), phosphatase and tensin homolog (PTEN) and 

neurofibromin 1 (NF1) (122,123). 

Conclusively, cytogenetic analysis techniques are of critical value in providing 

large genomic datasets by applying high-throughput screening in order to be able to 

comprehensively study the tumor samples and thus provide information that can aid in 

the understanding of the etiology of glioma besides the identification of novel molecular 

therapeutic targets. Such techniques include but not limited to fluorescent in situ 

hybridization (FISH), array comparative genomic hybridization (aCGH) and the most 

important is the microarray analysis. 

An example of a study that utilized several high-throughput screening assays and 

helped in the better understanding of glioma is The Cancer Genome Atlas (TCGA). It can 

be considered the biggest ongoing project to characterize the genomic changes that 

accompany cancer thus can enhance the ability to diagnose and treat patients. Through 

this project four high-grade glioma subtypes have been identified: proneural, 

mesenchymal, neural and classic (124-126). Each subtype revealed differential 

expression of certain genes and the first two subtypes have been associated with survival. 

The proneural subtype was associated with better survival compared to the mesenchymal 

one and the latter two (neural and classic) did not show impact on survival but they seem 

to be important for treatment selection (126). 

Besides gene expression profiling and the identification of genetic aberration, 

analyzing protein levels represents another important strategy to identify molecular 

markers. Although genomic analysis provides informative data regarding the molecular 

changes associated with cancer, but it cannot predict protein concentration or activity. 

Since proteins are the final products of genes, different factors beyond the transcriptomic 
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level modulation or genetic alterations are responsible for the tumor growth, progression 

and response to therapy. Examples of small-scale methods that are used for protein 

quantification are immunohistochemistry and western blot, both of which provide rapid 

and accurate results. An evidence of the importance of protein expression analysis is the 

findings regarding MGMT prognostic and predictive value in glioma. Although MGMT 

promoter methylation is associated with gene silencing, a concordance between this 

epigenetic silencing of the gene and MGMT protein level could not be proved (127-129). 

This hindered the MGMT applicability as a predictive biomarker for TMZ therapy in 

glioma. 

Despite the critical role of DNA-repair genes in the tumorigenesis and 

progression of tumors and their response to therapy, there was a limited focus on 

investigating their differential expression or the presence of certain genetic alterations in 

gliomas (121). Most of the studies have focused on studying mainly tumor suppressor 

genes and oncogenes due to their direct relationship with gliomagenesis and proliferation 

(125,130). DNA-repair processes constitute inevitable mechanisms of resistance, 

especially due to the fact that almost all of the approved anticancer agents used in the 

treatment of glioma possess their cytotoxic properties by damaging the DNA. Thus, 

through genome-wide analysis, the multiple DNA-repair pathways and their respective 

genes that are responsible for drug resistance can be identified.  

Several studies tried to explore the correlation between genetic alterations 

associated with DNA-repair genes and the risk of glioma especially aided by the 

availability of the large genomic datasets. For example, there was an attempt to 

investigate the role of SNPs as potential risk factors for glioma. Various studies focused 

on SNPs associated with DNA-repair genes such as MGMT and those involved in 

nonhomologous end joining (NHEJ), nucleotide excision repair (NER), and base excision 

repair (BER) (121,131,132). An interesting finding among many studies is the strong 

correlation between certain SNPs in BER genes and glioma risk, supporting the 
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importance of this DNA-repair pathway in the brain tissue (121,131,133). However, 

being one of the main focuses of one project, investigating all CNAs, SNPs and LOH 

associated with DNA-repair genes was not, up to our knowledge, studied before.   

Moreover, gene expression profiling via microarray technique has been employed 

in different studies to identify the contribution of the DNA-repair genes in the resistance 

of glioma cell lines to various anticancer agents. A study by Otomo et al. analyzed the 

differential expression of 638 genes including both cancer-related and housekeeping 

genes in U87 compared to the more radiosensitive A172 glioblastoma multiforme (GBM) 

cell line post-radiotherapy (134). Of the commonly upregulated genes, those implied in 

DNA-repair such as topoisomerase IIα (TOP-IIα), x-ray repair cross complementing 5 

(XRCC5; codes for Ku80 which plays a role in NHEJ), and Rad52 (plays a role in HR) 

revealed the highest fold differences (higher expression in U87 cell line) (134). Another 

study by Morandi et al., U87 cell lines resistant to camptothecin were developed in order 

to identify genes implicated in the resistance process (135). Among the 1403 genes 

probed, 6 DNA-repair genes were expressed differentially after the development of 

camptothecin resistance. Those genes were XRCC5 (NHEJ gene), Rad50 (NHEJ gene), 

excision repair cross-complementing rodent repair deficiency complementation group 1 

(ERCC1; NER gene), poly ADP-ribose polymerase 2 (PARP2; BER gene) and 

topoisomerase I (TOP-I) (135). 

In an attempt to explore chromosomal abnormalities associated with gliomas 

(including genes involved in several DNA-repair pathways) and their value in providing 

information that may assist in accurate diagnosis, prognosis and prediction of therapy 

choice and response, we have performed microarray analysis for 60 glioma samples using 

SNP Mapping 6.0 array (123). This technique allows genotyping of 1.8 million genetic 

markers including more than 906,600 SNPs and more than 946,000 probes for CNAs 

detection.  
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Furthermore, we investigated a clinically relevant DNA-repair gene that has not 

yet been studied in glioma which is tyrosyl DNA-phosphodiesterase 1 (TDP1). Despite 

its high expression level in normal brain tissue and the previous preclinical studies that 

support targeting the enzyme product of this gene besides the pivotal role of BER process 

in the brain and that TDP1 is a key player in this pathway, there are no studies 

investigating TDP1 role in glioma. Knowledge of the clinical relevance of TDP1 in 

glioma may help providing molecular data for better classification of glioma besides 

addressing some of the resistance issues due to DNA repair. Thus, adding to the portfolio 

of the prognostic/predictive biomarkers of this aggressive tumor. 

The goals of this chapter were: 1- to identify the genetic alterations in major 

DNA-repair genes including TDP1, and 2- to analyze TDP1 expression at both mRNA 

and protein levels in glioma samples and correlate them with tumor aggressiveness and 

patient’s survival. We performed DNA microarray analysis for sixty glioma biopsies and 

we analyzed the TDP1 gene and protein expression levels in 43 samples and compared 

the results to controls. 

This work hypothesizes that genetic alterations are present in the probed DNA-

repair genes and are significantly different in frequency between glioma samples and 

controls. This will aid in identifying new molecular biomarkers in glioma. The work also 

hypothesizes that TDP1 is overexpressed in malignant glioma tissues compared to 

controls and that TDP1 level correlates with tumor aggressiveness (an increase in 

expression from grade II to grade IV) which thus is associated with poorer clinical 

outcome. 

2.2. Materials and methods 

2.2.1. Study population 

Glioma and non-neoplastic brain tissue specimens were harvested at the 

University of Iowa Department Of Neurosurgery according to institutional review board 
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(IRB) regulations and guidelines (IRB#200707727). Biopsies were snapped frozen within 

1 to 2 hours following surgery. Patients had not received chemotherapy or radiotherapy 

prior to surgery. After surgery, 72% of patients received IR, 50% received TMZ. 

Alternative therapies including bevacizumab, PCV, procarbazine, lomustine (CCNU), 

vincristine, thiotepa, cisplatin, carboplatin and etoposide were also used in minority of 

the patients. 

 

 

 

Table 2.1. Study Population Demographics & 
clinicopathological properties. 
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Histology, diagnosis, pathology, predictive clinical, fluorescence in situ 

hybridization (FISH), and outcome data were recorded. About half of the patients 

experienced tumor progression and recurrence. Analyses were performed for a total of 60 

glioma biopsies (Table 2.1) which included 11 low-grade {5 diffuse astrocytomas 

(ACGs) & 6 oligodendrogliomas (ODGs); WHO grade II} and 49 high-grade (malignant) 

gliomas {13 anaplastic astrocytomas (AACs) & 7 anaplastic oligodendrogliomas 

(AODs); WHO grade III & 29 GBM; WHO grade IV}. Almost all of the patients were 

Caucasians with a male to female ratio of 1:1 and a median age at time of diagnosis of 51 

years. For CNA confirmations, 5 ml blood samples for DNA extraction were collected 

for 24 patients and used as controls. Of the 60, a total of 43 biopsies (4 ACG, 3 ODG, 8 

AAC, 7 AOD & 21 GBM) were analyzed for TDP1 mRNA and protein expression levels. 

4 non-neoplastic brain tissues obtained from patients with gliosis were used as controls. 

2.2.2. DNA extraction 

Genomic DNA was isolated from the samples with DNAeasy genomic DNA 

purification kit (Qiagen, Germany). Briefly, about 25 mg of the tissues was cut, crushed 

and then lysed with proteinase K (for protein breakdown), ATL buffer (for tissue lysis) 

followed by AL buffer (for cells lysis). Ethanol was added to precipitate DNA. The 

previous mixture was then pipetted into DNeasy mini spin columns and centrifuged at 

8000 rpm (≥6000 g). The DNA was bound to the DNeasy membrane while the 

contaminants passed through and accumulated in the collection tube. The DNA was then 

washed with two types of buffers, AW1 and AW2 both of which acted to remove any 

non-specific inhibitors and salts bound to the DNeasy filter. Finally, the DNA was eluted 

using the AE buffer. Integrity and quality of the extracted DNA was assessed by gel 

electrophoresis on a 1% agarose gel in 1x TBE buffer prior to use. The DNA bands were 

stained with ethidium bromide which fluoresces when intercalates with DNA and the 

fluorescence was visualized via UV-light. The DNA was quantified using Nanodrop 2000 
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spectrophotometer (ThermoScientific, Huntsville, AL) in ng/µl units. This technique 

measures absorbance at 260 nm and a conversion factor of 50 per one unit of absorbance 

is used and represents an estimated concentration of 50 µg/µl. 

2.2.3. High-throughput SNP array screening 

Genomic DNA from the 60 selected human gliomas and the control samples were 

Genotyped by the Affymetrix GeneChipR Human SNP Mapping 6.0 array according to 

the manufacturer’s protocol (Affymetrix, Santa Clara, CA).  This microarray allows 

genotyping of >1.8 million genetic markers including > 906,600 SNPs and > 946,000 

probes for the detection of copy number variation with median inter-marker distance of 

around 1 kb. 

The Genome-Wide Human SNP Nsp/Sty Assay Kit 6.0 was used to amplify the 

digested DNA fragments. Briefly, 250 ng of DNA was digested using either StyI or NspI 

(New England Biolabs, Ipswich, MA). The cohesive four-base pairs overhangs of the 

DNA fragments formed were ligated to StyI or NspI adaptors using T4 DNA ligase (New 

England Biolabs) regardless of the fragment size. This was used as a template in PCR 

amplification using Titanium Taq (Clontech, Mountainview, CA) and a single primer 

complementary to the adaptor sequence. After purification from excess primers and salts 

with column filtration, PCR products were fragmented using DNase I and a sample of the 

fragmented product was visualized in a 4% agarose gel to confirm that the average 

fragment size was about 200 bp. Subsequently and before hybridizing each sample to the 

Human Genome wide 6.0 SNP arrays, the DNA fragments were end-labeled with biotin 

using terminal deoxynucleotidyl transferase.  

The Human Genome wide 6.0 SNP arrays were hybridized for 16 h at 50°C. 

Then, the arrays were washed and stained using Affymetrix Fluidics Station 450 and R-

phycoerythrin (Life technologies, Carlsbad, CA) respectively. Raw microarray data were 

produced using a GCS3000 high-resolution scanner. The Affymetrix Gene Chip 
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Operating Software (GCOS v1.4) was used to process and analyze the raw fluorescence 

data. 

2.2.4. Data analysis 

Partek Genomic Suite (PartekGS) software (Partek, St. Louis, MO) and Nexus 

(BD Biosystems, El Segundo, CA) were used for the analysis and the determination of 

copy number abnormalities and for the identification of LOH status. For tumor samples 

without a corresponding blood DNA, 270 normal HapMap samples (www.HapMap.org) 

for PartekGS and NCBI built 36.1 for Nexus were used as a reference to create baseline 

files for DNA copy number estimates. 

Data were normalized using a Hidden Markov Model (compares to unpaired 

samples). Deletions and amplifications were detected by genomic segmentation algorithm 

of the PartekGS. Comparisons were generated using blood samples (24 samples) for 

baseline and pairwise comparisons between paired blood and tumor samples. 

2.2.5. RT-PCR and real-time q-PCR 

RNA was isolated from frozen glioma biopsies using TRIzol (Life Technologies, 

Carsland, CA). The samples were lysed using 1 ml trizol, followed by pipetting up and 

down several times for complete homogenization. 200 µl chloroform was then added 

followed by centrifugation at 12,000 g for 15 min at 4oC for phase separation (upper 

aqueous phase carrying RNA, middle phase carrying the DNA, and a lower organic phase 

carrying the proteins). 400 µl of the aqueous phase was pipetted in another tube and 

mixed with 500 µl isopropanol, followed by incubation for 10 min at room temperature 

and then centrifugation at 12,000 g for 10 min at 4oC for precipitation of the RNA. The 

RNA pellet was washed with 200 µl 70% ethanol and then centrifuged at 7500 g for 5 

min at 4oC. The liquid was pipetted out and then the RNA pellet allowed to dry at room 

temperature for 2-3 min. RNA integrity and quality was assessed on a 1% agarose gel, 

and quantified by spectrometry at 260 nm/280 nm and Nanodrop method (Thermo 

http://www.hapmap.org/
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Scientific). The RNA was quantified using Nanodrop 2000 spectrophotometer 

(ThermoScientific, Huntsville, AL) in ng/µl units. This technique measures absorbance at 

260 nm and a conversion factor of 40 per one unit of absorbance is used and represents 

an estimated concentration of 40 µg/µl. 

For cDNA synthesis, oligo(dT)-primed reverse transcriptase of 5 µg total RNA 

was done using SuperScript III reverse transcriptase (Invitrogen, Carsland, CA). 5 µg of 

each RNA was mixed with 1 µl of 50 µM OligodT. The mixtures were heated at 65oC for 

7 min followed by an incubation on ice for 2 min. MasterMix consisting of the following 

components was then added to each tube: 4 µl 5x first-strand buffer, 1 µl 0.1 DTT, 2 µl 

of 10 mM dNTP mix (10 mM each dATP, dGTP, dCTP, dTTP in DNase/RNase ultrapure 

water) and 0.25 µl Superscript III enzyme. The volume was completed to a total of 20 µl 

with DNase/RNase ultrapure water. The mixture was then incubated at 50oC for 90 min 

followed by an inactivation step at 70oC for 15 min. The quality of the resulted cDNA 

was assessed in 1% agarose gel.  

For RT-PCR or real-time PCR purposes, the resulting single stranded cDNA was 

amplified at the appropriate number of cycles. The primers used are listed in Table 2.2. 

GAPDH was used as the housekeeping gene for data normalization. RT-PCR products 

were visualized in 2% agarose gel. Quantitative real-time PCRs were performed on an 

ABI StepOne machine (Applied Biosystems, Foster City, CA). 

2.2.6. TDP1 sequencing 

Genotyping for TDP1 cDNA, promoter, and the splice variants was performed. 

The amplification of the full length TDP1 was performed using Expand Long Template 

PCR system (Roche Diagnostics, Indianapolis, IN). The primers used for the 

amplification covers the region from 5′ and 3′ UTRs (Table 2.3) and were designed using 

Primer3 program. High-throughput sequencing of PCR-amplified gene products was 

performed using 8 internal sequencing primers covering different regions of TDP1 gene 
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(Table 2.3), at the University of Iowa DNA Core Facility using a BigDye Terminator 

v3.1 Cycle sequencing kit (Applied Biosystems, Foster City, CA) and ABI 3730x1 DNA 

analyzer (Applied Biosystems, Foster City, CA). DNA Baser v2 programs was used to 

align and assemble the sequences. 

 

 

 

Table 2.2. Primers used in reverse-transcription PCR and real-time PCR reactions 
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Table 2.3. List of primers used in human Tyrosyl DNA-Phosphodiesterase 1 
(hTDP1) full length cDNA amplification and sequencing 

 
 

 

 

2.2.7. Western blot analysis 

Total proteins were extracted from 20 frozen glioma biopsies aliquots and 4 non-

neoplastic brain tissues control. The protein concentrations were measured using 

Bradford protein assay (Bio-Rad, Hercules, CA). This technique is a colorimetric assay 

that is based on the conversion in color of the Coomassie blue G-250 dye in Bradford 

reagent from red-brown before reacting with proteins (acidic condition) to blue color 

after reacting with protein, thus the absorbance maximum is shifted. The experiment was 

performed as following, Bradford reagent was diluted 5x with DNase/RNase ultrapure 

water. 100 µl of the diluted Bradford was mixed with 1 or 2 µl of the protein 

homogenate. Bovine Serum Albumin (BSA) was used as the standard at concentrations 1, 
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2, 5, 10, and 20 µg/µl. The absorbance measurements were determined at 595 nm using 

Spectramax Plus384 spectrophotometer (Molecular Devices, San Francisco, CA, USA).  

An aliquot corresponding to 25 μg from each of the human tissue extracts were 

loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). The gel 

electrophoresis was run overnight at 8 mA current. The proteins were then transferred to 

a 0.45 µM nitrocellulose membrane (Bio-Rad, Hercules, CA) at 300 mA current for 8 

hours. Successful protein transfer was checked with Ponceau S stain (Fisher Scientific, 

Pittsburgh, PA). The membrane was blocked with 10% fat-free milk overnight at 4oC. 

Then it was incubated with a 1:200-fold dilution in TBS-T buffer of polyclonal rabbit 

antibody against human TDP1 (H-300, Santa Cruz Biotechnology, Santa Cruz, CA) at 

room temperature for 3 hours. The housekeeping gene human GAPDH was used as the 

loading control.  

The membrane was incubated with 1:50,000-fold dilution in TBS-T buffer of 

monoclonal mouse antibody against GAPDH (Abcam, Inc., Cambridge, MA) for 2 hours 

at room temperature. After the incubation with primary antibodies, the blots were 

incubated with secondary antibodies (anti-rabbit IgG for TDP1 or anti-mouse IgG for 

GAPDH) at 1:5000-fold dilution in 10% fat-free milk for 90 min. at room temperature. 

The blots were visualized using peroxidase substrate system (ECL Western blotting 

detection reagents, Amersham Biosciences, Salt Lake City, UT). Image Studio Lite 

software (LI-COR biosciences, Lincoln, NE) was used to quantify TDP1 and GAPDH 

protein expression levels. 

2.2.8. Statistical analysis 

Survival analysis was performed using Kaplan-Meier method and the differences 

between survival curves were assessed with log-rank test. Pearson and Spearman 

correlation tests were used for correlation analyses. Significant correlation between 

genetic alteration and different diagnoses was tested using Chi-square test. Two-tailed 
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student’s t-test with unequal variances was used for the analysis of protein quantification 

and data normalization was performed in excel. Likelihood-ratio test was used for 

comparing the two survival groups of glioma patients. Statistical significance was 

considered as p<0.05. Statistical analyses were performed using PartekGS software 

(Partek, St. Louis, MO), R-project and SAS 9.3.  

 2.3. Results 

2.3.1. Clinical data 

The study population consisted of 5 ACGs, 13 AACs, 29 GBMs, 6 ODGs and 7 

AODs. To identify clinical factors that correlated with the final outcome of the patients, 

Kaplan-Meier survival analysis was conducted. The patients’ clinical outcome correlated 

significantly with the WHO diagnosis and grade (p = 0.0376; Log-rank test, Figure 

2.1.A) with the median survival times for patients with ACG, AAC, GBM, ODG and 

AOD were 180, 84, 18, 71, and 29 months respectively. 

Moreover, the survival of patients also correlated with their age (cut-off value= 51 

years; p = 0.0016, Log-rank test, Figure 2.1.B). The median survival for patients ≤51 

years was about 5.5 times higher than that for patients >51 years (71 months vs. 13 

months). 

2.3.2. DNA extraction 

Several factors affect the quality of the DNA extracted from patients’ biopsies. 

Examples include: the pathological condition of the tumor sample, specimen type, 

preexcision hypoxia, storage conditions, preservation method, and multiple freezing and 

thawing of the specimens. For instance, tissue necrosis is associated with damage and 

degradation of the DNA thus hindering the usefulness of the DNA extracted from these 

tumor samples. Thus, we needed to extract the DNA from hundreds of biopsies in order 

to obtain the 60 DNA samples of good quality and quantity to be used for further 
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analyses in this project. A good quality DNA is represented by a single band at the top of 

the agarose gel (Figure 2.2.A, B; thick arrows & C) which corresponds to about 3200 

mega basepairs. DNA degradation occurs due to the mentioned factors and the 

contamination of the samples with DNase enzyme. A degraded DNA appears as a smear 

which represents DNA fragmentation into 100-200 basepairs (Figure 2.2.A & B; thin 

arrows), or as a single band at the lower part of the gel which represents a full 

degradation of the DNA (accumulation of the 150 bp DNA segments, Figure 2.2.A & B; 

dashed arrows). 

 

 

 

 

Figure 2.1. Kaplan-Meier estimates of probability of survival stratified according 
to diagnosis or age. (A), WHO diagnosis and grade {1=ACG (diffuse astrocytoma, 
grade II), 2=AAC (anaplastic astrocytoma, grade III), 3=GBM (glioblastoma 
multiforme, grade IV), 4=ODG (oligodendroglioma, grade II), & 5=AOD (anaplastic 
oligodendroglioma, grade III)}. (B), Age (cut-off value = 51 years). Log-rank test was 
used to measure significant difference between curves. 
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Figure 2.2. Example of three sets of DNA samples extracted from glioma biopsies. 
DNA was extracted from glioma biopsies using Qiagen DNeasy kit. Quality of the 
DNA was detected in 1% agarose gel. (A) & (B) represent a mixture of good quality 
DNA which appears as a single band at the top (thick arrows), and degraded DNA 
which appears as a smear (thin arrows) or as a single band at the bottom (dashed 
arrows). (C) DNA extracted from all samples was of good quality (single band at the 
top). 

 

 

 

2.3.3. RNA extraction 

Tumor specimen collection, handling, processing and storage conditions 

significantly affect the quality of the RNA extracted from glioma biopsies. Thus the 

isolation of RNA from several hundreds of samples was needed in order to obtain the 35 

RNA samples with a good quality and enough quantity for further experiments. In an 

intact RNA, the two ribosomal RNA (rRNA) bands 18S (lower 2kb band) and a twice 

more intense 28S (upper 5kb band) appear on the agarose gel. Partial degradation of 

RNA appears as a smeared band, less intense 18S and 28S bands, more intense 18S band, 

or equally intense18S and 28S bands. Completely degraded RNA appears as a smear of 

very low molecular weight. Figure 2.3.A shows a subset of RNA samples that have been 
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extracted from patients’ biopsies and it reveals a mixture of intact (e.g. lane 8), partially 

degraded (e.g. lane 11), and completely degraded (e.g. lane 2) RNA. RNA quality 

determination and quantification was also performed using Nanodrop 2000 

spectrophotometer (ThermoScientific, Huntsville, AL). This technique measures the 

absorbance at 230, 260, and 280 nm and provides A260/A280 and A260/A230 ratios. For 

a good quality and non-contaminated RNA, the ratios fall in the range of 1.8-2.0. A 

ladder consisting of RNA fragments which are evenly spaced, is used for size estimation 

of the single-stranded RNA (Figure 2.3.B). For a high quality RNA, the typical profile is 

shown in Figure 2.3.C, where there are two high peaks for 28S rRNA and 18S rRNA. 

However, the quality of the RNA can be limited by the previously mentioned factors 

resulting in partial or complete degradation of the RNA (Figure 2.3.D & E, 

respectively). 

2.3.4. Identifying copy number alterations (CNAs) in several DNA-

repair genes 

To identify CNAs occurring during gliomagenesis, microarray analysis of the 

DNA extracted from glioma samples was performed. Due to the fact of genetic 

heterogeneity of glioma, high-throughput screening provides wide genetic dataset that 

can assist in the diagnosis and the identification of molecular markers that are important 

for treatment selection and thus individualization of therapy.   

Since only 24 of the glioma samples, blood DNAs were available, HapMap 

samples and NCBI built 36.1 data were used as controls. The validity of the latter two as 

controls was confirmed by comparison analyses that revealed similar sensitivity 

compared to the pairwise comparison performed for the 24 glioma samples with 

corresponding blood DNA. Due to probing a huge number of markers or genes, the 

possibility of false-positive results cannot be denied. To resolve this issue, multiple 

algorithms for statistical analyses (Partek and Nexus) were used. Stringency of the 
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analyses was determined if well-known CNAs that have been detected using FISH, were 

also identified using these algorithms. 

 

 

 

 

Figure 2.3. RNA quality and quantity detected and measured by (A) gel 
electrophoresis and (B-E) Nanodrop method. (A) 2 µl of RNA was loaded in 1% 
agarose gel. Lanes 6, 8, 9, 10 represent an intact RNA, 5 & 12 represent partially 
degraded RNA; and 1-4, 7 & 11 represent completely degraded RNA. (B) RNA 6000 
Nano Ladder, contains 6 RNA fragments with sizes range from 0.2 to 6 kb (0.2 kb, 
0.5 kb, 1.0 kb, 2.0 kb, 4.0 kb, and 6.0 kb) at a concentration of 150 ng/µl. (C) good 
RNA, two high peaks for 18S and 28S ribosomal RNA. (D) RNA is partially 
degraded. (E) RNA is completely degraded. 

 

 

 

The analyses revealed >4000 CNAs (p < 0.0001, ANOVA test) involving several 

genes of the entire genome (Figure 2.4). They included focal CNAs ranging in size from 
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100 bp to large chunk of chromosomes. The average frequency of the identified CNAs 

was higher in high-grade gliomas (AAC, AOD & GBM). These CNAs included complete 

deletions of the short arm of chromosome (Chr.) 1p and/or the long arm of Chr. 19, or 

partial loss of the short arm of Chr. 9 (9p11-9pter). Also a complete gain of Chr. 7 and a 

partial gain of the long arm of Chr. 9 (9q21-9qter) were also identified. Complete or 

partial loss or gain of chromosomes 10, 13, 14, and 22 were also evident.  

 

 

 

 

Figure 2.4. Graphical representation of major chromosomal abnormalities 
detected in the glioma study population (p < 0.0001). Blue color represent copy-
number losses and red color represent copy-number gains identified by SNP array.  
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Chi-square statistical analysis to identify the correlation between the presence of 

certain CNAs of the major CNAs found and the glioma diagnosis was performed. It 

revealed that certain CNAs in chromosomes 1, 7, 9, 10, 19 & 20 present in some glioma 

types but not the others and also revealed differential frequency among them (Figure 

2.5).  

 

 

 

 

Figure 2.5. Frequency of major CNAs in chromosomes 1, 7, 9, 10, 19 & 20 in the five 
glioma diagnoses. The most statistically significant CNAs per glioma subtype was 
determined using chi-square test. ACG = Diffuse astrocytoma grade II, AAC = Anaplastic 
astrocytoma grade III, GBM = Glioblastoma multiforme grade IV, ODG = 
Oligodendroglioma grade II, & AOD = Anaplastic oligodendroglioma grade III.  
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Consistent with previous studies, Chr. 1p/19q co-deletion was more evident in 

oligodendroglioma than astrocytoma (61%, p= 0.026 vs. 17%, p= 0.0048; Pearson test, 

Figure 2.5). Dividing patients of grades II and III based on Chr. 1p/19q co-deletion status 

correlated significantly with their survival and was a better predictor compared to the 

pathological category (p = 0.0025, Log-rank test, Figure 2.6). Hence, indicating the 

important role of molecular classification in glioma diagnosis and prognostication. 

 

 

 

 

Figure 2.6. Kaplan-Meier survival estimates of probability of 
survival according to chromosomes (Chr.) 1 & 19 statuses. 
Patients were stratified based on Chr. 1p/19q co-deletion status. 
Log-rank test was used to measure significant difference between 
survival curves. 
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More than 2% of the focal CNAs identified involved various genes of the DNA 

damage response (DDR) such as ATR and ATRIP and different DNA-repair pathways 

including BER, NER, MMR, HR and NHEJ (p<0.0001, ANOVA test; Table A.1). The 

CNAs sizes extended from few thousands of base pairs to a complete loss or gain of a 

chromosome. The frequency ranged from 2-40% with the highest mean percentage 

corresponded to those involved in the NER (mainly ERCC1). CNAs in BER genes 

included CNA gain of one allele in PARP1, PARP3, PNKP, XRCC1 and TDP1 in 

frequencies 2, 4, 10, 10 and 8% respectively; and CNA loss of one copy in APE1, 

PARP2, PNKP and XRCC1 in frequencies 6, 6, 14, and 16% respectively. A 

representative picture of CNAs associated with Chr. 14 which hosts TDP1, our gene of 

interest at 14q32.11 position is shown in Figure 2.7.  

 

 

 

 

Figure 2.7. Representative picture of copy number alterations 
observed in chromosome 14 in a glioma sample. Red indicates 
gain events and blue indicates loss events.  
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CNAs affecting NER genes included: CNA gain of at least one copy of ERCC1 

(20%), ERCC2 (10%) and ERCC8 (18%) and CNA loss in ERCC1 (40%), ERCC2 

(20%), ERCC5 (8%), ERCC6 (20%) and ERCC8 (6%). Chromosomal regions containing 

MMR genes were also affected. CNAs in MLH1, MLH3, MSH2, MSH3, MSH4, PMS1, 

and PMS2 were evident in less than 16% of glioma specimens. DSB repair genes affected 

by the CNAs included BRCA2, LIG4, XRCC2, 3, 4, 6, RAD50, MRE11A (part of the 

MRN complex) and ERCC4.  

Amplification of TOP enzymes including TOP I, mtTOP I, TOP2β, TOP3α and TOP3β 

was also evident with a CNA gain of one or two copies. 

2.3.5. Correlation between CNAs and gene transcription levels 

It is conceivable that copy number alterations associated with loss events will 

result in concordant reduction in gene transcription while gain events will be associated 

with an upregulation of the affected genes. Thus, to validate our SNP array data and to 

confirm the concordance between some of the major identified CNA involving genes 

with a well-known role in glioma and their gene transcript level, RT-PCR analysis was 

performed for EGFR, EGFRvIII and MGMT. As shown in the figure below, in the 

majority of the samples that showed Chr.7 gain, there were an amplification of EGFR and 

few of the samples showed expression of EGFRvIII (Figure 2.8.A). All of the 7 glioma 

samples that have shown loss of Chr.10, MGMT transcripts were absent. However, few 

tumors with intact Chr.10 have no MGMT which is explained by the promoter 

methylation that results in gene silencing (Figure 2.8.B). Chr.7 gain and Chr.10 loss 

events were more evident in astrocytoma lineage (Figure 2.5). 
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Figure 2.8. RT-PCR analysis for EGFR, EGFRvIII, and MGMT gene 
expressions. Chr. = chromosome. EGFR, EGFRvIII and MGMT transcript 
levels are dependent on Chr.7 and Chr.10 statuses. GAPDH serves as a 
housekeeping gene for loading control. (A), Concordance between Chr.7 
gain and amplification of EGFR and the expression of EGFRvIII was seen. 
(B), Concordance between Chr.10 loss and absent MGMT transcripts was 
evident.  

 

 

 

2.3.6. LOH analysis 

The identification of large chromosomal abnormalities indicates that DNA-repair 

pathways are severely altered. DNA-repair genes especially MMR genes can be 

considered as a unique subtype of TSGs since they maintain the genetic integrity of the 

cells and thus prevent carcinogenesis by preventing mutations in oncogenes and TSGs. 

Consequently, the identification of LOH can shed the light on important DNA-repair 

genes that are critical for gliomagenesis and transformation. SNP array compared to other 

genotyping methods allows for the detection of several types of genetic alterations (allelic 
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imbalances, CNAs, and homozygous deletions) and without the need for matching 

control samples (136). This program uses Hidden Markov Model to identify LOH from 

tumor samples with unpaired normal specimens by considering SNP intermarker 

distances, genotyping error rate, SNP-specific heterozygosity rates, and the haplotype 

structure of the human genome (137). Several LOH regions in various chromosomal 

regions carrying different DDR genes and DNA-repair genes has been revealed. They 

included TP53 and ATM, and DNA DSB repair genes BRCA1 (HR; in 27 tumors) and 

XRCC5 (NHEJ; in 33 tumors), MMR genes (MSH2, 5, 6), NER genes (ERCC1, 2, 3, 5, 6 

and 8), BER genes (LIG3 and POLβ), TOP IIα, and TDP1 (in 30 tumors). The most 

statistically significant were those involving POLβ (8p11.21) and TDP1 (14q32.11) 

(Table A.1). 

2.3.7. SNPs in TDP1 gene 

To identify SNPs associated with TDP1 gene and to confirm the specificity of our 

SNP array analysis, genotyping was performed using DNA sequencing. SNPs are the 

most common type of genetic variation affecting single nucleotides and they represent 

plausible candidates that may correlate with the glioma grade or the clinical outcome of 

the patients. Most of the SNPs occur in the non-coding regions (introns, 3’-UTR or 5’-

UTR) of the DNA rather than the coding region (exons). . Representative cycle 

sequencing graphs for four SNPs are shown in Figure 2.9. As shown in Table 2.4, a total 

of 12 SNPs have been identified; 1 intronic, 4 in the 3’-UTR of the gene and 7 in the 

coding region, 6 of them were synonymous (code for the same amino acid) and 1 

nonsynonymous. SNP10 and SNP11 have not been mentioned in the NCBI website. 

SNP9 (nonsynonymous: missense) results in Ala133Thr. This mutation was analyzed in 

SIFT (Sorting Intolerant From Tolerant) software (J. Craig Venter Institute) to identify its 

effect on TDP1 enzymatic activity and it showed that it is tolerated (does not affect 
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protein activity). Statistical analyses to analyze the correlation between the SNPs and the 

diagnosis or the clinical outcome of glioma patients showed insignificant results.  

 

 

 

 

Figure 2.9. Representative chromatograms of sequence traces of four mutations in 
the coding region of TDP1 transcripts from glioma patients’ biopsies. DNA Baser v2 
software was used for sequence assembly and alignment. The reference sequence 
NM_018319 was used as a template. 
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Table 2.4. Information about 11 genotyped SNPs of TDP1. 

 
 

 

 

2.3.8. Quantitative analysis of TDP1 gene expression in gliomas 

In an attempt to identify the prognostic significance of TDP1 in glioma, real-time 

quantitative PCR was performed for the RNA extracted from glioma biopsies and TDP1 

transcript levels were correlated with patients’ survival using Kaplan-Meier survival 

analysis. A strong correlation between TDP1 gene expression level in 35 glioma biopsies 

(4 ACG, 6 AAC, 18 GBM, 3 ODG, and 4 AOD) and the overall survival of patients was 

revealed. 
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The patients were classified into two groups based on their expression of TDP1 

(cut-off value = median TDP1-level = 852.66) and they were stratified based on the 

glioma lineage (astrocytoma vs. oligodendroglioma) to ensure that the obtained 

significant effect of TDP1 level on survival is not due to lineage difference. The data 

indicated that patients expressing TDP1 levels lower than the median had three times 

better survival compared to those with TDP1 levels higher than the median (median 

survival 41 vs. 11.5 months, p = 0.006; Log-rank test) (Figure 2.10). This suggests that 

TDP1 acts as a negative prognostic biomarker in glioma. 

 

 

 

 

Figure 2.10. Kaplan-Meier estimates of probability of survival 
stratified according to TDP1 mRNA expression levels in 35 glioma 
biopsies of 3 ODG (oligodendroglioma, grade II), 4 AOD (anaplastic 
oligodendroglioma, grade III), 4 ACG (diffuse astrocytoma, grade II), 6 
AAC (anaplastic astrocytoma, grade III) and 18 GBM (glioblastoma 
multiforme, grade IV) diagnoses. Log-rank test was used to calculate 
difference between survival curves. p < 0.05 was considered as significant. 
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Moreover, by dividing the patients into two survival groups based on the median 

survival of the whole group (cut-off value = 24 months), patients with less than 24 

months survival (~52%) expressed higher TDP1 levels (p-value = 0.0085, Likelihood 

ratio test) (Figure 2.11). Thus again confirming the negative prognostic value of TDP1 in 

glioma. 

 

 

 

 

Figure 2.11. The correlation between TDP1 level and the survival 
of patients. Patients were divided into two groups based on their 
median survival (cut-off value = 24 months). Significant difference 
between the two groups was calculated using likelihood-ratio test. p < 
0.05 was considered as significant. 
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2.3.9. Protein expression analysis of TDP1 in gliomas 

To validate TDP1 as a diagnostic biomarker in glioma, we sought to identify the 

correlation between TDP1 protein expression level and glioma aggressiveness using 

western blot analysis. First of all, to ensure loading equal amounts of proteins, Bradford 

assay was used to measure protein concentration. BSA at concentrations 1, 2, 5, 10, and 

20 µg/µl was used to create the standard curve and the best linear fit with an R2 value of 

>0.98 was used for further calculation of protein concentrations in glioma tissue extracts 

(Figure 2.12). 

 

 

 

 

Figure 2.12. Bradford assay calibration curve for Bovine Serum 
Albumin (BSA) standard solutions. Absorbance values at 595 nm for 
five different concentrations of BSA were plotted and the best fit line was 
calculated in excel. The linear equation (x = protein concentration, y = 
absorbance value) was used to calculate the concentrations of the proteins 
in tissue homogenates.     
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25 µg of protein was loaded into SDS-PAGE gel for protein separation via 

western blot analysis. Protein bands localization and confirmation of protein transfer 

from gel to nitrocellulose membrane was performed using Ponceau red staining as shown 

in Figure 2.13. Western blot technique represents a rapid and accurate way for the 

exploration of differential protein expression among different samples. Using a specific 

antibody targeting TDP1 protein, TDP1 was visualized and its differential expression 

among glioma samples was identified and compared to that in non-neoplastic brain 

tissues. 

 

 

 

 

Figure 2.13. Relative protein band intensity using 
reversible Ponceau red staining.  
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Corresponding healthy brain tissue from the same patients could not be harvested, 

thus biopsies from patients with gliosis (brain inflammation) were obtained. Compared to 

the control brain tissues, TDP1 protein was overexpressed in high-grade gliomas 

consisting of AOD and GBM (Figure 2.14.A). Moreover, in astrocytoma lineage the 

increase in TDP1 level correlated with the tumor aggressiveness with an ascending 

increase in expression level from grade II (ACG) to grade IV (GBM) samples which 

revealed to possess the highest TDP1 protein levels (Figure 2.14.B). 

 

 

 

 

Figure 2.14. Expression of TDP1 protein in 24 samples of human non-tumor 
brain and glioma tissues using western blot analysis. (A), TDP1 protein expression 
in malignant glioma (3 AOD and 4 GBM) compared to non-tumor tissues. (B), TDP1 
protein expression and correlation with the clinical grade of astrocytoma. (C) & (D), 
Graphical representation of the TDP1 protein expression profiles in (A) & (B) 
respectively. GAPDH was used as the loading control. 
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For validation of the results and to obtain quantitative data, the blots were 

analyzed using Image Studio Lite software. TDP1 signal measurements were normalized 

to corresponding GAPDH values. Then we compared the ratios between 4 non-tumor, 3 

AOD and the 10 GBM (Figure 2.14.C) or between the astrocytoma samples (Figure 

2.14.D). TDP1 expression in AOD and GBM differed significantly from that in non-

tumor samples. Average TDP1 protein in AOD and GBM samples was about 2.5x and 2x 

higher than that in non-tumor samples respectively (p = 0.03 & 0.008 respectively; 

student’s t-test), indicating that TDP1 is upregulated in malignant glioma. Although not 

statistically significant due to small sample size, the average TDP1 protein level in AAC 

samples was about 14x higher than that in ACG samples (p = 0.07; student’s t-test). 

Moreover, compared to ACG and AAC, GBM samples expressed the highest TDP1 

levels (~ 31x higher than in ACG; p = 0.027 & ~ 2x higher than in AAC; p < 0.001 

respectively, student’s t-test). 

2.4. Discussion 

The inadequacy of the currently applied WHO classification system of glioma, 

which is based on the histopathological features of the tumor, to explain the wide 

variability in the patients’ clinical outcome urged the need for better classification 

strategies. The high genetic heterogeneity of glioma directed researchers, neurologists, 

and pathologists to focus on molecular analysis as a tool for better categorization of 

glioma patients. Through the identification of novel prognostic biomarkers patients can 

be clustered thus providing more accurate diagnosis which is important for treatment 

selection.  

Different cytogenetic techniques have been developed for genome-wide analysis 

purposes such as aCGH, FISH and the most recent microarray analysis. SNP array is one 

type of the latter that allows concurrent detection of CNAs, SNPs and LOH (138-141). 

Although expensive, SNP array is considered the most accurate and reliable compared to 
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aCGH and FISH. Using this technique we were able to identify different types of CNAs 

and allelic imbalances among glioma subtypes. Some of these genetic alterations showed 

significant correlation with glioma grade and clinical outcome of patients. Thus, 

revealing the importance of this technique in providing unbiased information that can aid 

in the diagnosis and prognosis of glioma.  

Our data showed that some chromosomal abnormalities cluster with each other. 

For example, Chr. 7 gain coexisted with Chr. 10 and Chr. 9p losses while the presence of 

Chr. 1p and/or 19q losses was associated with no alteration in Chr. 7 or Chr. 9p. 

Moreover, some of the CNAs identified correlated with the patients’ survival. For 

instance and consistent with previous studies, Chr. 1p/19q co-deletion associated with 

better prognosis. There was also a trend of poorer prognosis when Chr. 7 was amplified. 

These findings suggest the usefulness of molecular analysis for providing a better 

classification system of glioma that can cluster patients into diagnostic groups besides its 

applicability to provide prognostication information. Moreover, these molecular changes 

may represent novel therapeutic targets.  

The huge number of chromosomal abnormalities identified in this study reveals 

that the DNA-repair pathways are significantly altered. Moreover, resistance to therapy 

plays an important role in the poor prognosis and focusing on DNA-repair mechanisms is 

a clinically relevant option since most of the chemotherapeutic agents used in the 

malignant glioma treatment have DNA-damaging properties. Furthermore, most of the 

studies have shown an inverse correlation between DNA-repair capacity and response to 

therapy in malignant gliomas (59). Of the major chromosomal imbalances that we 

identified, many of them involve genes that control the DNA-repair pathways either 

directly or indirectly. For example, Chr. 10 loss was associated with low or absent 

MGMT expression. MGMT as discussed in the previous chapter is important for the 

repair of the O6-meG DNA lesions produced by TMZ. Thus low or absent MGMT is 

expected to be associated with enhanced response to TMZ (142). Also Chr. 7 gain 
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resulted in the amplification of EGFR and EGFRvIII in some samples which as discussed 

in the previous chapter affect the response to IR through the activation of the NHEJ 

process thus mediating radioresistance (44).  

With the focus on DNA-repair genes as potential prognostic or predictive 

biomarkers in glioma, various CNA losses and gains in several DNA-repair genes of 

different pathways including: BER, NER, MMR and DSB repair were recognized in this 

work. Compared to control samples, glioma biopsies revealed more frequency of CNAs 

in DNA-repair and repair-related genes evidencing their prognostic significance. Hence, 

studying gene expression profiles and genetic alterations associated with DNA-repair 

genes is an important tool for the identification of molecular biomarkers that can assist in 

glioma diagnosis, prognosis and treatment prediction. 

In this work we were also able to identify chromosomal regions with LOH 

involving DDR and DNA-repair genes. LOH is a common phenomenon in cancer and it 

indicates the nonfunctionality of a tumor suppressor gene. In agreement with previous 

studies, and with the fact that inactivation of TP53 is the most prevalent mutation in 

cancer, LOH of TP53 locus was evidenced (143). The product of this gene (p53) is 

critical for the initiation of the DDR cascade through which the fate of the cell is 

determined and directed for apoptosis or cell-cycle arrest reliant on the damage severity. 

TP53 inactivation has been shown as a useful diagnostic tool in glioma since it is usually 

seen in LGGs and is hallmark of secondary GBMs (144,145), indicating that it is an early 

event in the tumor evolution (6). High p53 protein expression level resulting from 

mutations in the TP53 gene, correlated with poorer survival in pediatric malignant glioma 

patients (146). Moreover, in vitro experiments in U87MG GBM cell lines, showed that 

TP53 inactivation enhances the cells’ sensitivity to BCNU and TMZ due to deficient 

DDR; suggesting a predictive value of this gene (147).  

The loss of activity of MMR genes comes from the preclinical and the clinical 

studies that have shown an inverse effect on the response to TMZ. For example, acquired 
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loss of MSH6 was evident in recurrent GBM patients post TMZ+IR therapy and resulted 

in tumor progression due to resistance to TMZ (148-150). An interesting finding is the 

LOH of TDP1 (14q32.11) and POLB (8p11.21) loci, both of which are important 

interplayers in the BER pathway. A study by Tang et al. showed that Pol β mRNA 

expression was found to vary between GBM samples and normal brain tissue and its 

downregulation correlated with enhanced sensitivity to TMZ under BER inhibition via 

methoxyamine (52). On the other hand, the role of TDP1 in gliomagenesis or response of 

glioma to anticancer therapy has not yet been studied. 

Previous studies have shown that polymorphisms in BER, NER and DSB repair 

genes correlated with glioma risk (susceptibility to develop glioma) and the survival of 

patients. A study by Liu et al. showed that three of the six SNPs that significantly 

associated with glioma risk in 373 Caucasian patients with glioma were nonsynonymous 

SNPs in XRCC1, PARP-1, APEX1 and ERCC1 (131). Other studies showed that certain 

SNPs in LIG4 (DSB repair) and ERCC6 (NER) were associated with poorer outcome 

(131,151). Thus, indicating the important prognostic value of DNA-repair genes in 

glioma. However, none of the TDP1 SNPs identified in this study correlated with glioma 

diagnosis, prognosis or with the clinical outcome of patients. Nevertheless, due to small 

sample size, a definitive answer regarding the applicability of TDP1 SNPs cannot be 

conferred from this study. 

Being highly expressed in normal brain tissue and as an important interplayer in 

the BER, we focused on studying the molecular alterations associated with TDP1 which 

is carried on Chr. 14 and investigate its relevance in gliomagenesis. We found that TDP1 

was amplified in 8% of biopsies all of which were AODs and GBMs indicating that 

TDP1 may correlate with glioma aggressiveness. Thus, in 20 glioma samples TDP1 

protein level has been analyzed using western blot. TDP1 protein expression in 7 high-

grade gliomas (4 GBM and 3 AOD) was found to be increased compared to that in 4 non-

neoplastic brain tissues and in 13 astrocytoma biopsies there was a trend of increased 
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expression from WHO grade II to WHO grade IV. This indicates the translational 

activation of TDP1 in high-grade gliomas that may contribute to the gliomagenesis and 

malignant transformation. Since the glioma biopsies were taken before the patients had 

received radiation or chemotherapy, the TDP1 overexpression is unlikely to be the result 

of exogenous cytotoxic stress.  

DNA-strand breaks are severe genomic lesions that can arise either endogenously 

by reactive oxygen species or exogenously by cytotoxic anticancer agents like ionizing 

radiation, alkylating agents, and TOP-poisons. If not repaired, DNA stability is breached 

which will eventually lead to cellular apoptosis. In normal cases efficient DNA-repair 

mechanisms are required to maintain the genetic integrity and thus the prevention of 

several abnormal conditions such as carcinogenesis. However, in the case of treatment 

with DNA-damaging anticancer drugs, DNA-repair is mainly considered a resistance 

mechanism that will aid in tumor growth and survival. In cancer tissues due to high 

mitotic rate of the cells and the wide genetic aberrations associated with their growth 

could lead to an enhanced expression of the DNA-repair enzyme to compensate for the 

increased demand to DNA repair including TDP1. In this study we provide the first 

evidence of the empirical role of TDP1 in glioma where we found an upregulation of 

TDP1 protein in glioma tissues. 

In order to identify the prognostic significance of TDP1 in glioma, quantitative 

real-time PCR was performed to quantify TDP1 mRNA expression levels in glioma 

biopsies. They were correlated with patients’ clinical outcome using Kaplan-Meier 

survival analysis. The analysis revealed that patients expressing high TDP1 levels had 

poorer outcome. This indicates that high TDP1 expression is a negative prognostic factor 

in patients with glioma. For validation of the correlation between TDP1 transcript level 

and survival, patients were divided into two groups based on their overall survival time 

(≤24 vs. >24 months). Likelihood-ratio analysis showed a statistically significant 

difference in TDP1 expression level among the two groups with those who survived for 
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more than two years expressed lower TDP1. This is the first proof of the prognostic value 

of TDP1 in cancer. However, these results need to be further validated in a larger sample 

size.  

As a summary, despite of the small sample size our findings showed that various 

chromosomal abnormalities correlated with glioma aggressiveness and prognosis. Thus 

microarray analysis is considered a useful tool for enhancing the classification of patients 

and selection of therapy through the identification of novel prognostic and predictive 

biomarkers. Moreover, our results showed that TDP1 was upregulated at protein level in 

human glioma tissues compared to non-neoplastic ones and also suggested that TDP1 is a 

potential prognostic biomarker for glioma patients’ survival. 

Our findings suggest that TDP1 may play a role in affecting the response of glioma to the 

DNA-damaging anticancer agents including TOP-poisons, IR and alkylating agents such 

as TMZ. 

2.5. Conclusion 

This chapter provides a convincing evidence of the potential role of TDP1 in 

glioma and that the increased TDP1 protein and gene expression levels correlate with 

advanced clinicopathological features and poorer survival respectively suggesting that 

TDP1 is a promising prognostic biomarker in glioma. Further validation for more reliable 

results is required by recruiting a larger sample size and using different methodologies. 

This chapter directed us to the next step, which is the investigation of the 

underlying molecular mechanisms of how TDP1 may affect the response of gliomas to 

therapy. This would be achieved through the in vitro utilization of established malignant 

glioma cell lines and assess the effect of TDP1 on the response of the cells to the 

anticancer therapy. Thus, we can test the resistance to anticancer agents such as TMZ, 

topotecan, etoposide and doxorubicin. If proven to play a role in the resistance of the 

cells to DNA-damaging cytotoxic agents, this will move us from cell culture-based 
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studies to in vivo experiments by utilizing mice with glioma xenografts, this can be 

performed prior to clinical investigations. As a consequence, TDP1 may be indicated as a 

predictive biomarker that can aid in the prediction of response to therapy and thus 

treatment selection. Additionally, this may suggest the use of specific TDP1 inhibitors 

that can be incorporated to the therapeutic regimen to enhance the sensitivity of the cells 

and overcome the resistance to some DNA-damaging anticancer agents. 
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CHAPTER III  

TYROSYL DNA-PHOSPHODIESTERASE I (TDP1) IS NOT 

SUFFICIENT TO PREDICT RESPONSE TO ANTICANCER 

THERAPY IN MALIGNANT GLIOMA 

 3.1. Introduction 

Malignant glioma remains a treatment challenge in the world of tumor 

management. It is treated extensively with a maximal tumor resection followed by an 

aggressive adjuvant radiotherapy and temozolomide (TMZ), then succeeded by a single 

therapy of TMZ (Figure 3.1). Nevertheless, only 10% of the treated patients survive for 5 

years after diagnosis and most deaths occur in the first 2 years (10,19). 

 

 

 

 

Figure 3.1. Treatment of malignant glioma. Schematic representation of glioma 
management started by surgical resection of tumor when possible followed by concurrent 
chemoradiotherapy, ionizing radiation (IR) and temozolomide (TMZ), followed by 
adjuvant TMZ. 

Source: European Organization for Research on the Treatment of Cancer and the 
National Cancer Institute of Canada (EORTC-NCIC) (152).  
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Several factors account for the poor prognosis of malignant glioma. Genetic 

heterogeneity can be considered a major factor because it decreases the ability to provide 

an accurate diagnosis and hinders the ability to predict the clinical outcome of patients 

and to stratify them to treatment. A property that is also associated with malignant glioma 

is its inherent resistance to anticancer therapy which results in the recurrence of the 

majority of the cases. Consequently, untying the knots of glioma resistance and 

understanding the associated underlying molecular pathways can aid in the identification 

of novel therapeutic targets and in the individualization of therapy through defining 

patients who will benefit more to a specific anticancer regimen. In glioma, there are three 

main mechanisms of treatment resistance including: 1- poor penetration (due to efflux of 

the drugs through the ATP-binding cassette (ABC) transporters), 2- cancer stem cells, 

and 3- high DNA-repair capacity. 

DNA-repair is a double-edged sword in the cancer world; defective DNA-repair 

processes result in carcinogenesis while efficient DNA-repair mechanisms are vital 

drivers of chemotherapy resistance. This can be evidenced by: 1- the results of our 

previous work that have shown a high frequency of genomic instability associated with 

glioma cases, thus predicting a deficiency in the DNA-repair mechanisms which resulted 

in the significant genetic aberrations identified, and 2- the findings of the previous studies 

that have shown an inverse correlation between the DNA-repair capacity and the 

therapeutic efficacy (59). 

The first-line treatments of malignant glioma consisting of radiation (IR) and 

TMZ and the second-line agents mainly topoisomerase poisons (TOP-poisons) exert their 

cytotoxic function via damaging the DNA resulting eventually in single and double DNA 

strand breaks. If the DNA-damage response and repair processes were proficient, the 

produced DNA damage will be reversed resulting in cell survival and resistance to the 

anticancer therapy. The majority of the cytotoxic and mutagenic lesions produced by IR, 

TMZ and TOP I-poisons represent single-strand breaks which are recognized and 
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processed by the base excision repair pathway (BER) (43,153,154). The enzyme TDP1 

plays a key role in the BER, by hydrolyzing blocked 3’-DNA termini and producing 

DNA products with 3’-phosphate ends (155). Thus facilitating the recruitment of PNKP 

to remove the 3’-phosphate and generate a free 3’-hydroxyl DNA termini that are ready 

for further processing via the remaining components of the BER complex (including: 

PARP-1, XRCC1, pol β, and Lig 3α) (155).  

Previous preclinical studies have provided compelling evidence for the potential 

role of TDP1 in potentiating the resistance to several anticancer agents specifically to 

camptothecin and its derivatives. TDP1 was implicated in the repair of the irreversible 

topoisomerase I-DNA (TOP I-DNA) cleavage complexes induced by TOP I-poisons and 

the 3’-phosphoglycolate lesions associated with SSBs produced by IR (86,99). Moreover, 

it was suggested to play a role in the repair of the N3 and N7 methyladenine lesions 

produced by TMZ. Additionally, it was found that TDP1 is able to process the 5’-DNA 

lesions and repair irreversible topoisomerase II-DNA (TOP II-DNA) cleavage complexes 

induced by TOP II-poisons (103).  

Due to the ability of TDP1 to repair various types of DNA lesions, the correlation 

between its level or its genetic status (wild-type vs. mutant) and the response to 

anticancer agents has been investigated in different kinds of cells. Cells expressing low 

TDP1 levels or harboring a mutant gene (associated with reduced enzymatic activity) 

were hypersensitive to camptothecin and topotecan (TOP I-poisons), etoposide (TOP II-

poisons), and bleomycin (a source of 3’-phosphoglyclate SSBs) and were less able to 

resolve SSBs produced by IR (95,99,101,104,105). On the other hand, cells 

overexpressing TDP1 showed resistance to camptothecin and etoposide (103,107).  

Consequently, several factors motivated the studying of the relevance of TDP1 in 

glioma including: 1- Our work that have shown a significant amplification of TDP1 in 

glioma specimens and its inverse correlation with the clinical outcome of patients. 2- The 

critical role of BER pathway in the fixation of the majority of the DNA lesions produced 
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by the anticancer agents used in the treatment of glioma. And 3- the BER is the most vital 

DNA-repair process responsible for the reversal of the SSBs induced by reactive-oxygen 

species in the brain tissue 

The goals of this chapter are to investigate the effect of manipulating TDP1 level 

in malignant glioma cell lines on their sensitivity to TOP-poisons including topotecan, 

etoposide and doxorubicin beside the DNA-alkylating agent, TMZ. Moreover, we want to 

test the effect of small-molecule TDP1 inhibitors on potentiating the cytotoxicity of TOP-

poisons. This work hypothesizes that malignant glioma cell lines overexpressing TDP1 

are more resistant to treatment compared to parental cell lines while depleting TDP1 in 

these cells improves their response to therapy due to decreased DNA-repair capacity. 

Furthermore, this work hypothesizes that a combinational therapy of a TOP-poison and a 

TDP1 inhibitor is associated with enhanced cytotoxic effects compared to treatment with 

a TOP-poison alone. 

3.2. Materials and methods 

3.2.1. Drugs, cell lines and growth conditions 

Topotecan, etoposide, and TMZ (Sigma-Aldrich, St. Louis, USA) were dissolved 

in dimethyl sulfoxide (DMSO) and diluted in culture medium. Doxorubicin (Novaplus) 

was diluted in culture medium. NSC128609 (T1) and NSC120686 (T2) were provided by 

the national cancer institute/developmental therapeutic program (NCI/DTP) as 10 mg 

powder that then were dissolved in DMSO and diluted in culture medium.  

Our interest was to study the effect of TDP1 in malignant glioma, however the 

only commercially available cell lines are derived from glioblastoma multiforme patients. 

U87 (ATCC, Manassas, VA) and U251 (gift from Dr. William A Maltese)(156) were 

maintained in plastic flasks as adherent monolayers in Dulbecco’s Modified Eagle Media 

(DMEM) (Invitrogen, Grand Island, NY) supplemented with 5% fetal bovine serum 

(FBS) (Hyclone Laboratories, Logan, UT), high glucose, L-glutamine, penicillin G 
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(10,000 U/ml), streptomycin (10,000 μg/ml) at 37 °C in a humidified 5% CO2 incubator. 

The cells were passaged when confluent with 0.25% trypsin/EDTA (Life Technologies, 

Carlsbad, CA) to detach the cells from the plate.  

3.2.2. Subcloning of TDP1 fragment from pCMV-sport6 into pIRES-

hrGFP-II vector 

A pCMV-sport 6 containing the full length cDNA of TDP1 (insert size = 1.1 kb) 

was obtained from open Biosystems (clone ID#: 3900062, Thermo Scientific, Huntsville, 

AL). The vector map is shown in Figure 3.2.A.  

For stable transfection experiments, subcloning of TDP1 from pCMV-sport 6-

TDP1 into pIRES-hrGFP-II vector was performed because the former lacks a selection 

marker which is needed for stable transfection in mammalian cells. Using the restriction 

enzymes Not1 and Sal1, TDP1 was cut out from the pCMV-sport 6 plasmid. DNA 

fragments with 3’-overhangs consisting of the full length TDP1 and the remaining part of 

the plasmid were produced. Using the same restriction enzymes, pIRES-hrGFP-II vector 

(Stratagene, La Jolla, CA) was cut to produce DNA ends that are complementary to those 

of the TDP1 fragment. The vector map is shown in Figure 3.2.B. The cut pIRES plasmid 

and the TDP1 fragment were then ligated together in an ATP-dependent reaction using 

T4-DNA ligase. Bacteria were then transformed with the new recombinant plasmid and 

allowed to grow on ampicillin selective agar that allows only the growth of bacterial cells 

carrying the target plasmid. After selection, single colonies were picked and the plasmid 

DNA was extracted using miniprep (Qiagen, Germantown, MD). Briefly, the bacteria 

were harvested and lysed under alkaline conditions, then the plasmid DNA was adsorbed 

to a silica-gel membrane. This was followed by washing from salts and endonucleases 

followed by elution with DNase/RNase free water. 

The presence of TDP1 insert in the pIRES-hrGFP-II vector was checked using 

Not1 and Sal1 restriction digesting. The two DNA fragments were visualized on 1% 
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agarose gel. Verification of TDP1 insert sequence in pIRES vector was performed using 

SP6 and T7 promoter primers. Midiprep (Qiagen, Germantown, MD) to purify clean and 

obtain sufficient amounts of the vector using alkaline lysis technique was performed. 

This allows the separation of plasmid DNA from the chromosomal DNA and protein. In 

an autoclaved 500 ml flask, 0.5 ml of the miniprep bacterial culture was diluted into 50 

ml selective lysogenic broth medium containing ampicillin and then incubated and 

vigorously shaken overnight at 37oC. The culture was then poured into 50 ml tube and 

centrifuged at 6250 rpm for 5 min at 4oC. The supernatant was discarded and the bacterial 

pellet was resuspended in P1 buffer and lysed with P2 buffer. Then chilled P3 buffer was 

added for neutralization of the lysis. The mixture was centrifuged at 11500 rpm for 30 

min at 4oC. The supernatant containing the plasmid DNA was removed by filtration. 

QIAGEN-tips equilibrated with QBT buffer were used to filter the supernatant. The tip 

was then washed with QC buffer and the DNA attached to the resin membrane was eluted 

using QF buffer. The DNA was then precipitated using isopropanol and the pellet was 

washed with 70% ethanol and dissolved in EB buffer. The DNA yield was quantified 

using a spectrophotometer to measure the absorbance at 260 nm.  

3.2.3. Transient and stable transfection of U87 and U251 cells and 

TDP1 protein overexpression 

For transient overexpression of TDP1 in malignant glioma cell lines, the day 

before transfection U87 and U251 cells were seeded in 6-well plates (200,000 cells per 

well). On the day of transfection, 5 µg of the pCMV-sport6 vector containing the full 

length TDP1 or the empty vector were transfected into cells using the transfection reagent 

Xfect (BD Biosciences Clontech, Mountain View, CA). For stable overexpression of 

TDP1 experiments, the day before transfection U87 and U251 cells were seeded in 6-well 

plates (200,000 per well). On the day of transfection 5 µg of pIRES vector containing the 

full length TDP1gene or the empty vector were transfected into cells using Xfect 
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transfection reagent (BD Biosciences Clontech, Mountain View, CA). Cells transfected 

with the TDP1 containing vector (U87/TDP1 and U251/TDP1) or empty vector 

(U87/mock and U251/mock) were grown in the presence of 400 µg/ml G418 (GIBCO, 

Life Technologies, Carlsbad, CA). In both transient and stable transfection, the success of 

TDP1 overexpression was confirmed by real-time Q-PCR and western blot analyses. 

 

 

 

 

Figure 3.2. Mammalian expression vectors maps. (A), pCMV-sport 6 vector map. (B), 
pIRES-hrGFP-II map. The cDNA insert is expressed from a CMV promoter in both 
vectors but a neomycin selectable marker in pIRES-hrGFP II is present to allow for 
mammalian selection. MCS (multiple cloning site) represents the TDP1 insertion place 
and is flanked by Not1 and Sall restriction sites.  
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3.2.4. shRNA-lentiviral vectors, transduction and TDP1 protein 

knockdown in malignant glioma cell lines 

Five small-hairpin RNA (shRNA) vectors (designated as 48-52) that are carried 

on pLKO.1 lentiviral vector (Figure 3.3) and that target different coding regions of TDP1 

transcripts were obtained as bacterial stocks from Open Biosystems (Thermo Scientific, 

Huntsville, AL).  

 

 

 

 

Figure 3.3. pLKO.1 lentiviral vector map. The 
length of the plasmid containing the shRNA 
insert is 7086 bp. This vector allows stable 
transduction with puromycin selectable marker 
(puroR). The shRNA insert consist of sense and 
antisense sequences connected by a short spacer 
of nucleotides to allow the formation of a loop 
structure which is important for shRNA 
processing inside the nucleus. 
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The sequences of the five shRNAs is shown in Table 3.1. All shRNA vectors 

target the two transcript variants of TDP1. The plasmids were extracted and purified from 

a 3-ml bacterial culture using Miniprep which is based on alkaline lysis technique 

(Qiagen, Germantown, MD). Plasmids were visualized on 1% agarose gel. 

Lentiviral particles were generated as following: 1,000,000 TSA cells/well were 

seeded in a 6-well plate. The next day, the shRNA plasmids were co-transfected with 

packaging vectors (VsVg and PAX2) into cells (Polyfect Transfection Reagent, Qiagen, 

Germantown, MD) to generate recombinant lentiviruses. PLKO.1 empty vector was used 

as the negative control.  Viral supernatants were harvested 24 and 48 h after transfection. 

The two samples were pooled and cleaned through a 0.45 µm filter then stored at -80ºC. 

For the knockdown of TDP1 in U87/TDP1 cells, 200,000/well of U87/TDP1 cells 

were plated in a 6-well plate one day before transduction and infected with the lentiviral 

particles in the presence of 8 µg/ml polybrene. Then the cells were incubated for 24 

hours, and the media was replaced with 2 ml fresh media. 48 hours later, U87/TDP1 cells 

with TDP1-knockdown were selected using 1 µg/ml puromycin. Cells were selected for 

72 hours then transduction efficiency was validated using real-time Q-PCR and western 

blot analyses. Five shRNA clones were tested for the ability to knockdown TDP1 mRNA, 

and the best-performing clone was selected. For stable knockdown, cells were maintained 

in media supplemented with 1 µg/ml puromycin that was changed every three days. 

3.2.5. Real-time q-PCR 

RNA was isolated from malignant glioma cell lines using TRIzol (Life 

Technologies, Carlsbad, CA) and reverse transcribed into cDNA as described in the 

previous chapter. The primers used for the amplification and quantification of the 

transcript levels of TDP1, PARP-1, PNKP, XRCC1, TOP-I, TOP-II, MGMT, and 

GAPDH are listed in Table 3.2. Quantitative real-time PCR was performed on an ABI 

StepOne machine (Applied Biosystems, Foster City, CA). 
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Table 3.1. List of The RNAi consortium (TRC) Lentiviral Human 
Tyrosyl DNA-Phosphodiesterase 1 (TDP1) small-hairpin RNA 
(shRNA) 

 
 

 

 

3.2.6. Western blot analysis 

For the lysis and homogenization of treated cells, appropriate volume of laemmli 

buffer was added directly to the wells. The western blot was performed as described in 

the previous chapter. Polyclonal mouse primary antibody against TDP1 (H-300, Santa 

Cruz Biotechnology) at 1/200 fold dilution was used to visualize the protein. 1:50,000-

fold dilution of monoclonal mouse anti-GAPDH was used to confirm protein loading. 
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3.2.7. Glioma cell proliferation assay 

MTT assay was used to evaluate cell proliferation. This is a colorimetric assay 

that measures the activity of mitochondrial reductase of viable cells. The yellow MTT (3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) is reduced to purple formazan in the 

mitochondria and precipitates as violet crystals. Thus, this reaction proportionally 

correlates with the number of viable cells. Briefly, Cells were suspended with 200 µL 

media and plated on 96-well cell culture plates at 2×103 cells per well. After 24 h, the 

cells were treated for 72 hrs. with control media, or increasing concentration of 12.8 nM-

200 µM topotecan, 12.8 nM-200 µM etoposide, 1.28 nM-20 µM doxorubicin, 64 nM- 

1000 µM TMZ or with 0.195-200 µM T1 and 0.097-100 µM T2 given alone or in 

combination with 0.05 µM or 0.5 µM topotecan, 0.1 µM or 1 µM etoposide, or 0.01 µM 

or 0.1 µM doxorubicin. Then the cells were incubated with MTT solution for 3 hours, the 

crystals were washed once with 100 µl cold HBSS and solubilized with 100 µl DMSO. 

The optical density was measured at 570 nm/690 nm using Spectramax Plus384 

spectrophotometer (Molecular Devices, San Francisco, CA, USA). Normalization of data 

was performed in excel where the optical density of treated cells was divided by that for 

untreated cells (control; DMSO for topotecan, etoposide and temozolomide & media for 

doxorubicin). At least three independent experiments were performed for this assay. 

3.2.8. Effect of treatment on genes expression levels  

In order to assess the effect of treatment of U87/TDP1, U87/mock, U251/TDP1 

and U251/mock [with topotecan, etoposide, doxorubicin or T1 and T2 given alone or in 

combination with one of the anticancer drugs] on the expression of TDP1, MGMT, TOP-

I, TOP-IIβ, PARP-1, PNKP, and XRCC1. Cells were seeded in a 12 well plate at 50,000 

cell/well density. After 24 hours the cells were treated for 72 hours with 20 µM T1, 20 

µM T2, 0.5 µM topotecan, 1 µM etoposide or 0.1 µM doxorubicin given alone or in 
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combination with 20 µM of T1 or T2. Samples were then collected for real-time 

quantitative-PCR (Q-PCR) and western blot analyses. 

 

 

 

Table 3.2.  List of primers used in real-time PCR. 
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3.2.9. Statistical analysis 

All experiments have been performed at least three times on independent cell 

passages. Statistical analyses of differences between manipulated cells and the respective 

controls were performed using Student's t-test. The significance of data from real-time Q-

PCR was determined using student’s t-test. Statistical significance was considered as 

p<0.05.  

3.3. Results 

3.3.1. The effect of TDP1 overexpression on the susceptibility of 

malignant glioma cells to anticancer therapy. 

Several reports have been published with the primary goal to assess the 

correlation between TDP1 level and response to different anticancer agents. The majority 

of these studies were performed in non-cancerous cell lines. In this work we sought to 

identify the significance of the effect of TDP1 level on the response of malignant glioma 

cell lines to anticancer therapy. TMZ is part of the mainstay therapy of newly-diagnosed 

GBM and the TOP-poisons are key second-line alternative agents for the treatment of 

recurrent glioma. Therefore, we assessed the effect of TDP1 overexpression on the 

sensitivity of malignant glioma cell lines to TMZ, topotecan, etoposide and doxorubicin.   

U87 and U251 cells were stably transfected with the full length TDP1 cDNA. 

Since the pCMV-sport 6 vector lacks a mammalian selection marker, and in order to 

obtain stably transfected cells, pIRES vector containing the TDP1 insert was generated 

via subcloning from the pCMV-sport 6-TDP1 plasmid. The pIRES vector contains a 

neomycin expressing gene which allows mammalian selection using G418 drug. In order 

to have cell populations that persistently overexpress TDP1 gene, stable transfection of 

U87 and U251 cells with pIRES-hrGFP-II-TDP1 was performed. Consequently, the 

effect of high TDP1 level on the response of the cell lines was tested.  Confirmation of 

stable TDP1 overexpression in U87 and U251 cells was performed using real-time PCR 
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which showed an upregulation of the gene by approximately 5000 and 3000 times in U87 

and U251 respectively Figure 3.4.A and 3.5.A, and by western blot analysis which 

showed 68 kda TDP1 protein bands Figure 3.4.B and 3.5.B. Although U87 and U251 

cells are expected to possess high TDP1 levels, but they express very low levels of TDP1 

protein that sometimes are not detectable by western blot. They are established cell lines 

and after several passages they lose genes that are not important for their survival. Thus a 

positive control (U87 cells transiently transfected with pCMV-sport6-TDP1) was used for 

band localization. 

To address our hypothesis that malignant glioma cell lines overexpressing TDP1 

are more resistant to anticancer therapy compared to parental cells, we performed MTT 

proliferation assays. The cells were treated for 72 hours with an increasing concentration 

of topotecan (TOP I-poisons), etoposide or doxorubicin (TOP II-poison), or with TMZ 

(alkylating agent). By measuring the relative number of viable cells using MTT assay, we 

found that compared to malignant glioma cell lines transfected with the empty vector 

(U87/mock & U251/mock), those overexpressing TDP1 (U87/TDP1 & U251/TDP1) 

showed similar sensitivity levels to anticancer therapy (Figures 3.6 and 3.7).  

The three TOP-poisons used resulted in a concentration dependent cytotoxicity 

toward U87 and U251 cell lines. On the other hand, both U87 and U251 cells showed less 

sensitivity to TMZ. At the lowest concentration used (12.8 nM), topotecan killed the U87 

and U251 cells by 31% and 86% respectively. At the highest concentration of topotecan 

(200 µM) the cytotoxic levels reached about 86% and 95% toward U87 and U251 cells 

respectively. 

The concentration of topotecan that killed 50% of U87 and U251 cells (IC50) was 

about 320 nM and 9 nM respectively. Etoposide IC50 was 8 µM toward U87 cells and 320 

nM toward U251 cells. Doxorubicin showed similar cytotoxic effects toward U87 and 

U251 cells with an IC50 of 6.4 nM. The cytotoxic curves were less steep when U87 and 

U251 cells were treated with TMZ. The highest U87 cell death was only about 35% 
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achieved at 8 µM, while for U251 cells the highest death was about 55% achieved at 

1000 µM. Among the entire anticancer agents, the cytotoxic effects did not correlate with 

TDP1 level. In other words, TDP1 overexpression in malignant glioma cell lines did not 

increase their resistance to anticancer therapy.  

 

 

 

 

Figure 3.4. TDP1 overexpression in U87 cell lines. Analyses of TDP1 levels in 
U87 cells transfected with pIRES containing TDP1 full length cDNA 
(U87/TDP1) or pIRES empty vector (U87/mock). (A) Real-time PCR, TDP1 
transcript levels were normalized to GAPDH and referred to the untransfected 
cells. (B) Western blot, control loading is shown by GAPDH.  
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Figure 3.5. TDP1 overexpression in U251 cell lines. Analyses of TDP1 
levels in U251 cells transfected with pIRES containing TDP1 full length cDNA 
(U251/TDP1) or pIRES empty vector (U251/mock). (A) Real-time PCR, TDP1 
transcript levels were normalized to GAPDH and referred to the untransfected 
cells. (B) Western blot, control loading is shown by GAPDH. 

 

 

 

3.3.2. The effect of TDP1 depletion on the susceptibility of U87/TDP1 

cells to anticancer therapy. 

To identify the effect of knocking-down TDP1 in U87/TDP1 cell lines on their 

response to anticancer agents, five shRNA clones targeting specific regions in TDP1 

were used for the transduction experiment to produce U87/TDP1 cells with stable 

knockdown of TDP1. U87/TDP1 cells transduced with lentiviral particles carrying the 

five shRNA vectors and one control were allowed to grow with the presence of selection 

(1 µg/ml puromycin). Confirmation of TDP1 knockdown was determined by real-time 

PCR (Figure 3.8) and western blot analyses (Figure 3.9) showing that the level of TDP1 
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was significantly reduced in shTDP1 expressing cancer cells. The stable clones 

expressing shTDP1/48 (U87/TDP1/sh48) and shTDP1/50 (U87/TDP1/sh50) were chosen 

for subsequent experiments based on the degree of TDP1 knockdown which was about 

80% reduction in TDP1 transcript levels from the control cells. U87/TDP1 cells 

expressing the empty vector (U87/TDP1/sh-ve) were used as the negative control.  

 

 

 

 

Figure 3.6. MTT cytotoxicity assay to measure U87 cells sensitivity to anticancer 
agents and correlation with TDP1 level. 2000 cells/well were treated for 72 h with 
an increasing concentration of topotecan (0.0128-200 µM), etoposide (0.0128-200 
µM), doxorubicin (0.00128-20 µM), or temozolomide (0.064-1000 µM). Cell 
sensitivity of U87/TDP1 to anticancer agents was compared to that of U87/mock 
cells. Error bars represent standard deviation from triplicates. Data normalization to 
cells treated with DMSO or media was performed in excel. Student’s t-test was used 
to calculate significant difference between viability curves. 
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Figure 3.7. MTT cytotoxicity assay to measure U251 cells sensitivity to 
anticancer agents and correlation with TDP1 level. 2000 cells/well were treated 
for 72 h with an increasing concentration of topotecan (0.0128-200 µM), etoposide 
(0.0128-200 µM), doxorubicin (0.00128-20 µM), or temozolomide (0.064-1000 µM). 
Cell sensitivity of U251/TDP1 to anticancer agents was compared to that of 
U251/mock cells. Error bars represent standard deviation from triplicates. Data 
normalization to cells treated with DMSO or media was performed in excel. Student’s 
t-test was used to calculate significant difference between viability curves. 
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Figure 3.8. Real-time PCR analysis of shRNA-Lentiviral 
knockdown of TDP1 in U87 cells overexpressing TDP1. 
U87/TDP1 cells were transduced with recombinant lentiviruses 
carrying five different shRNA directed against TDP1 (sh48-52) 
and one PLKO.1 empty vector as the negative control (sh-ve). 

 

 

 

 

Figure 3.9. Western blot analysis of shRNA-lentiviral 
knockdown of TDP1 in U87 cells overexpressing TDP1. 
U87/TDP1 cells were transduced with recombinant 
lentiviruses carrying five different shRNA directed against 
TDP1 (sh48-52) and one PLKO.1 empty vector as the 
negative control (Sh-ve). Control loading is shown by 
GAPDH. Two TDP1 depleted cell lines were selected for 
further experiments (sh48 and sh50) and the control shRNA 
(sh-ve). 
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To address our hypothesis that low TDP1 levels enhance the sensitivity of 

malignant glioma cells to anticancer therapy, TDP1-knocked-down U87 cells were 

treated with a gradient concentration of topotecan, etoposide, doxorubicin or TMZ for 72 

hours. Then the viability of cells was measured using MTT assay. As shown in Figure 

3.10., knockdown of TDP1 via transduction with shTDP1/48 or shTDP1/50 showed a 

trend of increased cytotoxicity of the anticancer agents toward U87/TDP1 cells. 

However, this sensitization effect was not statistically significant.  

 

 

 

 

Figure 3.10. Effect of TDP1 depletion on the susceptibility of U87/TDP1 cells to 
anticancer therapy. Cell sensitivity of U87/TDP1 cells (2000 cell/well) stably 
transduced with TDP1 shRNAs or control shRNA to (A), topotecan; (B), etoposide; 
(C), doxorubicin; and (D), temozolomide. The antiproliferative effect of the drugs (72 
h exposure) was assessed using the MTT assay. 
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3.3.3. The effect of small-molecule TDP1 inhibitors to potentiate the 

cytotoxicity of TOP-poisons toward malignant glioma cell lines 

Manipulating TDP1 level in both U87 and U251 cell lines failed to prove our 

hypotheses of an enhanced sensitivity of cells to anticancer therapy upon reduced TDP1 

expression via knockdown or increased resistance upon overexpression of the protein. 

Thus, to identify the effect of adding a TDP1 inhibitor to TOP-poisons on the sensitivity 

of cells to anticancer therapy, U87 cells were treated with an increasing concentration of 

a TDP1 inhibitor in the presence or absence of topotecan, etoposide, or doxorubicin. For 

this study we utilized small-molecule TDP1 inhibitor NSC128609 (T1) and NSC120686 

(T2) that act as ligands and bind to the active site of the enzyme and prevent its binding 

to other substrates. Thus, they act as false substrates to the TDP1 enzyme. Hence, the 

available TDP1 enzyme and the whole SSB repair machinery responsible for the 

hydrolysis of the phosphodiesterase bond between TOP-enzyme and the DNA will be 

engaged with the false substrates, while the DNA breaks produced by the TOP-poisons; 

topotecan, etoposide and doxorubicin, will not be repaired and will accumulate in the cell 

leading eventually to cellular apoptosis.  

To address our hypothesis that a combinational therapy of a TDP1-inhibitor and a 

TOP-poison is associated with better tumor cell-killing effect compared to treatment with 

a TOP-poison alone, we treated the cells for 72 hours with a gradient concentration of T1 

or T2 alone or in combination with two different concentrations of the TOP-poisons.  

Based on the MTT assay, the TDP1 inhibitor T1 had minimal cytotoxicity toward 

U87 cell lines with highest killing was only about 30% (Figure 3.11.A). On the other 

hand, T2 showed significant concentration dependent killing effect with an IC50 was 

about 50 µM (Figure 3.11.B). The TDP1 level did not affect the response of the cells to 

these molecules (U87/TDP1 versus U87/mock). Moreover, our results showed that the 

combinational therapy of a TDP1 inhibitor and a TOP-poison resulted in enhanced cell 

killing effects compared to a monotherapy with a TDP1-inhibitor alone. Adding 0.05 µM 
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topotecan, 0.1 µM etoposide, or 0.01 µM doxorubicin to T1 resulted in about 15% to 

60% reduction in cell viability in both U87/TDP1 and U87/mock cells (Figure 3.12). 

Using a 10x higher concentration of the TOP-poisons was associated with about 2x to 4x 

lower cell viability. On the other hand, adding TOP-poisons to T2 resulted in less 

significant reduction effects ranging from 12% to 40% (Figure 3.13). Thus, the 

potentiation of the cytotoxic effect was more pronounced when T1 was used. On the 

other hand, there was no difference in response between U87/TDP1 and U87/mock cells. 

Since U87 cells express negligible levels of TDP1 protein and since U87/TDP1 cells did 

not show differential response to the TDP1 inhibitors given alone or in combination with 

a TOP-poison, this may unfortunately suggest the non-specificity of these TDP1-

inhibitors. 

 

 

 

 

Figure 3.11. Cell sensitivity to small-molecule TDP1 inhibitors in TDP1 
overexpressing cells. (A), NSC128609 (T1) and (B), NSC120686 (T2) show minimal 
cytotoxic effects in U87 cell lines. Viability after treatment of U87 cells transfected with 
the full length TDP1 (U87/TDP1) (2000 cell/well) was compared to that of cells 
transfected with the empty vector (U87/mock). Cell sensitivity was determined using 
MTT cytotoxicity assay 72 h after treatment with 0-200 µM of T1 and 0-100 µM of T2. 
Error bars represent standard deviation from triplicates. 
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Figure 3.12. MTT cytotoxicity assay.  The addition of an anticancer agent potentiates 
the sensitivity of U87 cells to the TDP1 inhibitor NSC128609 (T1). Cells (2000/well) 
were treated with T1 for 72 h in the absence or presence of (i), topotecan (TPT) (0.05 or 
0.5 µM); (ii), etoposide (ETP) (0.1 or 1 µM); or (iii), doxorubicin (DXR) (0.01 or 0.1 
µM). The response to treatment in (A), U87/mock was comparable to that in (B), 
U87/TDP1. Data normalization to cells treated with DMSO or media was performed on 
excel. Error bars represent standard error from triplicates. 

 

 

 

The previous findings suggest that there is a possible potentiation of the cytotoxic 

effect when utilizing a combinational therapy of a TDP1 inhibitor and a TOP-poison. 

However, in order to confirm that the observed differential effect is not due to the 



107 
 

anticancer agent itself; the cells were treated with the TOP-poison alone or in 

combination with 10 µM (reported IC50 from a previous study) or 100 µM (10x higher 

than the IC50) of T1. The TOP-poisons concentrations used were as mentioned before, 0.5 

and 0.05 µM of topotecan, 0.1 and 1 µM of etoposide, or 0.01 and 0.1 µM of 

doxorubicin. After 72 hours of treatment, the cell viability was assessed via MTT 

cytotoxicity assay. In Figure 3.14, topotecan, etoposide and doxorubicin showed dose-

dependent significant cytotoxic effects toward U87 cell lines. 

As revealed in Figure 3.14.A, treatment with T1 alone at 100 µM resulted in 

about 38% reduction in cell viability. Compared to treatment with 100 µM T1 alone, the 

combinational therapy consisting of 100 µM T1 and 0.05 µM topotecan increased the cell 

killing by 1.5x. However, treatment with 0.05 µM topotecan alone or the combinational 

therapy resulted in comparable cytotoxic levels. Using a 10x higher topotecan 

concentration (0.5 µM) resulted in increased cytotoxic stress which was associated with 

higher cell death. However, in the combinational therapy, both {0.5 µM topotecan plus 

100 µM T1} and {0.05 µM topotecan plus 100 µM T1} resulted in similar cytotoxic 

levels. 

Utilizing 1 µM etoposide induced about 60% more cell death compared to the 0.1 

µM concentration (Figure 3.14.B). A trend of enhanced sensitivity was observed when 

0.1 µM etoposide was combined with 10 µM T1 rather than using 0.1 µM etoposide 

alone. This potentiation effect of etoposide cytotoxicity was statistically significant when 

100 µM T1 was used. However, the benefit of adding T1 to etoposide was not evidenced 

when 1 µM of etoposide was used. 
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Figure 3.13. MTT cytotoxicity assay.  The addition of an anticancer agent potentiates 
the sensitivity of U87 cells to the TDP1 inhibitor NSC120686 (T2). Cells (2000/well) 
were treated with T2 for 72 h in the absence or presence of (i), topotecan (TPT) (0.05 or 
0.5 µM); (ii), etoposide (ETP) (0.1 or 1 µM); or (iii), doxorubicin (DXR) (0.01 or 0.1 
µM). The response to treatment in (A), U87/mock was comparable to that in (B), 
U87/TDP1. Data normalization to cells treated with DMSO or media was performed on 
excel. Error bars represent standard error from triplicates. 

 

 

 

Furthermore, doxorubicin resulted in cytotoxic effects that are dose dependent 

when used as a monotherapy (Figure 3.14.C). In the combinational therapy of 

doxorubicin and T1, there was a trend of enhanced cytotoxicity of doxorubicin but was 

not statistically significant. As monotherapies, increasing the concentration of topotecan, 
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etoposide, or doxorubicin by 10x resulted in a significant increase in U87 cell death. 

When combined with 10 µM T1, similar trend of dose-dependent TOP-poison 

cytotoxicity was observed. Nevertheless, when combined with 100 µM of T1, increasing 

the concentration of the TOP-poison was not associated with an increase in cell death 

(100 µM T1 + 0.05 µM topotecan vs. 100 µM T1 + 0.5 µM topotecan, 100 µM T1 + 0.1 

µM etoposide vs. 100 µM T1 + 1 µM etoposide, and 100 µM T1 + 0.01 µM DXR vs. 100 

µM T1 + 0.1 µM doxorubicin). 

3.3.4 The effect of TDP1 overexpression or knockdown on the 

transcript levels of PARP-1, XRCC1, PNKP, TOP-I, TOP-IIβ, and 

MGMT 

To explain our previous findings which revealed that modulating TDP1 level in 

malignant glioma cell lines did not affect their response to topotecan, etoposide, 

doxorubicin and temozolomide, we wanted to examine other DNA-repair genes that are 

known to be important for the final DNA-repair process of the DNA damage produced by 

these drugs. This is also supported by the fact that TDP1 does not work as a single 

enzyme and redundant alternative pathways are available for the DNA-repair. 

BER has been found to be responsible for the repair of the TOP I-DNA cleavage 

complexes stalled by TOP I-poisons. Besides, it is part of the DNA-repair process for the 

N7-methylguanine produced by temozolomide which accounts for about 70% of the 

DNA damage produced by this drug.  Since PARP-1, XRCC1, and PNKP are important 

components of the BER complex, and in order to obtain a complete and finalized BER 

process, this necessitates that all the genes involved in the machinery to be active. Also, 

in order to identify the effect of modulating the level of one of these genes, the level of 

all other genes must be fixed.  Thus, we wanted to identify the effect of modulating TDP1 

level on the three genes’ expression levels. 
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Figure 3.14. MTT cytotoxicity assay.  Treatment of U87 cells with a combinational 
therapy of NSC128609 and a TOP-poison. Cells (2000/well) were treated with 10 
µM or 100 µM NSC128609 (T1) for 72 h in the absence or presence of (A), Topotecan 
(TPT) (0.05 or 0.5 µM). (B), Etoposide (ETP) (0.1 or 1.0 µM). (C), Doxorubicin 
(DXR) (0.01 or 0.1 µM). (*) represent statistically significant difference (p < 0.05) 
from control (cells treated with DMSO). (**) represent statistically significant 
differences (p < 0.05; student’s t-test) between selected data lines. Error bars represent 
standard deviation from triplicates. 
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U87 and U251 cell lines transiently transfected with the full length TDP1 cDNA 

samples were analyzed for differential expression of various DNA-repair genes. As 

shown in Figure 3.15.A & C, TDP1 overexpression has resulted in a significant 

reduction of the mRNA expression levels of XRCC1 and PNKP in both U87/TDP1 and 

U251/TDP1 cell lines when compared to mock cells (p < 0.001 & p = 0.002 respectively; 

student’s t-test). PARP-1 was expressed in very low levels in all types of cells but a 

significant upregulation was evidenced in U87/TDP1 cells compared to U87/mock cells 

(p = 0.0003, student’s t-test). The reduction of the gene level of these SSB repair 

interplayers may contradict the effect of TDP1 overexpression, and the expected 

increased resistance of malignant glioma cells transfected with TDP1 to anticancer 

therapy may not be detected. On the other hand, TDP1 knockdown by TDP1/sh48 and 

TDP1/sh50 in U87/TDP1 was also associated with downregulation of XRCC1 compared 

to U87/TDP1 cells transduced with the control vector (TDP1/sh-ve) by  percentages of 

64% and 37% respectively (Figure 3.15.B, p < 0.05; student’s t-test). PNKP was only 

significantly downregulated when TDP1 was knocked-down with TDP1/sh48 (Figure 

3.15.B, p = 0.0019; student’s t-test). 

Since TOP-I and TOP-II are the cellular targets of topotecan, etoposide and 

doxorubicin; it is likely that the sensitivity to these drugs increases as the level of their 

target enzymes increases. Thus we wanted to identify the effect of modulating the TDP1 

level in malignant glioma cell lines on the mRNA expression level of these two genes. 

Figure 3.16.A shows that TOP-I level has significantly increased by about three times 

after TDP1 overexpression in both U87 and U251 cell lines (p <0.005, student’s t-test). 

However, TOP-IIβ was downregulated by 1.34 times and 2 times in U87/TDP1 and 

U251/TDP1 respectively (p < 0.05, student’s t-test) (Figure 3.16.B). 

Although only about 5% of the DNA alkyl products generated by TMZ are O6-

meG, it is considered to be the most severe type and is the main DNA-damage 

responsible for the cytotoxicity of this drug. MGMT is the sole DNA-repair enzyme that 
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fixes these adducts and hence induces resistance. Thus, we wanted to assess the effect of 

TDP1 level modulation on the expression level of MGMT in malignant glioma cell lines. 

We found that TDP1 overexpression has significantly increased MGMT mRNA 

expression level in both U87/TDP1 and U251/TDP1 compared to cells transfected with 

the empty vector by 1.3 times and 3.5 times respectively (p < 0.05, student’s t-test) 

(Figure 3.17.A). A surprising finding is the extreme upregulation by about 124x of 

MGMT in U87/TDP1 cells transduced with TDP1/sh50 (Figure 3.17.B, p < 0.0001; 

student’s t-test).  

3.3.5 The effect of treatment of malignant glioma cell lines with 

anticancer agents and TDP1 inhibitors on the TDP1 level 

In order to assess the effect of treating malignant glioma cells with anticancer 

agents or TDP1 inhibitors on the expression level of TDP1, we treated U87 cell lines 

stably overexpressing TDP1 with 20 µM of either T1 or T2, 0.05 µM topotecan, 0.1 µM 

etoposide, or 0.01 µM doxorubicin. The used concentrations cause minimal cell death but 

apply significant genotoxic stress that is required to assess their effect on the expression 

level of TDP1. 

Treatment of U87/TDP1 with the anticancer agents at the mentioned 

concentrations did not affect TDP1 protein level, however treatment with TDP1 

inhibitors, both T1 and T2 resulted in an upregulation of TDP1 protein level Figure 3.18. 

This may explain the inability of these inhibitors to potentiate the cytotoxicity of TOP-

poisons because of the increased levels of TDP1 that are associated with enhanced repair 

of the DNA damage produced by these agents. 
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Figure 3.15. Effect of manipulating TDP1 level in malignant glioma cell lines on the 
transcription level of base excision repair (BER) genes. Real-time PCR was performed 
to measure PARP-1, PNKP and XRCC1 gene transcript levels in (A), U87 cell lines 
overexpressing TDP1 (U87/TDP1) compared to those transfected with empty vector 
(U87/mock), (B), U87/TDP1 cells knocked-down of TDP1 (U87/TDP1/sh48 & 
U87/TDP1/sh50) vs. control U87/TDP1 cells transduced with empty vector 
(U87/TDP1/sh-ve), and (C), U251 cell lines overexpressing TDP1 (U251/TDP1) 
compared to those transfected with empty vector (U251/mock). Gene mRNA levels were 
normalized to GAPDH and referred to the untransfected cells. Error bars represent 
standard deviation from triplicates. Data normalization was done in excel and student’s t-
test was used for significance testing.  
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Figure 3.16. Effect of manipulating TDP1 level in malignant glioma cell lines on 
transcription of topoisomerases. Real-time PCR was performed to measure gene 
transcript levels of (A), topoisomerase I (TOP-I) and (B), topoisomerase IIβ (TOP-IIβ) in 
malignant glioma cell lines overexpressing TDP1 (U87/TDP1 and U251/TDP1) compared 
to those transfected with empty vector (U87/mock and U251/mock). Also in the same 
chart differential TOP-I and TOP-IIβ levels in U87/TDP1 cells knocked-down of TDP1 
(U87/TDP1/sh48 & U87/TDP1/sh50) vs. control U87/TDP1 cells transduced with empty 
vector (U87/TDP1/sh-ve). Gene mRNA levels were normalized to GAPDH and referred 
to the untransfected cells. Error bars represent standard deviation from triplicates. Data 
normalization was done in excel and student’s t-test was used for significance testing.  
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Figure 3.17. Effect of manipulating TDP1 level in malignant glioma cell lines 
on transcription of O6-methylguanine methyltransferase (MGMT). Real-time 
PCR was performed to measure gene transcript levels of MGMT in (A), malignant 
glioma cell lines overexpressing TDP1 (U87/TDP1 and U251/TDP1) compared to 
those transfected with empty vector (U87/mock and U251/mock). (B), U87/TDP1 
cells knocked-down of TDP1 (U87/TDP1/sh48 & U87/TDP1/sh50) vs. control 
U87/TDP1 cells transduced with empty vector (U87/TDP1/sh-ve). Gene mRNA 
levels were normalized to GAPDH and referred to the untransfected cells. Error 
bars represent standard deviation from triplicates. Data normalization was done in 
excel and student’s t-test was used for significance testing. 

 

 

 

 

Figure 3.18. Western blot Analysis of TDP1 level in U87/TDP1 cell lines treated 
with small-molecule TDP1 inhibitors and topoisomerase poisons given alone or 
in combinations. 50,000 cell/well in a 12-well plate were treated for 72 h with 20 
µM of either T1 (NSC128609), T2 (NSC120686), 0.05 µM topotecan (TPT), 0.1 µM 
etoposide (ETP), or 0.01 µM doxorubicin (DXR) or with a combination of T1 or T2 
and a topoisomerase poison. Control loading is shown by GAPDH. 
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 3.4. Discussion 

Cellular response to DNA-damaging anticancer agents is a complex phenomenon 

and involves multiple and redundant pathways. For an efficient anti-neoplastic effect, the 

DNA damage produced by these agents needs to persist for a consequent cellular 

apoptosis to occur. Thus, DNA-repair pathways hinder the persistence of the DNA 

damages produced by the DNA-damaging anticancer agents and are considered critical 

determinants of the cytotoxicity of these agents. 

In our analysis of TDP1 expression level in the previous chapter, we revealed that 

TDP1 protein is upregulated in glioma and this was correlated with tumor aggressiveness 

in terms of histological grade. Moreover, we showed that TDP1 acts as a negative 

prognostic factor where patients expressing high TDP1 transcript levels had poorer 

overall survival compared to those expressing low TDP1. Furthermore, previous studies 

have shown an overexpression of TDP1 in NSCLC and in colorectal carcinoma (110-

112). Hence, indicating that cancer tissues may have acquired amplifications in TDP1 as 

a resistance mechanism, indicating that TDP1 could be a potential therapeutic target in 

glioma.  

This study was designed with the aim to identify the effect of manipulating TDP1 

level in malignant glioma cell lines on their sensitivity to DNA-damaging anticancer 

therapy. We postulated that high TDP1 levels will induce resistance of malignant glioma 

cell lines to topotecan, etoposide, doxorubicin and TMZ while TDP1 knockdown will 

enhance their sensitivity. In U87 and U251 overexpressing TDP1 generated in vitro by 

stable transfection of the full length TDP1 gene, we found that high TDP1 levels did not 

induce resistance of these cells to topotecan, etoposide, doxorubicin or TMZ. Although 

TDP1 is expected to be mandatory for the initiation of the DNA-repair process especially 

for TOPI-DNA cleavage complexes since it acts to remove the protein that is blocking 

the 3’-end of the DNA, we could not prove that its overexpression in malignant glioma 

cell lines induces resistance and thus increases tumor cell survival. Moreover, we 
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demonstrated that TDP1 depletion using short hairpin RNAs targeting specific regions in 

the TDP1 gene in U87 cells stably overexpressing TDP1 was associated with a trend of 

enhanced sensitivity to topotecan, etoposide, doxorubicin and TMZ. However, this 

sensitization effect was not statistically significant and did not result in major differences 

in the cell viability. 

Overexpression of TDP1in U2-OS cell lines did not increase their resistance to 

camptothecin, topotecan, gimatecan (new TOP I-poison), etoposide or doxorubicin (157). 

Moreover, silencing of TDP1 in the same type of cell lines did not enhance their 

sensitivity to gimatecan (157). This indicates the complexity of the DNA-damage repair 

pathways which can involve various interplayers. In the same study by Perego et al., 

cosilencing of TDP1 and XRCC1 was associated with significant reduction in cell 

survival compared to control (157). Another study by Zhang et al. (2011) showed that the 

PARP-1 inhibitor (ABT-888) lost the ability to enhance the cytotoxicity of camptothecin 

in mouse embryonic fibroblast (MEF) cells when TDP1 was knocked-down (158). 

Indeed, recent studies revealed that TDP1 exists in a protein complex with XRCC1, 

PARP-1, PNKP, pol β and Lig 3α, pointing at the importance of the interaction between 

all the proteins for a final and complete DNA-repair process. 

In our search for an explanation of these results, we wanted to analyze the effect 

of modulating TDP1 level on the expression of other DNA-repair genes especially those 

that are known to be important interplayers in the repair of the DNA damage produced by 

the tested agents. In U87 and U251 transiently transfected with the full length TDP1 

gene, we extracted the RNA and performed a quantitative real-time PCR analyses for 

PNKP, XRCC1, PARP-1, TOP-I, TOP-IIβ and MGMT. We found that TDP1 

overexpression was associated with significant reduction in the gene levels of XRCC1 

and PNKP which as explained earlier are important for the complete and finalized BER 

process. Their downregulation could have contradicted the effect of TDP1 

overexpression and thus the expected increased resistance to probably all the drugs was 
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not evidenced. On the other hand, TDP1 knockdown resulted in downregulation of 

XRCC1 and PNKP. However, the downregulation of the three genes was not associated 

with enhanced sensitivity to anticancer therapy, mostly because of the presence of 

alternative and redundant repair pathways to fix the DNA damages produced by these 

agents as have been discussed in the first chapter.  

Topoisomerases are the target enzymes for topotecan, etoposide and doxorubicin, 

thus it is conceivable that the sensitivity of cells to these drugs will increase as the levels 

of TOP-I and TOP-II increases. Our results showed that TOP-I transcript levels were 

significantly increased in both U87 and U251 after TDP1 overexpression. This increase 

in TOP-I and the decrease in PNKP and XRCC1 could have enhanced the sensitivity of 

the cells to topotecan and thus masked the increased resistance effect expected after 

increased TDP1 levels. On the other hand, TOP-IIβ levels were significantly reduced in 

both U87 and U251. Although TOP-IIβ downregulation may be expected to be associated 

with lower sensitivity to etoposide and doxorubicin, other DNA-repair processes are 

involved for the fixation of TOP II-poisons induced DNA damage. Those include the 

tyrosyl DNA phosphodiesterase 2 (TDP2) that hydrolyzes the 5’-phosphotyrosyl linkage 

in the TOP II-DNA cleavage complexes and the DNA DSB repair pathways including 

HR and NHEJ which act to fix the DSBs produced by these agents (88,159,160). 

MGMT is the sole enzyme responsible for the repair of O6-methylguanine, the 

most cytotoxic DNA lesion produced by TMZ (161). MGMT low expression level and 

promoter hypermethylation were associated with increased overall survival of patients 

and enhanced sensitivity to TMZ compared to those with unmethylated MGMT (57,162). 

However, still about 50% of patients with MGMT promoter methylation are resistant to 

TMZ suggesting the presence of other DNA-repair enzymes that play a role in the repair 

of the DNA-damage generated by this alkylating agent (163). Our results showed that 

MGMT mRNA level significantly increases after TDP1 overexpression in both U87 and 

U251 cell lines. Nevertheless, this was not associated with increased resistance of cells to 
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TMZ. More than 70% of the DNA adducts produced by TMZ are repaired via the BER 

process. DNA methylpurine-N-glycosylase (MPG) is the enzyme responsible for the 

removal of the alkyl group from the N3 and N7 resulting in an AP-site that as mentioned 

previously can be further repaired by TDP1 and the BER consisting of PARP-1, XRCC1, 

PNKP, pol β and Lig 3α (52). Since TDP1 overexpression was associated with 

downregulation of PNKP and XRCC1, as explained earlier these changes in transcript 

levels of other important components of the BER process may have opposed the expected 

increased resistance when overexpressing TDP1 in malignant glioma cell lines and thus a 

sensitization effect to TMZ was not noticed. 

Our attempts to achieve our aims in proving the speculated role of TDP1 in 

malignant glioma cell lines on response to DNA-damaging anticancer therapy were not 

accomplished by manipulating TDP1 expression level in these cell lines. Thus we wanted 

to proceed and investigate the suggested potentiation effect of small-molecule TDP1 

inhibitors to TOP-poisons. In our study we utilized two TDP1 inhibitors T1 and T2. They 

are small-molecule ligands that bind to the active site of the TDP1 and thus act as 

pseudosubstrates for the enzyme. Treatment of U87 cells with gradient concentrations of 

T1 or T2 alone or in combination with two different concentrations of topotecan, 

etoposide or doxorubicin resulted in a reduction in the cellular viability in a dose 

dependent manner. However, this potentiation effect did not correlate with the TDP1 

level because U87/mock cells showed sensitivity levels that are comparable to those 

shown by U87/TDP1. This may indicate that these inhibitors are not specific to TDP1. 

Moreover, to confirm these results, we treated the parental U87 cell lines with topotecan, 

etoposide, or doxorubicin at two different concentrations in the presence or absence of 

T1. Our findings showed that combining T1 with TOP-poisons resulted in a trend of 

increased cell death compared to treatment with the TOP-poisons alone. However, this 

effect did not reach significance. An interesting finding is that when treating the cells 

with a 10x higher concentration of a TOP-poison the viability significantly reduced 
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compared to the lower concentration. This was applicable when a 10 µM of T1 was 

added, but was not seen when 100 µM of T1 was used. This could be due to the 

upregulation of TDP1 when the cells were treated with T1 which may result in the repair 

of the DNA damage produced by TOP-poisons. Thus, contradicting the sensitization 

effect expected from combining a TDP1 inhibitor and a TOP-poison. 

The above findings suggest that T1 and T2 may not be efficient TDP1-inhibitors 

to potentiate the cytotoxicity of TOP-poisons. A problem that we confronted to study the 

potential benefit from incorporating TDP1 inhibitors to the treatment regimen, was that 

all of the up to date developed TDP1 inhibitors are not specific for the enzyme and they 

inhibit several phosphodiesterase processes in the cell. Thus, the identification of novel 

selective and specific TDP1 inhibitors and the investigation of their role to enhance the 

sensitivity of cancer cells to anti-neoplastic therapy is required. 

In summary, this study provides some evidence that redundant pathways are 

acting to limit the cytotoxicity of topotecan, etoposide, doxorubicin and TMZ. 

Modulation of TDP1 expression level in malignant glioma cell lines U87 and U251 was 

not sufficient to induce resistance to the previous DNA-damaging anticancer drugs with 

no difference in the viability between cells expressing low or high. Moreover, 

manipulating TDP1 level was associated with changes in the transcript levels of different 

DNA-repair enzymes that are known to play a role in affecting the sensitivity of the cells 

to the tested anticancer drugs including PARP-1, XRCC1 and PNKP (BER process), 

TOP-I and TOP-II, and MGMT which emphasizes the importance of studying several 

DNA-repair genes instead of focusing on a single gene when attempting to identify novel 

therapeutic targets.  

 3.5. Conclusion 

This chapter emphasizes the fact that the response to the DNA-damaging 

anticancer agents is complex and several DNA-repair pathways which are redundant and 
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intertwined are vital determinants of the response of cancerous cells to the anti-neoplastic 

agents. Targeting TDP1 alone was not sufficient to modulate the response of malignant 

glioma cell lines to TOP-poisons and to TMZ. Thus, insisting the importance of targeting 

several cellular pathways in glioma instead of focusing on a single molecular signature. 

As a consequence, future targeting of several DNA-repair genes is required in order to be 

able to identify novel therapeutic strategies. Moreover, once identified and characterized 

preclinically for their synergistic effect, potential TDP1-inhibitors should be incorporated 

in the anticancer treatment regimen of glioma especially those including TOP I-poisons. 

If proven efficacious, these inhibitors could represent promising adjuvant anticancer 

agents that can be tested clinically for their efficiency to improve the sensitivity of glioma 

to therapy and the clinical outcome of patients. 
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CHAPTER IV 

CONCLUSION, CHALLENGES AND FUTURE WORK 

 4.1. Summary and conclusions 

Gliomas are the most common type of intracranial tumors and despite the 

advanced diagnostic tools and the aggressive treatment strategies; the prognosis is still 

poor with a median survival of 14.6 months for patients with glioblastoma. Although the 

WHO classification is considered the only clinically applied strategy for classifying 

patients into diagnostic and prognostic groups and for the stratification to therapy, it is 

inadequate to explain the variability in the clinical outcome between patients in the same 

pathological group. Thus, there is an urgent need for the identification of new, novel and 

more reliable prognostic factors that can classify gliomas into subgroups based on the 

genetic and molecular profiles of the patient and the tumor itself. Moreover, resistance to 

therapy represents a major problem in glioma that accounts for tumor progression and 

recurrence. Thus, comprehensive molecular analysis of glioma represents an important 

strategy for the identification of prognostic and predictive biomarkers and new 

therapeutic targets.  

With the focus on the DNA-repair genes, comprehensive genetic analysis of the 

representative glioma population in this study revealed significant different gene 

expression profiles and numerous genetic alterations in genes of several DNA-repair 

pathways compared to control samples. A newly discovered DNA-repair gene that has 

shown significant amplification in glioma biopsies is tyrosyl-DNA phosphodiesterase 1 

(TDP1). The product of this gene has been shown to hydrolyze various types of 3’-DNA 

lesions especially the phosphodiester bond in the irreversible topoisomerase I-DNA (TOP 

I-DNA) cleavage complexes produced mainly by topoisomerase I poisons (TOP I-

poisons). Previous explorations have identified correlations between TDP1 and response 

to anticancer agents in different types of cell lines. Mutant and low levels of TDP1 
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resulted in enhanced sensitivity to camptothecin, topotecan and bleomycin, while TDP1 

overexpression was associated with resistance to camptothecin and etoposide.    

Further analysis of TDP1 transcript and protein levels in a subset of glioma 

samples revealed a correlation with glioma aggressiveness and clinical outcome. High 

TDP1 levels were found to be associated with poorer overall survival. Furthermore, 

glioma samples showed higher TDP1 protein levels compared to non-neoplastic tissues. 

Additionally, in astrocytic lineage, TDP1 protein level was found to be upregulated in 

higher grade samples and GBM tissues showed the highest expression levels. These 

findings suggest the negative prognostic value of TDP1, besides its possible utility to 

provide information regarding glioma subclassification. TDP1 as a molecular biomarker 

in glioma would be more ideal if we could prove its ability to predict response to therapy. 

As a consequence, and in order to understand the underlying molecular mechanism of 

how TDP1 may modulate the response of glioma to anticancer therapy, we moved 

forward to our in vitro investigations. 

The findings of our in vitro analyses of the effect of TDP1 level on the response 

to the DNA-damaging anticancer agents revealed that targeting TDP1 alone was not 

enough to modulate the sensitivity of GBM cell lines to TOP-poisons and temozolomide. 

Overexpression of TDP1 in the GBM cell lines U87 and U251 did not increase their 

resistance to topotecan, etoposide, doxorubicin or temozolomide. Moreover, TDP1 

knockdown in U87 cells overexpressing TDP1 resulted in only minimal enhancement of 

response to therapy. Thus, emphasizing the importance of the comprehensive role of 

several proteins in the DNA-repair process. This was evident by the differential 

expression levels of several DNA-repair genes when TDP1 level was manipulated in 

GBM cell lines. Moreover, although adding small-molecule TDP1 inhibitors was 

associated with a trend of enhanced cytotoxicity of TOP-poisons toward U87 cell lines, 

the effect was not significant and did not correlate with the TDP1 expression level 

probably due to the nonspecificity of these molecules. 
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In summary, our findings provide an unprecedented evidence of the role of TDP1 

as a prognostic biomarker and as a potential tool for the subcategorization of patient with 

glioma. The enrollment of a larger sample size is required for further confirmation of 

TDP1 utility in glioma. On the other hand, TDP1 predictive value needs further 

validation where the role of other DNA-repair genes need to be investigated in 

combination with TDP1. A potentially vital area of study in glioma is the role of the base 

excision repair (BER) pathway in modulating the tumor response to anticancer therapy. 

Almost all of the up to date studies with limited practicality are focusing on the role of a 

single gene in the BER process. However the involvement of other genes especially 

TDP1 in these studies may represent a useful tool for better understanding of glioma 

response to therapy and to develop novel strategies to enhance the cytotoxicity of the 

currently implied anti-neoplastic agents. 

 

 

 

 

Figure 4.1. A model for the involvement of Tyrosyl DNA-phosphodiesterase I 
(TDP1) in the repair of 3’-DNA lesions associated with DNA single strand breaks 
(SSBs) via the base excision repair (BER) process. The SSBs are formed  from 
several sources including irreversible topoisomerase I-DNA cleavage complexes, 
apurinic/apyrimidinic-sites (AP-sites) which are generated spontaneously due to base 
loss or induced or through enzymatic excision, and 3’-phosphoglycolate (3’-PG) 
which arises from reactive oxygen species produced endogenously or exogenously via 
anticancer agents. 
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4.2. Challenges  

To achieve our attempts to exploring the effect of TDP1 level on the sensitivity of 

GBM cell lines to DNA-damaging anticancer agents, we required to manipulate TDP1 

level exogenously via overexpression and knockdown experiments. This resulted in 

changes in the transcription level of other DNA repair genes. Thus, the identification of 

glioma cell lines that express endogenous high TDP1 levels is needed. However, trials to 

manipulate TDP1 level in these cell lines may also affect other genes’ levels. Thus, a 

possible better way to assess the importance of TDP1 in glioma, is to introduce the cells 

to both a wild-type and a mutated TDP1 (that is associated with low or negligible 

enzymatic activity). This may represent a direct approach of investigating the importance 

of TDP1 in glioma cell line survival after treatment with anticancer therapy. 

4.3. Future work 

The role of TDP1 to predict the survival of patients and its utility to provide more 

accurate information regarding glioma diagnosis need to be verified in a larger population 

of glioma patients. This population need to include patients of both lineages (astrocytoma 

and oligodendroglioma) and should include all the histological grades in order to be able 

to provide a comprehensive view of the role of TDP1 in glioma. Moreover, high-

throughput screening techniques to analyze TDP1 protein expression levels need to be 

implied. Regarding in vitro investigation of the role of TDP1 to predict the response to 

the DNA-damaging anticancer agents, it would be interesting to obtain glioma cell lines 

that express high endogenous TDP1 levels. The tendency of enhanced sensitivity to 

anticancer therapy when TDP1 was knocked-down in U87 cell lines did not reach 

significance because of the negligible TDP1 expression levels in the parental cell lines. 

Thus, knockdown of TDP1 in a glioma cell line that intrinsically express high TDP1 

levels may yield promising results. Moreover, if new specific and selective TDP1 
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inhibitors were to be found, it will be beneficial to test their ability to potentiate the 

cytotoxicity of anticancer therapy in glioma. 

If the above investigations produced significant results, in vivo analysis of the role 

of TDP1 would be the next step. Orthotopic xenografts mice models to resemble the 

glioma microenvironment will be utilized. The xenografts would be representative to 

low, medium and high TDP1 levels (in terms of protein level or enzymatic activity). Mice 

will be treated with various types of DNA-damaging anticancer agents such as topotecan, 

etoposide, doxorubicin and temozolomide. Then, the differential tumor response to 

therapy should be measured in terms of the time required for the mice to develop 

symptoms due to tumor burden and by measuring the tumor size. Also measurements of 

mice survival should be obtained and correlated with TDP1 level.  

Based on the findings of our research besides the reports of the previous studies, a 

strong suggestion is to study the role of BER in glioma. TDP1 should be included in the 

investigational experiments and the role of several BER genes in affecting the response to 

DNA-damaging anticancer agents should be analyzed. The source of the importance of 

studying the comprehensive role of BER emerges from the previous studies that have 

shown a minimal change in the sensitivity to anticancer agents when only modulating a 

single gene. 

If significant results are obtained from the preclinical investigation of the role of 

TDP1 in affecting the response of glioma to TOP-poisons and TMZ, the results can be 

translated into clinical studies. TOP-poisons in combination with small-molecule TDP1 

inhibitors instead of TMZ can be incorporated in glioma therapy as an alternative 

regimen. This would be applicable in patients expressing unmethylated MGMT, thus 

resistance to TMZ would be expected. Moreover, patients expressing high TDP1 levels 

would be expected to show resistance to TOP-poisons, hence these agents will not 

represent potential second-line agents for the treatment of recurrent glioma. All of these 
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approaches will aid in paving the way of personalized medicine and individualization of 

therapy. 

Despite the challenges that will be associated with investigating the relevance of 

TDP1 in glioma, if proven to play a role in predicting response to therapy, TDP1 may 

represent an important building block in the enhancement of glioma diagnosis, prognosis 

and response to therapy. 
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APPENDIX A 

LIST OF CNAS AND LOH EVENTS IN GLIOMA STUDY 

POPULATION 

Table A.1. Summary of the most significant (p < 0.0001) loci/chromosomal 
regions showing CNAs (gain or loss) or LOH events in the glioma 
study population 
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Table A.1 Continued 
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