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1 INTRODUCTION  

 Gliomas classification, clinical and molecular characteristics and standard therapy 1.1

of glioma 
 

1.1.1 Classification and clinical characteristics of gliomas 

Nowadays cancer is an enormous burden on society in more and less economically developed 

countries and is the second most deadly disease after heart condition (Torre et al., 2015). The 

incidence of cancer increased during the last decades due to the growth and aging of the world 

population as well as an elevated prevalence of risk factors such as genetic predispositions, personal 

circumstances (e.g. smoking, overweight, physical inactivity) and chemicals (e.g. aromatic amines, 

alkylating agents), physical (e.g. UV light, X-ray, radioactive radiation) or biological sources (human 

papilloma viruses, hepatitis B and C viruses, Epstein-Barr virus, bacteria Helicobacter pylori) 

(Torre et al., 2015; Harris, 1991; Poirier, 2004; Parkin, 2006, De Flora and Bonanni, 2011).  

In 2012 over 14 million new cases of cancer and 8.2 million cancer deaths were recorded worldwide 

and the World Health Organization (WHO) predicts that the annual number of cancer cases will reach 

19.3 million by the year 2025 (WHO/International Agency for Research of Cancer, GLOBOCAN 

2012, date of last access 18.03.2016). Cancer is a disease that can affect nearly every organ and 

system (e.g. immune, blood, lymphatic system) in the human body. Several different types of benign 

and malignant tumors have been identified, whereas lung and breast cancer are the most common 

types worldwide. In contrast, primary tumors of the central nervous system (CNS) are relatively rare, 

with an annual incidence of 15/100,000 adult individuals, whereas the two most abundant forms in 

adults are tumors from the neuroepithelial tissue, called gliomas, and tumors of the meninges called 

meningiomas (Poeck and Hacke, 2013; Louis et al., 2001). 

Gliomas are named after the glial cells, also called neuroglia or simply glia, from which they arise 

(Bigler and Clement, 1997). The brain consists of two major types of cells, neurons and glial cells. 

Glial cells surround neurons to hold them in place, provide nutrients, oxygen and electrical insulation, 

destroy pathogens, participate in the signal transmission and help to maintain homeostasis in the 

nervous system (Kettenmann and Verkhratsky, 2011). The glial cells were discovered in the middle of 

the 19th century by a group of scientists including Robert Remak, Theodor Schwann and Rudolf 

Virchow. Glial cells of the central nervous system are classified into microglia cells, oligodendrocytes 

and astrocytes (Kettenmann and Verkhratsky, 2011). Microglia cells are the immune cells of the 

central nervous system and have been considered as pathological sensors of the brain as they perform 

phagocytic functions (Kettenmann and Verkhratsky, 2011). Oligodendrocytes in the central and 
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Schwann cells in the peripheral nervous system form myelin sheaths to coat the neuronal axons, 

allowing high nerve conduction velocity in axons of vertebrates. Astrocytes are the most abundant and 

most heterogeneous neuroglial cell type in the CNS and are involved in several physiological 

processes. For example, these cells store and distribute energy substrates, control the development of 

other neural cells and define the micro-architecture in the brain (Kettenmann and Verkhratsky, 2011).  

The first pathological description of gliomas was proposed by Virchow in 1863, who differentiated 

common types of intracranial malformations (Safavi-Abbasi et al., 2006). In 1926 Bailey and Cushing 

provided the first histopathological classification of gliomas, based on parallels between putative 

developmental stages and histological appearances of glial tumors (Bailey and Cushing, 1926). 

Nowadays a classification established by the WHO is used in the clinical routine, which categorizes 

gliomas according to the histologically equivalent normal cell type and malignancy (Louis et al., 

2007). Therefore, in accordance with the different glial cell types, gliomas are classified into 

astrocytomas, oligodendrogliomas, mixed gliomas such as oligoastrocytomas, ependymomas, choroid 

plexus tumors and other neuroepithelial tumors (Table 1.1). However, if gliomas indeed arise from 

differentiated glial cells remains a matter of debate. The cellular origins of gliomas are still undefined 

and experimental in vivo data have shown that different cell types of the central nervous system may 

be capable of being the source of glial neoplasia, including differentiated glial cells like an astrocyte or 

an oligodendrocyte, a more immature precursor cell or a neural stem cell (Jiang and Uhrbom, 2012; 

Modrek et al., 2014).  

With respect to their malignancy, gliomas are classified into WHO grade I to grade IV. Grade I or II 

tumors are termed low-grade gliomas. Grade I tumors preferentially develop in children and young 

adults (Tonn et al., 2006). They grow very slowly, have a limited potential for malignant progression 

and can often be cured by surgical resection. Grade II gliomas (low-grade gliomas) preferentially, but 

not exclusively, occur in young adults (age peak: 30-40 years). These grade II gliomas are 

well-differentiated and also grow slowly. However, they diffusely infiltrate in the adjacent brain 

parenchyma, which impairs the possibility of treatment by resection. Therefore, grade II gliomas have 

an inherent tendency for local recurrence and malignant progression to a higher grade (Tonn et al., 

2006; Louis et al., 2007). The majority of grade II gliomas are diffuse astrocytomas, 

oligodendrogliomas as well as oligoastrocytomas and patients suffering from these subtypes typically 

survive more than five years (five-year survival rate of 93 %). However, 52 % of the patients also 

progress within these five years (Soffietti et al., 2010; Louis et al., 2007). Grade III and grade IV 

gliomas are considered as high-grade gliomas. Grade III gliomas have incidence peaks between 40-45 

years and are anaplastic (i.e. dedifferentiated) tumors, which grow fast and diffusely infiltrative. These 

gliomas are histologically characterized by increased cellularity, nuclear atypia and distinctive mitotic 

activity, whereas microvascular proliferation and necrosis are missing (Tonn et al., 2006; Louis et al., 
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2007). In general, grade III gliomas require adjuvant treatments after resection. However, the median 

survival for patients with grade III gliomas is two to three years (Louis et al., 2007). Grade IV, the 

most malignant form of gliomas, also known as glioblastoma multiforme (or just glioblastoma), is the 

most common subtype of brain tumors (Maher et al., 2001). This tumor type can develop at any age, 

but adult patients are predominantly affected (peak incidence: 50-60 years). Glioblastomas are 

histologically characterized by high cellularity, marked cellular pleomorphism, nuclear atypia and 

increased mitotic activity (Tonn et al., 2006; Wesseling et al., 2011). Furthermore, the presence of 

microvascular proliferation and/or necrosis is a typical feature for the diagnosis of these tumors. The 

prognosis of patients with glioblastomas depends largely upon the availability of effective treatment 

regimens, consisting of surgery and adjuvant therapies (Louis et al., 2007). Patients suffering from 

glioblastomas have a median survival time of 14-17 months (Okada et al., 2009; Chen et al., 2012; 

Westermark, 2012; Gilbert et al., 2013).  

Glioblastomas mostly arise de novo (primary glioblastoma) without clinical or histopathological 

evidence of a pre-existing less malignant precursor lesion (Newton, 2007; Taylor, 2010). On the 

contrary, secondary glioblastomas develop from a lower grade glioma over the time through malignant 

progression. Despite their molecular differences, primary and secondary glioblastomas are 

morphologically indistinguishable and respond similarly to conventional therapy (Maher et al., 2006). 

Table 1.1 The WHO classification and grading of gliomas of the CNS (adapted from Louis et al., 2007). 

Tumors of the neuroepithelial tissue Grading 

Astrocytic tumors I II III IV 

Pilocytic astrocytoma •    

Subependymal giant cell astrocytoma •    

Pilomyxoid astrocytoma  •   

Diffuse astrocytoma  •   

Pleomorphic xanthoastrocytoma  •   

Anaplastic astrocytoma   •  

Glioblastoma    • 

Giant cell glioblastoma    • 

Gliosarcoma    • 

Oligodrendroglial tumors I II III IV 

Oligodendroglioma  •   

Anaplastic oligodendroglioma   •  

Oligoastrocytic tumors I II III IV 

Oligoastrocytoma  •   

Anaplastic oligoastrocytoma   •  

Ependymal tumors; Choroid plexus tumors; Other neuroepithelial tumors 
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1.1.2 Diagnosis, standard therapy and molecular characteristics of gliomas 

Gliomas account for 82 % of malignant primary brain and CNS tumors (Ostrom et al., 2015). In 

general, glioma patients present symptoms, which vary by tumor type, tumor size, location and tumor 

growth rate. Common symptoms of gliomas are headache, cognitive limitations (e.g. memory loss, 

personality changes, confusion, speech problems) and seizures, which are caused by disorganized 

electrical activity in the brain (Buckner et al., 2007). Diagnosis of gliomas usually involves gathering 

the patients’ medical history, a physical exam, a neurological exam (e.g. vision, hearing, balance, 

coordination and reflexes) and scans of the brain by magnetic resonance imaging (MRI) and computed 

tomography (CT) to define the anatomic extent of the tumor (Kieffer, John Hopkins Medicine, date of 

last access 20.03.2016; Taylor, 2010; Buckner et al., 2007). Finally, the differential and final diagnosis 

is based on histological analyses of the tumor tissue obtained from biopsies or resections. 

Surgery, if applicable, represents the primary therapy of gliomas and aims at debulking of the tumor 

(Hartmann and von Deimling, 2005; Desjardins et al., 2008). However, in some cases (e.g. young 

patients with small low-grade gliomas) a number of surgeons have recommended to consider the 

“watch and wait policy”, which means to postpone surgery and instead to control the tumor 

radiographically, due to the potential surgical morbidity (Soffietti et al., 2010; Recht et al., 1992; 

Olson et al., 2000; Reijneveld et al., 2001). Moreover, the option of adjuvant treatment following 

surgery depends on the tumor classification and grade of resection. In this context surgical resection 

and radiotherapy are the mainstays of treatment of malignant gliomas (Stupp et al., 2005). For these 

gliomas or recurrent gliomas, radiotherapy is frequently accompanied or followed by chemotherapy 

using the alkylating agent temozolomide (TMZ). 

Irrespective of the aggressive therapy options available, high-grade gliomas remain lethal diseases 

with dismal prognosis (Jiang and Uhrbom, 2012). Thereby, the failure of therapy for malignant 

gliomas is attributed to different factors. On the one hand, the diffusely infiltrative growth of 

malignant gliomas impedes their complete resection. (Tonn et al., 2006; Louis et al., 2007). 

Additionally, gliomas are generally immunosuppressive tumors due to the secretion of soluble 

immune inhibitory factors by microglia, astrocytes and tumor cells, such as transforming growth factor 

β (TGF-β) and interleukin (IL-10) (Wick et al., 2006; Rabinovich et al., 2007). Furthermore, the most 

malignant grade IV gliomas exhibit areas of necrosis and/or hypoxia, whereas the latter is described as 

an important limiting factor for the efficacy of radiotherapy (Vaupel et al., 2001; Höckel and Vaupel, 

2001). The failure of current therapies has mainly been ascribed to the heterogeneity of gliomas with 

respect to clinical presentation, pathology and response to treatment (Jovčevska et al., 2013). 

One reason for this heterogeneity of gliomas is most certainly the variety of epigenetic and genetic 

alterations (Jiang and Uhrbom, 2012). Therefore, several studies highlighted the importance of the 

epigenetic changes and the mutual signature of gliomas to improve the knowledge of their 
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development, progression and resistance to therapy (Parsons et al., 2008; Noushmehr, 2011 van den 

Bent et al., 2009; van den Bent et al., 2013a). Furthermore, molecular analysis of gliomas is an 

alternative approach to improve diagnosis and tumor classification by distinguishing glioma subtypes 

based on a molecular level. In a recent study it has been demonstrated that gliomas can be classified 

by their epigenetic changes due to the discovery of the CpG island methylator phenotype (G-CIMP) 

(Noushmehr et al., 2010). This phenotype defines a distinct subgroup of gliomas based on global 

promotor methylation patterns (i.e. concerted hypermethylation at a large number of loci). 

In addition, low-grade and high-grade gliomas can also be grouped into different subtypes based on 

their molecular signature. By means of a comprehensive, integrative genomic analysis, the clustering 

of mutations revealed three prognostically significant subtypes of lower grade gliomas that were 

categorized more accurately by codeletion of chromosome arms 1p and 19q as well as isocitrate 

dehydrogenase (IDH) and tumor protein p53 (TP53) status compared to histological classification 

(Cancer Genome Atlas Research Network, 2015). 

On the other hand in a further study, a molecular classification of glioblastomas into neural, classical, 

mesenchymal and proneural subtypes was compiled based on their molecular and genetic alterations 

(Verhaak et al., 2010; Brennan et al., 2013) (Figure 1.1). Based on these studies the neural 

glioblastoma subtype exhibits a genetic signature almost like normal brain tissue and was typified by 

the expression of neuronal markers, such as neurofilament light polypeptide (NEFL), 

gamma-aminobutyric acid A receptor alpha 1 (GABRA1) and synaptotagmin 1 (SYT1). The classic 

glioblastoma subtype demonstrates chromosome 7 amplification, loss of heterozygosity on 

chromosome 10, amplification/overexpression/mutation of epidermal growth factor receptor (EGFR), 

homozygous deletion of the cyclin-dependent kinase inhibitor 2A (CDKN2A) and no alterations in 

TP53. The mesenchymal glioblastoma subtype can be identified by the expression of mesenchymal 

and astrocytic markers (e.g. chitinase-3-like protein 1 (CHI3L1), CD44 and c-mer proto-oncogene 

tyrosine kinase (MERTK)) as well as neurofibromin 1 (NF1) deletions or mutations and phosphatase 

and tensin homolog (PTEN) mutations. Moreover, the two main features of the proneural glioblastoma 

subtype are alterations of platelet-derived growth factor receptor alpha (PDGFRA) and point 

mutations in the gene encoding the IDH1 enzyme. This subtype showed high expression of 

oligodendrocytic development genes and contained several proneural development genes. 

Furthermore, it has been demonstrated that G-CIMP gliomas belong to the proneural subtype 

(Noushmehr et al., 2010). 

Verhaak and colleagues also investigated the effect of more intensive treatment regimes, consisting of 

concurrent chemo- and radiotherapy or more than three subsequent cycles of chemotherapy, on 

survival of the different glioblastoma subtypes (Verhaak et al., 2010). The results showed that 
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increasing the aggressiveness of the treatments reduced mortality in classical, mesenchymal and neural 

subtype, whereas it did not alter the survival times of patients with proneural glioblastomas. 

In summary, based on their genetic and epigenetic alterations it is possible to divide gliomas into 

specific subgroups with different molecular and clinical phenotypes. These molecular classifications 

have consequences on the tumor diagnosis and therapeutic options for glioma patients. Hence, 

molecular markers provide additional information about tumorigenic processes to gain deeper insights 

into the development and progression of gliomas. Moreover, molecular markers represent a useful tool 

for the development of personalized therapeutic options for targeted therapies as one of the main 

research objectives in the next years. 

 

Figure 1.1. Molecular classification of glioblastomas (glioma grade IV) into neural, classical, mesenchymal 

and proneural subtypes. The cellular origins of gliomas are still undefined and it has been supposed that 

different cell types of the central nervous system may be capable of being the source of glial neoplasia by 

undergoing genetic alterations, which leads to a population of tumor–initiating cells (TICs). These TICs can then 

further accumulate genetic and epigenetic changes and become brain cancer–propagating cells (BCPC), which 

have than the ability for the formation of glioblastomas. GBM: glioblastoma multiforme, EGFR: epidermal 

growth factor receptor, PTEN: phosphatase and tensin homolog, CDKN2A: cyclin-dependent kinase inhibitor 

2A, NES: nestin, Shh: sonic hedgehog. NF1: neurofibromin 1, TP53: tumor protein 53, MET: 

mesenchymal-epithelial transition, CHI3L1: chitinase-3-like protein 1, CD44: CD44 molecule, MERTK: c-mer 

proto-oncogene tyrosine kinase, TNF: tumor necrosis factor, NFκB: nuclear factor of kappa light polypeptide 

gene. NEFL: neurofilament light polypeptide, GABRA1: gamma-aminobutyric acid A receptor alpha 1, SYT1: 

synaptotagmin 1, SLC12A5: potassium-chloride co-transporter member 5. PDGFRA: platelet-derived growth 

factor receptor alpha, IDH1: isocitrate dehydrogenase 1, PIK3: phosphatidylinositide 3-kinase, SOX: SRY-box, 

DCX: doublecortin, DLL3: delta-like 3 (Drosophila), ASCL1: achaete-scute family basic-helix-loop-helix 

(bHLH) transcription factor, TCF4: transcription factor 4, OLIG2: oligodendrocyte lineage transcription factor 

2, TCF3: transcription factor 3, NKX2-2: NK2 homeobox 2, HIF: hypoxia-inducible factor (Van Meir et al., 

2010). 
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 Radiation and hypoxia 1.2

Conventional treatment of malignant gliomas, comprising surgery, radiotherapy and chemotherapy, 

requires a multidisciplinary team, including neurosurgeons, medical neuro-oncologists, radiation 

therapists and pathologists (Stupp et al., 2006). An optimal care for patients is ensured by an 

individual treatment plan based on several tumor characteristics, such as histology, genetic status of 

specific biomarkers as well as location and stage of the brain tumor. In addition, the medical history 

and the current living conditions of the patient are considered when planning the individualized 

therapy. 

Radiation therapy is one of the most common and effective strategies to treat cancer. Thus at least 

50 % of all patients receive radiotherapy at some stage during the course of their disease (Bernier et 

al., 2004; Delaney et al., 2005; Begg et al., 2011; Balcer-Kubiczek, 2012). In general, one can 

distinguish between two main types of radiotherapy (Baskar et al., 2012). The most widespread 

approach in the clinical setting is external beam radiation, which is applied from outside the body by 

irradiating the location of the tumor with high-energy rays (photons, protons or particle radiation). On 

the other side, for the routine treatment of gynecological and prostate malignancies internal radiation 

therapy or brachytherapy is delivered inside the body directly to the tumor site by radioactive sources, 

sealed in catheters or seed implants (Baskar et al., 2012). 

In general, conventional radiotherapy is performed in a fractionated scheme, where the required total 

dose to kill the tumor cells is delivered in small doses per fraction, usually 1.8–2 Gy five times per 

week, over several weeks (Balcer-Kubiczek, 2012; Hellevik and Martinez-Zubiaurre, 2014; Mariotti et 

al., 2013; Teresa Pinto et al., 2016). In this way, the specific time intervals between the single 

treatments allow healthy tissue to recover. The aim of radiotherapy, i.e. destroying cancer cells with 

ionizing radiation while limiting the damage to nearby healthy tissue, has been significantly improved 

during the last decade by advances in imaging techniques, computerized systems for treatment 

planning, linear accelerators (with improved X-ray production and treatment delivery) as well as 

deeper understanding in the field of radiobiology (Bernier et al., 2004; Baskar et al., 2012; 

Balcer-Kubiczek, 2012). 

Exposure of tumor cells to clinically relevant doses of ionizing radiation induces DNA damage 

directly through ionization of the DNA backbone or indirectly by forming free radicals through the 

hydrolysis of water molecules (Baskar et al., 2012; Mariotti et al., 2013). In both cases the most 

relevant induced DNA lesions, besides base damage and single-strand breaks, are double-strand breaks 

(DSBs), because these lesions are more complex and difficult to repair (Sancar et al., 2004; Suzuki et 

al., 2003). Consequently, unrepaired and misrepaired lesions of the DNA affect the genomic integrity 

and further induce death of the irradiated cells. However, it has been shown that the mechanisms of 

cell death caused by irradiation are complex (Baskar et al., 2012). In general, two main processes, 
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namely apoptosis and mitotic catastrophe, account for the majority of ionizing radiation-induced cell 

death (Dewey et al., 1995; Rupnow and Knox, 1999; Cragg et al., 2009; Jonathan et al., 1999). In 

addition, also necrosis, senescence and autophagy have been shown to induce cancer cell death in 

response to radiation (Hotchkiss et al., 2009; Schmitt, 2007; Roninson, 2003; Kondo et al., 2005; 

Baskar et al., 2012). However, although the knowledge concerning the various molecular pathways 

involved in the radiation-induced cell death has been rapidly increased in recent years, the precise 

mechanisms have still not been fully elucidated (Baskar et al., 2012). 

Generally, treatment of high-grade gliomas is primarily aimed at alleviation of disease symptoms and 

control of growth or elimination of the tumor by means of surgery, to achieve tumor debulking, 

radiation and/or chemotherapy. (National Cancer Institute, date of last access 14.03.2016 and Kieffer, 

John Hopkins Medicine, date of last access 14.03.2016). In most cases radiotherapy is recommended 

following surgery to kill remaining tumor cells. Moreover, radiotherapy is also applied to treat 

recurrent, metastatic or inoperable gliomas, which are located in high-risk regions of the brain, to 

finally increase the survival of the patients (Kieffer, John Hopkins Medicine, date of last access 

14.03.2016). 

It is well known that tumors differ in their sensitivity to radiation. In this context, a critical factor for 

radiotherapy resistance is tumor hypoxia (Vaupel et al., 2001; Höckel and Vaupel, 2001; Moeller et 

al., 2005; Vaupel and Mayer, 2007). While normal tissue exhibits a partial oxygen pressure of 

approximately 40 mmHg, solid tumors are often characterized by hypoxic areas with partial oxygen 

pressures below 10 mmHg (Jordan and Sonveaux, 2012). In these regions, hypoxia is a limiting factor 

for the efficacy of radiotherapy (Vaupel et al., 2001; Höckel and Vaupel, 2001; Vaupel and Mayer, 

2007). Main reason for this phenomenon is that the DNA damage caused by reactive oxygen species 

(ROS), which are produced indirectly by ionization radiation through the hydrolysis of water, is easily 

reversible unless oxygen stabilizes the radiation-induced lesions (Ewing, 1998; Jordan and Sonveaux, 

2012). This radioprotective effect of hypoxia can be expressed quantitatively by the oxygen 

enhancement ratio (OER), which means that anoxic cells need a two- to threefold higher radiation 

dose compared to well-oxygenated cells in order to achieve the same biologic effects, i.e. DNA 

damage and subsequent cell death (Gray et al., 1953; Duncan, 1973). 

Malignant gliomas exhibit intratumoral hypoxia due to their rapid proliferation and a highly abnormal 

dysfunctional vascularization (Dimberg, 2014). The blood vessels of high-grade gliomas are 

morphologically and functionally different from normal brain blood vessels. Due to stimulating 

factors, such as rapid growth and hypoxia, the tumor endothelium becomes dysregulated, resulting in 

fragile and leaky blood vessels with irregular diameters and an abnormal blood flow (Vaupel, 1996; 

Vaupel et al., 1989; Gambarota et al., 2008; Dudley, 2012). 
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In addition to an altered DNA repair and angiogenesis, hypoxia induces further changes in various 

cellular processes to adapt tumor cells to the harsh micromilieu of the tumor, including proliferation, 

differentiation, apoptosis and metabolism (Graeber et al., 1996; Semenza, 2000; Gatenby and Gillies, 

2004). For example, one of the most universal characteristics of solid tumors is the so called “Warburg 

effect”. In contrast to normal differentiated cells, which almost exclusively rely on mitochondrial 

oxidative phosphorylation to generate the energy for their cellular processes, most tumor cells instead 

rely on aerobic glycolysis to produce energy (Warburg, 1956; Weinhouse, 1956). It has been proposed 

that the switch from oxidative to glycolytic metabolism in tumor cells occurs in order to provide 

sufficient energy (adenosine triphosphate (ATP)) as well as nutrients for their rapid growth and 

proliferation and further to reduce the generation of ROS that might otherwise damage replicating 

DNA and inhibit their proliferation (Spitz et al., 2000; Semenza, 2000; Vander Heiden et al., 2009). 

Indeed, hypoxia response elements (HRE) have been identified in the promoters of different genes 

encoding glucose transporters (GLUTs) and glycolytic enzymes (Ebert et al., 1995; Firth et al., 1994; 

Firth et al., 1995; Semenza et al., 1994; Semenza et al., 1996). Therefore, hypoxia induces cellular 

adaption and provides a physiological pressure to select cells (clonal selection), which are able to 

survive the harsh microenvironment in the tumor (Semenza, 2000). Thus, tumor-specific mutations do 

not result from targeted mutagenesis, but instead represent the effect of selection. Ultimately, tumor 

progression occurs as a consequence of the clonal selection of cells, in which somatic mutations have 

activated oncogenes or inactivated tumor suppressor and mutator genes leading to increased 

proliferation and/or survival within the hypoxic tumor microenvironment (Nowell, 1976; Semenza, 

2000; Graeber et al., 1996). Hence, hypoxia promotes the aggressiveness of tumor cells and has been 

associated with poor outcome in several tumor entities, including malignant gliomas (Vaupel et al., 

2001; Höckel and Vaupel, 2001; Vaupel and Mayer, 2007; Evans et al., 2010). Moreover, it has been 

demonstrated that the level of oxygenation is critical for the efficacy of radiotherapy and 

chemotherapy of malignant gliomas (Pérès et al., 2014). 

The relationship between hypoxia and tumor progression as well as prognosis and resistance to 

therapy, especially in high-grade gliomas, underlines the clinical importance of assessing hypoxia in 

these tumors. Based on the characterization of the oxygen status it could be possible to refine 

prognosis and evaluate the therapeutic efficacy in order to adapt the treatment regimen of malignant 

tumors (Corroyer-Dulmont et al., 2015). In the literature several techniques have already been 

described to detect and quantify clinical relevant hypoxia within solid tumors, including direct 

methods (e.g. invasive polarographic needle electrode measurements), physiological methods  

(e.g. pimonidazole, magnetic resonance imaging (MRI), positron emission tomography (PET)) and by 

endogenous markers of hypoxia (e.g. hypoxia-inducible factor-1α (HIF-1α)) (Collingridge et al., 1999; 

Höckel et al., 1993; Bell et al., 2015; reviewed in Walsh et al., 2014). In fact, the invasive 
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polarographic electrode measurements remain the gold standard for the detection and quantification of 

tumor hypoxia, but several less invasive approaches have also shown to be feasible (reviewed in 

Walsh et al., 2014). Moreover, noninvasive detection methods seem to be beneficial especially for 

patients with malignant gliomas, since the application of invasive methods is limited in clinical 

routine. In this context, several studies have also been focused on proteins as endogenous markers of 

hypoxia. These molecules are directly or indirectly induced by hypoxia and regulate the adaptation of 

glioma cells to low oxygen concentrations. HIF-1α is one of the main mediators of the hypoxic 

response and has been shown to be a potential molecular marker of hypoxia in various tumor entities 

(Collingridge et al., 1999; Nordsmark et al., 2005; Brennan et al., 2006; Semenza, 2013). Moreover, 

the HIF-1α target genes carbonic anhydrase 9 (CA9) and GLUT-1 as well as the extracellular matrix 

protein osteopontin have been linked to hypoxia and are therefore also considered as endogenous 

markers of hypoxia in different types of cancer (Vordermark and Brown, 2003a; Vordermark et al., 

2004; Said et al., 2007a; Bache et al., 2006; Bache et al., 2008; Said et al., 2007b; Bache et al., 2015). 

Besides their promising potential for assessing the tumoral oxygen status, endogenous markers of 

hypoxia represent useful tools to gain a deeper understanding of the relationship between hypoxia and 

cancer biology and may serve as suitable targets to develop new therapeutic options for a more 

personalized treatment of individual patients. 

 

 The transcription factor HIF-1 1.3

1.3.1 Discovery of HIF-1α and clinical relevance 

For the development of novel strategies for cancer therapy recent studies highlighted the HIF-1α 

pathway as an important survival pathway of solid tumors. The discovery of the hypoxia responsive 

element (HRE), an oxygen-regulated DNA sequence required for transcriptional activation of the 

erythropoietin gene (EPO), lead to the identification of the transcriptional factor HIF-1 (Semenza et 

al., 1991; Goldberg et al., 1988). 

HIF-1 governs the cellular adaption to oxygen deficiency by regulating tumor-relevant genes involved 

in energy metabolism, angiogenesis, migration and invasion, cell proliferation, differentiation and 

apoptosis (Carmeliet et al., 1998; Semenza, 2003; Wenger et al., 2005; Keith et al., 2011; Semenza, 

2014; Vaupel and Mayer, 2014). For example, HIF-1α has been shown to contribute to the Warburg 

effect through the induction of enzymes involved in the glycolysis pathway and overexpression of 

GLUTs, which increase the glucose import into tumor cells (Denko, 2008; Weinhouse, 1956; Masoud 

and Li, 2015). Therefore, HIF-1α “helps” hypoxic tumor cells to shift their glucose metabolism from 

mitochondrial oxidative phosphorylation to aerobic glycolysis (Weinhouse, 1956; Masoud and Li, 

2015). Compared to the respective normal tissues, the overexpression of HIF-1α protein was observed 

in multiple tumor types, including colon, breast, gastric, lung, skin, ovarian, pancreatic, prostate, renal 
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and brain tumors (Zhong et al., 1999). Different studies demonstrated that elevated HIF-lα protein 

correlates with poor patient outcome in head and neck cancer, nasopharyngeal carcinoma, lung cancer, 

breast cancer, colorectal cancer, cervical cancer, pancreatic cancer, renal carcinomas, meningiomas of 

higher WHO grade and malignant gliomas (Rankin and Giaccia, 2008; Li et al., 2013a; Kaya et al., 

2012; Baba et al., 2010; Dellas et al., 2008; Ye et al., 2014; Minardi et al., 2015; Reszec et al., 2013; 

Kaynar et al., 2008). Zhong and coworkers also identified increased gene expression of HIF-1α at 

tumor margins and in surrounding areas of neovascularization (e.g. in small cell lung carcinoma, 

glioblastoma and hemangioblastoma) as well as in distinct metastases (e.g. in lymph node metastasis 

from breast adenocarcinoma), whereas benign and noninvasive tumors (breast and uterus) were 

negative for HIF-1α overexpression (Zhong et al., 1999). The existence of a link between HIF-1α and 

invasion or metastasis has been confirmed in several studies of different tumor types (Harris, 2002; 

Semenza, 2003; Semenza, 2007; Dai et al., 2011). In patients with astrocytic tumors, HIF-1α gene 

expression has also been demonstrated as a prognostic biomarker (Mashiko et al., 2011). In this study, 

the median survival time of patients with HIF-1α gene expression was 17 months, whereas it was 80 

months for patients without HIF-1α gene expression (Mashiko et al., 2011). A recent meta-analysis of 

24 studies about the prognostic significance of HIF-1α in glioma showed that HIF-1α gene expression 

was significantly associated with high WHO grade (III+IV), microvascular density and overall 

survival of glioma (Liu and Cao, 2015). This suggests that HIF-1α might predict prognosis and can 

provide clinical benefit for the therapeutic strategy for patients with glioma. 

Furthermore, HIF-1α and HIF-2α have also been demonstrated to play a role in stem cell biology 

(Semenza, 2016). Interestingly, it has already been shown that stem cells are often localized in specific 

hypoxic niches in tissues. Within these hypoxic niches HIFs have been shown to maintain the 

pluripotent and multipotent phenotype of stem cells as well as cancer stem cells, which are also known 

as tumor-initiating cells (Semenza, 2016). Several studies have suggested that cancer stem cells may 

be the primary mediators of resistance to chemo- and radiotherapy, leading to failure in cancer therapy 

and recurrence of tumors (Dean et al., 2005; Malik and Nie, 2012; Conley et al., 2015; Semenza, 

2016). 

Moreover, HIF-1α has been shown to be involved in the regulation of autophagy in malignant gliomas 

(Hu et al., 2012). Autophagy is a catabolic process aimed at recycling cellular components and 

damaged organelles in response to diverse stimuli, including nutrient deprivation, viral infection and 

genotoxic stress (Filomeni et al., 2015). Through this cytoprotective mechanism, glioblastomas 

coordinate their energy metabolism, availability of metabolites, adaption to oxidative stress or damage 

and also promote their treatment resistance (Kroemer et al., 2010; Filomeni et al., 2015). For example, 

in gliomas of high-grade malignancy, vascularization is often excessive and supports tumor 

progression (Linkous and Yazlovitskaya, 2011). Therefore, targeting the tumor vasculature by 
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antiangiogenic drugs or vascular-targeting agents has been considered as a promising approach for the 

treatment of malignant gliomas. Moreover, several studies, proposed the use of antiangiogenic therapy 

as therapeutic approaches in preclinical and clinical trials (Millauer et al., 1994; Kim et al., 1993; 

Cheng et al., 1996; Jain, 2008). However, the initial successes of these studies was mitigated by the 

clinical failure of antiangiogenic drugs through hypoxia-induced tumor cell autophagy (Hu et al., 

2012). Moreover, HIF-1α-dependent expression of BNIP3/BNIP3L (BCL2/adenovirus E1B 19 kDa 

interacting protein 3 and BCL2/adenovirus E1B 19 kDa interacting protein 3-like) is a key mechanism 

in the activation of hypoxia-induced autophagy, indicating that inhibition of autophagy may help to 

prevent resistance to anti-angiogenic therapy used in the clinic (Bellot et al., 2009; Dodson et al., 

2013; Hu et al., 2012). 

 

1.3.2 Structure of HIF-1α 

HIF-1 is a heterodimeric transcription factor, consisting of two subunits, the hypoxia-induced HIF-1α 

and the oxygen-independent HIF-1β subunit (Wang et al., 1995). HIF-1α gene expression is dependent 

on the oxygen concentrations, whereas HIF-1β is constitutively expressed (Wang et al., 1995). The 

HIF-1β subunit is also known as aryl hydrocarbon nuclear translocator (ARNT) and facilitates the 

translocation of HIF-1 into the nucleus via binding to the aryl hydrocarbon receptor (AhR) (Reyes et 

al., 1992; Wang et al., 1995). Both, HIF-1α and HIF-1β are members of the bHLH-PAS protein 

family, which contain a basic-helix-loop-helix (bHLH) motif (Jiang et al., 1996; Wang and Semenza, 

1995). The small subgroup of bHLH proteins share recognizable motifs (bHLH, PAS and TAD), 

which can regulate their own transcription as well as the gene expression of other family members 

(Masoud and Li, 2015) (Figure 1.2).  

 

Figure 1.2. Structure of HIF-α and HIF-1β proteins. Functional domains at the C-termini: bHLH and PAS; 

Functional domains at the N-termini: N-TAD and C-TAD. HIF-1α and HIF-2α exhibit a high degree of 

similarity in the amino acid sequence of their DNA (bHLH), in the HIF-1β (PAS) binding domains and the 

C-TADs. In contrast, HIF-3α only shows N-TAD at the N-terminus. bHLH: basic-helix-loop-helix motif, PAS: 

PER (period circadian protein)-ARNT (aryl hydrocarbon nuclear translocator)-SIM (single minded protein), 

N-TAD: N-terminal transactivation domain, C-TAD: C-terminal transactivation domain, ODDD: 

oxygen-dependent degradation domain (adapted from Masoud and Li, 2015). 
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In general, bHLH and PAS are motifs at the N termini of HIF-1 and they are required for heterodimer 

formation between the HIF-1α and HIF-1β subunits and for binding to the HRE sequence on the target 

genes (Crews, 1998; Jiang et al., 1997) (Figure 1.2). The C termini of HIF-1α is subdivided into a 

N-terminal transactivation domain (N-TAD) and a C-terminal transactivation domain (C-TAD), which 

are responsible for the transcriptional activity of HIF-1α (Li et al., 1996; Ruas et al., 2002; Jiang et al., 

1997; Pugh et al., 1997) (Figure 1.2). Both transactivation domains are important for optimal HIF 

transcriptional activity (Hu et al., 2007). In this context, the C-TAD has been shown to interact with 

coactivators such as CBP/p300 to activate gene transcription (Lando et al., 2002). N-TAD is 

responsible for stabilizing HIF-1α against proteasomal degradation, since it overlaps with the 

oxygen-dependent degradation domain (ODDD), which in turn mediates the oxygen regulation 

stability (O’Rourke et al., 1999; Bruick and McKnight, 2001).  

Among the three HIF-α isoforms (HIF-1α, HIF-2α and HIF-3α) HIF-1α and HIF-2α are closely related 

proteins, sharing 48 % amino acid sequence identity and possess a number of structural and 

biochemical similarities (Ema et al., 1997; Flamme et al., 1997; Hogenesch et al., 1997; Tian et al., 

1997). All isoforms dimerize with the HIF-1β subunit and bind to HREs (Ema et al., 1997; Gu et al., 

1998). HIF-1α has been shown to be ubiquitously expressed in the body, whereas gene expression of 

HIF-2α is restricted to specific tissues, including the lung, endothelium and carotid body (Ema et al., 

1997; Tian et al., 1997; Tian et al., 1998; Ke and Costa, 2006). On the other hand, HIF-3α is also 

expressed in a variety of tissues, including adult thymus, lung, brain, heart and kidney (Gu et al., 

1998). Moreover, inhibitory PAS (IPAS) is known as an alternative splice variant of HIF-3α, which 

lacks the intrinsic transactivation activity (Makino et al., 2001). IPAS has been demonstrated to act as 

a dominant-negative regulator of HIF-1α, whereas it prevents HIF-1 DNA binding by interacting with 

the amino-terminal region of HIF-1α (Makino et al., 2001). 

 

1.3.3 Regulation of HIF-1α 

The transcriptional activity and accumulation of HIF-1α protein is regulated at different levels 

throughout its life cycle inside the cells (Masoud and Li, 2015). HIF-1α mRNA is constitutively 

expressed independent of the oxygen status, while its protein level is regulated through a series of 

signaling events, including various growth factors or signaling molecules (Kallio et al., 1997). Under 

normal oxygen conditions, HIF-1α protein has a short half-life of five minutes and is quickly degraded 

through the proteasome (Wang et al., 1995; Salceda and Caro, 1997). On the contrary, in hypoxia, 

HIF-1α becomes stabilized and translocates from the cytoplasm to the nucleus, where it dimerizes with 

the HIF-1β subunit to form the transcriptionally active HIF-1 complex. (Kallio et al., 1997; Huang et 

al., 1996) (Figure 1.3). 
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Figure 1.3. Regulation of the HIF-1α pathway. (a) Growth factors related pathways; (b) VHL related 

pathways; (c) FIH-1pathway; (d) Mdm2/p53-mediated ubiquitination and proteasomal degradation pathway; (e) 

Hsp90 stabilization. HIF-1α activity is regulated by: regulating HIF-1α synthesis (a), HIF-1α stability (b, d, e) or 

HIF-1α transcriptional activity (e, c). PI3K: phosphatidylinositol-4,5-bisphosphate-3-kinase, AKT: protein 

kinase B, mTOR: component mammalian target of rapamycin, S6K: ribosomal protein S6 kinase, 4E-BP1: 4E 

binding protein 1, eIF-4E: eukaryotic translation initiation factor 4E, RAS: rat sarcoma, RAF: rapidly accelerated 

fibrosarcoma, MEK: MAPK/ERK kinase, ERK: extracellular signal-regulated kinase, MNK: MAP kinase 

interacting kinase; (adapted from Masoud and Li, 2015). 

 

The activated HIF-1 complex translocates into the nucleus, where it recruits transcriptional 

coactivators and induces the gene expression of its transcriptional targets via binding to their HREs 

(Lando et al., 2002). The stability and transcriptional activity of HIF-1α is strictly regulated by its 

post-translational modifications, such as hydroxylation, acetylation, ubiquitination and 

phosphorylation, which occur within several domains (Salceda and Caro, 1997; Brahimi-Horn et al., 

2005). In the presence of oxygen, hydroxylation of two proline residues (P
402

/P
564

) is carried out by 

enzymes called prolyl-4-hydroxylases (PHDs) or HIF-1 prolyl hydroxylases (HPH) (Srinivas et al., 

1999; Masson et al., 2001; Masson and Ratcliffe, 2003). These molecules are iron- and 2-ketoglutarate 

(KG)-dependent dioxygenases, which require adequate amounts of oxygen to maintain their 

hydroxylation activity (Bruick and McKnight, 2001; Epstein et al., 2001). Moreover, 

oxygen-independent acetylation of a specific lysine residue (K
532

) in the ODDD, by an acetyl 
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transferase called arrest-defective-1 (ARD-1), promotes the interaction of the modified HIF-1α with 

the von Hippel-Lindau (VHL) ubiquitin E3 ligase complex (Srinivas et al., 1999; Masson et al., 2001; 

Jeong et al., 2002). By this process the VHL complex tags HIF-1α with ubiquitin and thereby marks it 

for proteasomal degradation (Maxwell et al., 1999) (Figure 1.3b). 

In addition, oxygen-independent hydroxylation of the asparagine residue N
803

 in the C-TAD, by factor 

inhibiting HIF-1 (FIH-1), impairs the cooperative binding of HIF-1α with the co-activator CBP/p300 

(Figure 1.2c). Thus, this asparaginyl hydroxylase impairs the transcriptional activity of HIF-1α (Lando 

et al., 2002b). 

HIF-1α has also been shown to be regulated oxygen-independent via growth factor signaling pathways 

through activation of phosphatidylinositol-4,5-bisphosphate-3-kinase (PI3K), which increases the 

protein translation of the protein (Jiang et al., 2001; Semenza, 2002a; Conrad et al., 1999) (Figure 

1.2a). Furthermore, HIF-1α is regulated by the mouse double minute 2 homolog (Mdm2) pathway, by 

means of p53/Mdm2-mediated ubiquitination and subsequent proteasomal degradation (Ravi et al., 

2000) (Figure 1.2d). Hence, it has been demonstrated that loss or mutations in these two tumor 

suppressor genes resulted in elevated HIF-1α levels in certain types of tumors (Bae et al., 2002). On 

the other hand, HIF-1α is also controlled by the Heat shock protein 90 (Hsp90), which directly binds 

to the protein and protects it from its non-VHL dependent degradation (Gradin et al., 1996; reviewed 

in Masoud and Li, 2015) (Figure 1.2e). 

In summary, HIF-1 regulates over 200 genes and promotes tumorigenesis by the regulation of several 

cancer characteristics, including angiogenesis, metabolism, proliferation, metastasis and differentiation 

(Schödel et al., 2011; Masoud and Li, 2015). In view of the intratumoral hypoxia of high-grade 

gliomas, which impairs the effectiveness of radiotherapy as well as the multiple roles of HIF-1 in 

progression and invasiveness of these tumors, inhibition of HIF-1α appears to be a promising 

treatment strategy and may therefore sensitize human malignant gliomas to radiotherapy. 

 

 The IDH Mutations 1.4

1.4.1 Discovery of the IDH mutations and clinical relevance 

Over the last decade the understanding of glioma tumorigenesis was revolutionized due to the 

discovery of mutations involving the gene encoding isocitrate dehydrogenase (IDH) enzymes. Using 

whole-genome sequencing, Parson and colleagues first identified recurrent mutations in the active site 

of IDH1 in 12 % of glioblastoma (GBM) patients (Parsons et al., 2008). Interestingly, patients with 

IDH1 mutations had a very high frequency of TP53 mutations and a very low frequency of mutations 

in PTEN, retinoblastoma 1 (RB1), EGFR or NF1, suggesting a biologically specific subgroup of 

glioblastoma patients (Parsons et al., 2008). A subsequent genome-wide mutational analysis of 

gliomas revealed somatic mutations of the IDH1 gene or the related IDH2 gene in a mutually 
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exclusive manner in over 80 % of WHO grade II/III astrocytomas, oligodendrogliomas and 

oligoastrocytomas (Yan et al., 2009). IDH mutations occur in the vast majority of grade II and grade 

III gliomas and secondary glioblastomas (grade IV) that evolved from these lower grade tumors, but 

not in primary glioblastomas (Yan et al., 2009; Balss et al., 2008; Ichimura et al., 2009; Lai et al., 

2011; Brennan et al., 2013). Similarly, IDH mutations are frequently found in a number of other 

tumors, including acute myeloid leukemia (AML), intrahepatic cholangiocarcinoma, melanoma and 

cartilaginous tumors (Paschka et al., 2010; Borger et al., 2012; Lopez et al., 2010; Shibata et al., 2011; 

Amary et al., 2011).  

IDH mutations are thought to be an initiating event in gliomagenesis, probably occurring before TP53 

mutation or 1p/19q codeletion, as gliomas carrying only an IDH mutation are more frequent than those 

which only show TP53 mutation or loss of chromosome 1p/19q (Yan et al., 2009; Ohgaki and 

Kleihues, 2013). Thus, IDH mutations seem to dictate a particular path for oncogenic progression, 

preferentially occurring in younger patients compared to patients with IDH1 wild type WHO grade 

II/III gliomas and glioblastomas (Parsons et al., 2008; Yan et al., 2009; Lai et al., 2011; Balss et al., 

2008). Furthermore, the presence of IDH1/2 mutations are associated with increased progression-free 

and overall survival for patients with glioma irrespective of their grade (Parsons et al., 2008; Yan et 

al., 2009; Hartmann et al., 2009; Ichimura et al., 2009; Sturm et al., 2012; Weller et al., 2012). In 

contrast, this study also indicated that IDH1 mutations are not related to the temozolomide response. 

Thus, IDH1 mutation can be used as a prognostic marker in gliomas, but not as predictive value for 

treatment decisions (Dubbink et al., 2009; Sanson et al., 2009; van den Bent et al., 2009; Weller et al., 

2012; Dubbink et al., 2015). On the other hand, it is unclear whether the positive effect of IDH 

mutation on survival of patients with low-grade or high-grade gliomas is associated with a less 

aggressive phenotype or is directly linked to increased sensitivity to therapy treatment of these tumors. 

 

1.4.2 Biochemical features and cellular effects of an IDH mutation 

IDH enzymes catalyze the decarboxylation of isocitrate to α-ketoglutarate (α-KG). In particular, IDH1 

and IDH2 use NADP
+
 (nicotinamide adenine dinucleotide phosphate) as a cofactor to generate 

NADPH (nicotinamide adenine dinucleotide phosphate hydrogen) during the catalysis, whereas IDH3 

uses NAD
+
 as a cofactor to produce NADH in the process (Xu et al., 2004; Yoshihara et al., 2001). 

The NADP
+
-dependent enzymes are capable of catalyzing the reductive carboxylation of α-KG to 

isocitrate (Siebert et al., 1957). IDH1 (chromosome 2q33.3) and IDH2 (chromosome 15q26.1) are 

homodimeric enzymes exhibiting a high degree of sequence similarity (70 % in human) and an almost 

identical protein structure with two active sites per dimer (Xu et al., 2004). IDH1 is located in the 

cytoplasm and peroxisomes, while IDH2 and IDH3 are located in the mitochondria where they are 

involved in the citric acid cycle (also known as tricarboxylic acid (TCA) cycle) (Geisbrecht and 
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Gould, 1999) (Figure 1.4). In addition, IDH1 and IDH2 are involved in a variety of cellular processes, 

including the glutamine metabolism, glucose sensing and lipid metabolism, synthesis of N-acetylated 

amino acids and regulation of the cellular redox status via glutathione (GSH) (Metallo et al., 2011; 

Wise et al., 2011; Reitman et al., 2011) (Figure 1.4).  

Mutations in the IDH genes are generally heterozygous missense substitutions, which remarkably 

occur in a mutually exclusive manner affecting only the active sites of the enzymes (Reitman and Yan, 

2010; Yan et al., 2009). Mutations in IDH1 always appear in the arginine residue at codon 132 

resulting in a substitution of histidine for arginine (R132H) in over 90 % of all IDH1 mutations (Yan 

et al., 2009; Hartmann et al., 2009). Other IDH1 mutations at Arg
132

 occur at much lower frequencies, 

including R132C (4.1 %), R132S (1.5 %), R132G (1.4 %) and R132L (0.2 %) (Hartmann et al., 2009) 

(Table 1.2). Grade II/III gliomas and secondary glioblastomas which are not carrying an IDH1 

mutation are often positive for mutations of the IDH2 gene. This usually affects arginine at codon 172 

(Arg
172

), the analogous amino acid to IDH1 Arg
132

, and is most commonly characterized by an 

IDH2R172K missense substitution (Yan et al., 2009; Hartmann et al., 2009). 

Table 1.2. Frequency of specific IDH mutation in gliomas. Type of 716 IDH1 and 31 IDH2 mutations and 

frequency among mutations in 1,010 WHO grades II and III astrocytomas, oligodendrogliomas and 

oligoastrocytomas. Data are presented as the percentage of total IDH1/2 mutations in glioma patients according 

to Hartmann and colleagues; (adapted from Hartmann et al., 2009). 

Gene Nucleotide change Amino acid change Frequency (%) 

IDH1 G395A R132H 664 (92.7 %) 

 C394T R132C 29 (4.1 %) 

 C394A R132S 11 (1.5 %) 

 C394G R132G 10 (1.4 %) 

 G395T R132L 2 (0.2 %) 

IDH2 G515A R172K 20 (64.5 %) 

 G515T R172M 6 (19.3 %) 

 A514T R172W 5 (16.2 %) 

 

Mutations in the active sites of the IDH1 enzyme cause a distinctly decreased enzyme activity to 

isocitrate and result in a neomorphic enzyme function, which catalyzes the NADPH-dependent 

reduction of α-KG to the 2-hydroxyglutarate (2-HG) enantiomer, D-2-hydroxyglutarate (D-2-HG). In 

turn, this leads to D-2-HG accumulation and lowering α-KG as well as NADPH levels (Zhao et al., 

2009; Dang et al., 2010; Gross et al., 2010; Ward et al., 2010) (Figure 1.4). However, NADPH is 

necessary for the regeneration of reduced GSH which functions as the main antioxidant in mammalian 

cells. Low levels of cytoplasmic NADPH have been linked to elevated oxidative stress through 

impaired reduction of GSH (Bleeker et al., 2010) (Figure 1.4). In general, oxidative stress is increased 
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by irradiation and chemotherapy leading to the hypothesis that IDH1 mutations induce an enhanced 

response to radiotherapy and may contribute to the prolonged survival of patients harboring the 

mutation (Ozben, 2007). 

 

Figure 1.4. Neomorphic enzyme activity of mutant IDH enzymes. IDH1 and IDH2 catalyze the oxidative 

decarboxylation of isocitrate to generate α-KG, by using NADP
+
 as a cofactor to produce NADPH and CO2. 

Recurrent mutations in the active sites of IDH1 and IDH2 induce a decreased enzyme activity to isocitrate and 

results in a gain-of-function that catalyzes the conversion of α-KG into D-2-HG in a manner that consumes 

NADPH. IDH1 and IDH2 are involved in a variety of cellular processes; (adapted from Parker and Metallo, 

2015). 

 

Due to the finding that mutations in the IDH1 gene cause an over 100-fold increase of D-2-HG 

concentration compared to normal tissue, it has been postulated that D-2-HG act as an oncometabolite 

in glioma and leukemia cells (Xu et al., 2011). D-2-HG and α-KG are nearly identical metabolites, 

except that the oxygen atom linked to C2 in α-KG is replaced by a hydroxyl group in D-2-HG (Xu et 

al., 2011). Thus, it was suggested that D-2-HG may bind and function as a competitive inhibitor of α-

KG-dependent dioxygenases (Iyer et al., 2009; Loenarz and Schofield, 2008; Chowdhury et al., 2011; 

Xu et al., 2011) (Figure 1.4 and Figure 1.5).  

These enzymes are involved in a number of important cellular processes by hydroxylating target 

proteins while utilizing α-KG as a cosubstrate, including Jumonji C-(JmjC)- domain-containing 

proteins of histone demethylases and Ten-eleven translocation (TET) family members (Chowdhury et 

al., 2011; Xu et al., 2011) (Figure 1.5). TET 5-methylcytosine hydroxylases are a family of 

α-KG-dependent enzymes that catalyze the first step in an active DNA demethylation process, which 

converts 5-methylcytosine (5mC) to its unmethylated form 5-hydroxylmethycytosine (5hmC) (Xu et 

al., 2011; Kohli and Zhang, 2013) (Figure 1.4 and Figure 1.5). In glioma patients, IDH mutations are 

strongly linked to the glioma CpG island methylation phenotype (G-CIMP), suggesting that IDH 

mutations are capable of establishing the G-CIMP phenotype in glioma cells (Lai et al., 2011; Brennan 
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et al., 2013; Turcan et al., 2012). Collectively, IDH mutations seem also to cause a dysregulation of 

chromatin modification and thus a profound change in the cellular epigenetic status, resulting in a 

blockage of cell differentiation and promotion of cell proliferation, two frequent harbingers of 

tumorigenesis (Turkalp et al., 2014) (Figure 1.5). 

 

Figure 1.5. Cellular effects of increased D-2-HG levels on dioxygenases in glioma cells. Under physiological 

conditions, IDH1 catalyzes the reversible oxidative decarboxylation of isocitrate to α-KG (Metallo et al., 2011). 

The neomorphic enzyme function of mutated IDH enzymes drives cells to elevated D-2-HG levels (to ~100-fold) 

in IDH mutated cancer tissues compared to normal tissue. α-KG functions as a cofactor for several cellular 

dioxygenases, including histone demethylases, TET 5-methylcytosine hydroxylases and HIF prolyl 

hydroxylases. Excessive D-2-HG accumulation disrupts the normal function of α-KG-dependent enzymes 

causing an altered chromatin modification and hence changes in the cellular epigenetic status. D-2-HG 

potentially influences HIF hydroxylases, HIF-1α degradation and HIF-1α-dependent transcription (adapted from 

Waitkus et al., 2016). 

 

In the literature, a relationship between mutant IDH1 and the actions of HIF-1α in gliomas has been 

discussed. Further, HIF-1α protein stability and therefore its transcriptional activity are controlled by 

proline and asparagine hydroxylation mediated by PHD2 and FIH-1, respectively (Hirota and 

Semenza, 2005) (Figure 1.4). HIF-1α hydroxylases are α-KG-dependent enzymes. Hence, 

accumulation of D-2-HG and decreased levels of α-KG may modulate HIF-1α protein stability by 

competitive inhibition. Several studies support this hypothesis. Zhao and colleagues reported an 

elevated HIF-1α accumulation induced through decreased α-KG levels due to gene expression of an 

IDH1
R132H

 transgene in U-87MG and HEK293T cells (Zhao et al., 2009). A subsequent study 

confirmed this finding and further demonstrated that knocking down IDH1 by shRNA, inhibition of 

endogenous IDH1 by oxalomalate or treatment with cell-permeable D-2-HG increased HIF-1α gene 

expression, whereas ectopic expression of wild type IDH1 decreased HIF-1α gene expression in 
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U-87MG cells (Xu et al., 2011). In contrast, this study also demonstrated that D-2-HG weakly 

competes with α-KG. In addition, Chowdhury and colleagues reported also a weak inhibitory effect of 

D-2-HG on HIF-1α prolyl and asparaginyl hydroxylases in vitro, with IC50 (half-maximal inhibitory 

concentration) values higher than 1 mM (Chowdhury et al., 2011). In other words, D-2-HG is a 

relatively weak inhibitor of HIF hydroxylation and hence it would be probably ineffective in inducing 

HIF-1α accumulation (Chowdhury et al., 2011). Moreover, D-2-HG has been reported to specifically 

increase the activity of PHD2 in human astrocytes and colorectal cancer cells, leading to decreased 

levels of HIF-1α protein (Koivunen et al., 2012). However, further studies are necessary in order to 

fully elucidate the relationship between D-2-HG accumulation and the actions of HIF-1α in gliomas. 

Taken together, IDH mutations affect several cellular processes, including lipid metabolism, DNA 

repair via GSH regeneration, glutaminolysis, DNA and histone modifications and protein 

modifications by prolyl hydroxylases (Metallo et al., 2011; Chowdhury et al., 2011; Xu et al., 2011) 

(Figure 1.6). It is, therefore, important to investigate the role of an IDH1 mutation and 

IDH1R132H-mediated processes in oncogenic progression and therapy treatment of malignant 

gliomas. 

 

Figure 1.6. Overview of cellular processes influenced by IDH1 wild type or IDH1R132H. The oxidative 

decarboxylation of isocitrate to α-KG is active in most cell lines under normal culture conditions, but cells grown 

under hypoxia rely almost exclusively on the reductive carboxylation of glutamine-derived α-KG for de novo 

lipogenesis. Mutation of IDH1 influences several cellular processes, including lipid metabolism, DNA repair, 

chromatin modification and potentially the HIF-1α pathway. 
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 Objectives of this thesis 1.5

Malignant gliomas, especially anaplastic astrocytomas and glioblastomas, generally respond poorly to 

modern multimodality treatment approaches combining standard therapies such as surgery, 

radiotherapy and chemotherapy. In this context, intratumoral hypoxia is considered as a crucial 

characteristic of malignant gliomas because it induces the activation of the HIF-1 pathway. Especially 

the transcription of HIF-1α, one of the main steps of this process, represents an essential mediator for 

the adaptive response to hypoxia and has been associated with resistance to radiotherapy and poor 

outcome.  

On the contrary, the IDH1 mutation has been shown to be a strong positive prognostic factor in 

gliomas and was thus proposed as a genetic marker for their classification on a molecular level. IDH1 

mutations occur in the vast majority of grade II and grade III gliomas as well as in secondary 

glioblastomas, where they seem to predispose a particular path for oncogenic progression resulting in 

an increased, progression-free and overall survival of patients, irrespective of tumor malignancy. 

Therefore, characterization of molecular tumor markers appears to be a useful tool to gain a deeper 

understanding of progression, aggressiveness and radioresistance of high-grade gliomas. Hence, the 

aim of the present thesis was to investigate the effect of HIF-1α inhibition as well as of an IDH1 

mutation on cellular behavior and response to radiation of different malignant glioma cell lines under 

both normoxic and hypoxic conditions. 

 

The primary aims of this study were: 

 

1. To investigate the effect of HIF-1α inhibition via specific small interfering RNA (siRNA) or 

chetomin (CTM) on the mRNA and protein expression of HIF-1α and its target gene CA9 in 

U-251MG and U-343MG malignant glioma cells under normoxic and hypoxic conditions. 

2. To analyze the influence of reduced HIF-1α transcriptional activity on the induction of 

apoptosis via PARP cleavage, on the clonogenic survival and on radiosensitivity of U-251MG 

and U-343MG cells under normoxic and hypoxic conditions. 

3. To examine the effect of IDH1 reduction via specific siRNA on the mRNA and protein 

expression of IDH1 and to further analyze the influence of reduced IDH1 activity on the 

clonogenic survival and radiosensitivity of U-251MG, U-343MG and LN229 cells under 

normoxic and hypoxic conditions. 

4. To generate IDH1
wt

 and IDH1
R132H

 constructs and to establish U-251MG, U-343MG and 

LN-229 cells with stable expression of IDH1
wt

 or IDH1
R132H

 protein. 
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5. To investigate the effect of IDH1
R132H

 gene expression on cell biological behavior (i.e. 

proliferation, viability, growth properties in 3D culture, cell migration and cellular stiffness) 

of U-251MG, U-343MG and LN-229 malignant glioma cells under hypoxia and normoxia. 

6. To analyze the effect of IDH1
R132H

 expression on radiobiological behavior (i.e. 

radiosensitivity, DNA damage and induction of apoptosis) of U-251MG, U-343MG and 

LN-229 malignant glioma cells under hypoxic and normoxic conditions. 

7. To validate the relationship between expression of IDH1
R132H

 on the mRNA and protein level 

of HIF-1α and its target gene CA9. 
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2 MATERIALS 

 Devices and consumables 2.1

Analytical lab scale     Sartorius (Göttingen, DE) 

Anaerocult® A mini     Merck, (Darmstadt, DE) 

Anaerocult® P      Merck, (Darmstadt, DE) 

Axio Vert 25 microscope    Carl Zeiss (Jena, DE) 

AxioVert 135 microscope     Carl Zeiss (Jena, DE) 

AxioVert 200M microscope     Carl Zeiss (Jena, DE) 

Cell culture dishes, flasks, well plates   Greiner Bio-One (Frickenhausen, DE) 

Centrifuge 5415R     Eppendorf (Hamburg, DE) 

Centrifuge 32R      Hettich Lab Technology (Tuttlingen, DE) 

Centrifuge vials, pipette tips    Greiner Bio-One (Frickenhausen, DE) 

CL-XPosure films     Thermo Scientific (Dreieich, DE) 

Coulter Z2 Particle Counter    Beckman Coulter (Krefeld, DE) 

Countess™ Automated Cell Counter    Thermo Scientific (Dreieich, DE) 

Electrophoresis unit     GE Healthcare (Chalfront St Giles, UK) 

GENios™ plate reader     Tecan (Crailsheim, DE) 

Heracell™ CO2 Incubator    Thermo Scientific (Dreieich, DE) 

Heraeus® Multifuge 3S-R    Thermo Scientific (Dreieich, DE) 

Herasafe™ Biological Safety Cabinets   Thermo Scientific (Dreieich, DE) 

Laboratory gloves     Ansell (München, DE) 

Laboratory pH meter     WTW inoLab (Weilheim, DE) 

Laboratory shaker     Scientific Industries, Inc. (New York, US) 

Magnetic stirrer      IKA-Labortechnik (Staufen, DE) 

Mini Trans-Blot Cell     Bio-Rad (München, DE) 

Mini-cell electrophoresis system   Thermo Scientific (Dreieich, DE) 

Micropipettes      Eppendorf (Hamburg, DE) 

MJ Research PTC-200 Thermal Cycler   MJ Research Inc. (St. Bruno, CAN) 

Multiband UV table TCP-20.LC   Vilber Lourmat (Eberhardzell, DE) 

NanoDrop 2000c spectrophotometer   Thermo Scientific (Dreieich, DE) 

PerfectBlue Gelsystem Mini M    Peqlab Biotechnologie GmbH (Erlangen, DE) 

pH Meter      WTW inoLab (Weilheim, DE) 

Photometer SmartSpec™ 3000    Bio-Rad (München, DE) 
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Pipette controller Pipetboy®    Integra Biosciences (Biebertal, DE) 

Reactions vials      Eppendorf (Hamburg, DE) 

Sprout® mini centrifuge    Biozym Scientific (Hessisch, DE) 

Stuart™ digital roller mixer SRT6D   Stuart (Stone, UK) 

Thermomixer compact     Eppendorf (Hamburg, DE) 

T1 thermocycler     Biometra® (Göttingen, DE) 

Universal Shaker SM30 & Incubator Hood TH 30 Edmund Bühler GmbH (Hechingen, DE) 

Water bath      GFL (Burgwedel, DE) 

Specialized devices and consumables are mentioned in the corresponding method section. 

 

 Standard buffer, solutions and medium 2.2

Composition of solutions, buffers and medium used in this work is provided in Table 2.1. Specialized 

buffers and solutions are described in the corresponding method section. 

Table 2.1. Composition of standard solutions, buffers and medium used in this work. 

Buffer/solution Composition 

5x TBE (Tris-Borate-EDTA) 445 mM Tris (hydroxymethyl) aminomethane (Tris; Carl Roth, 

Karlsruhe, DE), 445 mM boric acid (Carl Roth), 10 mM 

ethylenediaminetetraacetic acid (EDTA; AppliChem, 

Darmstadt, DE); pH 8.0 

10x TBS (Tris-buffered saline) 0.5 M Tris (hydroxymethyl) aminomethane hydrochloride 

(Tris-HCl; Carl Roth), 5 M NaCl (AppliChem); pH 7.5 

1x TBST 100 mL TBS (10x), 0.1 % Tween®-20 (Serva, Heidelberg, DE), 

900 mL aqua bidest.; pH 7.5 

100 mM desferrioxamine (DFO) 131.4 mg DFO, 2 mL PBS 

100 mM iodoacetate (IAA) 41.6 mg, 2 mL PBS 

100 mM chetomin (CTM)  1 mg CTM, 14.066 mL dimethyl sulfoxide (DMSO) 

Agarose gel loading buffer 18 % Ficoll-400, 0.25 % bromophenol blue, 5 % xylene cyanol, 

aqua bidest. add to 10 mL 

Cell culture medium RPMI 1640 medium (Lonza, Walkersville, US), 10 % FBS 

(Thermo Scientific), 1 % sodium pyruvate (Thermo Scientific), 

185 U/mL penicillin and 185 µg/mL streptomycin (Biochrom, 

Berlin, DE) 
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 Cell lines 2.3

The human glioma cells U-251MG (kindly provided by Dr. Ariane Söling, Department of Pediatrics, 

University of Göttingen, Göttingen, DE) and LN-229 (kindly provided by Annie-Claire Diserens, 

Laboratoire de Neurochirurgie, Lausanne, CH), which are both derived from grade IV glioblastomas 

as well as U-343MG (CLS Cell Lines Service, Eppelheim, DE) derived from a grade III anaplastic 

astrocytoma were used in this work. 

 

 Oligonucleotide and siRNA 2.4

Oligonucleotides used for real-time quantitative PCR (qPCR) are listed in Table 2.2. The primers were 

obtained from Sigma-Aldrich, St. Louis, US. The siRNA target sequences used in this work are 

mentioned in Table 2.3. HIF-1α, IDH1 and luciferase (control) siRNA were synthesized by Eurofins 

MWG Operon (Ebersberg, DE). 

Table 2.2. Oligonucleotides used for qPCR. 

Gene Sequence (5’→3’) Orientation Position NCBI Reference 

Sequence 

HPRT1 5‘-TTGCTGACCTGCTGGATTAC-3‘ sense 391-410 NM_000194.2 

 5‘-CTTGCGACCTTGACCATCTT-3‘ antisense 652-633  

POLR2A 5‘-CTTGCCCCGTGCCATGCAGA-3‘ sense 1358-1377 NM_000937.4 

 5‘-CTCGCACCCGGCCTTCCTTG-3‘ antisense 1421-1440  

CA9 5’-GAAAACAGTGCCTATGAGCAGTTG-3’ sense 895-918 NM_001216.2 

 5’-TGCTTAGCACTCAGCATCAC-3’ antisense 1087-1106  

HIF-1α 5’-CCACAGGACAGTACAGGATG-3’ sense 1203-1224 NM_001243084 

 5’-TCAAGTCGTGCTGAATAATACC-3’ antisense 1331-1352  

IDH1 5’-CGGTCTTCAGAGAAGCCATT-3’ sense 612-631 NM_005896.3 

 5’-AACACCACCACCTTCTTC-3’ antisense 812-829  

 

Table 2.3. siRNA target sequences used in this work. 

Target mRNA siRNA Sequence (5’→3’) Orientation 

HIF-1α HIF-1α 5’-CUGAUGACCAGCAACUUGA-3’ sense 

  5’-UCAAGUUGCUGGUCAUCAG-3’ antisense 

IDH1 IDH1 5’-GUCUCUAUUGAGACAAUUG-3’ sense 

  5’-CAAUUGUCUCAAUAGAGAC-3’ antisense 

Luciferase Lu GL2 (control siRNA) 5’-CGUACGCGGAAUACUUCGA-3’ sense 

  5’-UCGAAGUAUUCCGCGUACG-3’ antisense 
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 Antibodies 2.5

Primary antibodies used for Western blot (WB) analysis, immunofluorescence (IF) and 

immunohistochemical staining (IHC) are shown in Table 2.4. The corresponding secondary antibodies 

utilized for immunostaining are described in Table 2.5. For the analyses of apoptosis two poly 

(ADP-ribose) polymerase (PARP) antibodies were used, namely Anti-PARP and cleaved PARP. 

Anti-PARP antibody detects endogenous levels of full length PARP (116 kDa), as well as the large 

fragment (89 kDa) of PARP resulting from caspase cleavage. On the contrary, the cleaved PARP 

(Asp214) antibody detects endogenous levels of the large fragment (89 kDa) of PARP resulting from 

caspase cleavage and does not recognize full length PARP. 

Table 2.4. Primary antibodies used for immunostaining. 

Antibody Source Dilution Manufacturer 

  WB IF/IHC  

Anti-HIF-1α Mouse 1:1,000  BD Biosciences, Heidelberg, DE  

Anti-CAIX (MN75) Mouse 1:2,000  Bayer Healthcare, Berlin, DE 

Anti-PARP Rabbit 1:1,000  Cell Signaling, Danvers, MA, US 

Anti-IDH1 Rat 1:1,000 1:100 Dianova, Hamburg, DE 

Anti-IDH1R132H Mouse 1:1,000 1:100 Dianova, Hamburg, DE 

Cleaved PARP (Asp214) Rabbit 1:2,000  Cell Signaling, Danvers, MA, US 

Anti-β-actin Mouse 1:5,000  Sigma-Aldrich, St. Louis, US 

P-Histone H2AX (S139) Rabbit  1:400 Cell Signaling, Danvers, MA, US 

 

Table 2.5. Secondary antibodies used for immunostaining. 

Antibody Source Dilution Manufacturer 

  WB IF/ICC  

Anti-mouse-HRP Rabbit 1:1,000  DAKO, Hamburg, DE 

Anti-rabbit-HRP Goat 1:1,000  DAKO, Hamburg, DE 

Anti-rat-HRP Goat 1:1,000  Santa Cruz, Santa Cruz, CA, US 

Anti-mouse-Alexa 488 Goat  1:100 Thermo Scientific, Dreieich, DE 

Anti-rat-Alexa 488 Goat  1:100 Thermo Scientific, Dreieich, DE 

Anti-rabbit-Alexa 488 Goat  1:400 Thermo Scientific, Dreieich, DE 
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3  METHODS 

 Cell culture conditions and methods 3.1

For normoxic conditions (21 % O2), U-251MG, U-343MG and LN-229 glioma cells were grown in 

RPMI 1640 medium (Lonza), supplemented with 10 % FBS (Thermo Scientific), 1 % sodium 

pyruvate (Thermo Scientific), 185 U/mL penicillin and 185 µg/mL streptomycin (Biochrom) (cell 

culture medium) at 37 °C in a humidified-air atmosphere incubator containing 5 % CO2. Monolayer 

(2D) cultures were grown in flasks (12.5 cm
2
 to 150 cm

2
), on cell culture plates (6 cm to 10 cm), 24-

well, 48-well or 96-well plates depending on the experimental procedure. For three dimensional (3D) 

cultures cells were grown in flat bottom agarose coated 96-well plates. Cell counting was carried out 

with an automated Cell Counter (Coulter Z2; Beckman Coulter) using 100 µL cell suspension in 

10 mL Isoton II (Beckman Coulter) . All experiments were performed with cells in logarithmic growth 

phase. Cell cultures were tested for mycoplasma contamination at regular intervals by using 

Venor®GeM Classic Mycoplasma PCR Detection Kit (Minerva Biolabs, Berlin, DE). Therefore, 

500 µL of cell culture supernatant containing up to 10
6
 cells was transferred to a microcentrifuge tube, 

incubated at 95 °C for 10 min and centrifuged at 13,000 rpm for 5 sec. The obtained supernatant 

(2 µL) was used for preparation of the PCR reaction mix using a polymerase with a concentration of 

5 U/μL according to the manufacturer´s protocol. 

For passaging, the respective glioma cell culture was washed with PBS (Lonza) and overlaid with 

3 mL of warm (37 °C) 0.05 % Trypsin-EDTA solution (Thermo Scientific). Trypsin was kept on the 

cells for up to 5 min at 37 °C and inactivated by cell culture medium. After collecting the cells by 

gentle centrifugation at 800 rpm for 4 min, the inactivated trypsin medium mixture was removed. 

Subsequently, the cells were resuspended in pre-warmed cell culture medium and subcultured at a split 

ratio of 1:5 to 1:10. 

For cryopreservation the collected cells were resuspended in cell culture medium containing 20 % 

dimethyl sulfoxide (DMSO; Sigma-Aldrich) at the range of 2.0x10
5
 to 5.0x10

5
 cells/mL. The cell 

suspension was transferred to sterile cryogenic vials and freezed using a freezing rate of approximately 

1 °C per min in an isopropanol chamber at -80 °C overnight. The cells were stored in the liquid phase 

(-196 °C) of liquid nitrogen. 

For thawing the cells were warmed very quickly by placing the cryogenic vial directly from the liquid 

nitrogen container into a 37 °C water bath. The thawed cells were washed twice with warmed (37 °C) 

cell culture medium, centrifuged at 800 rpm for 4 min and plated in 25 cm
2
 flasks. 
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 Transfection of glioma cells with siRNA 3.2

Gene silencing by small interfering RNA (siRNA) was performed by transfection, using target 

gene-directed (HIF-1α, IDH1) double-stranded RNA oligonucleotides. For siRNA experiments a 

nonsense siRNA, specifically targeting the firefly luciferase gene, was used. This control siRNA was 

designed with no significant homology to any known gene in human cells. The target sequences are 

depicted in Table 2.3. For transfection experiments, cells (1.5×10
5
-2×10

5
) were plated in 12.5 cm

2 
or 

25 cm
2
 flasks 24 h before treatment with siRNA. At the time of transfection, the confluency of the cell 

monolayer was 40-50 %. Different concentrations (25-150 nM) of siRNA and pre-incubation times 

(4 h-48 h) were analyzed in pilot experiments. Transfection of siRNA in glioma cell lines was carried 

out using INTERFERin® (biomol, Hamburg) according to the manufacturer’s protocol. Reduction of 

the HIF-1α and IDH1 gene expression was achieved using concentrations of 75 nM and 50 nM 

siRNA, respectively. Cells were pre-treated with the corresponding siRNA for 4 h at 37 °C under 

normoxic conditions. The cells were subsequently incubated under hypoxic conditions or maintained 

in normoxia for 20 h, respectively. The cells were then used for RNA isolation, protein isolation or 

irradiated under normoxic or hypoxic conditions. 

 

 HIF-1α inhibition by CTM 3.3

HIF-1α inhibition was further carried out using CTM (Alexis®Biochemicals, DE), an 

epidithiodiketopiperazine metabolite of the fungal species Chaetomium (Kung et al., 2004). For 

HIF-1α inhibition via CTM, CTM stock solutions (100 mM) were initially prepared in 0.1 % DMSO. 

In pilot experiments different concentrations (9-300 nM) and pre-incubation times (4-48 h) of CTM 

were examined in detail. The individual glioma cell lines were plated with 3×10
5
 cells in 25 cm

2
 flasks 

24 h before treatment with 75 nM CTM. The effect of CTM on HIF-1α gene expression level was 

compared to the solvent DMSO (75 nM) and an untreated control. At the time of treatment, the 

confluency of the monolayer was 40-50 %. Cells were pre-incubated with CTM under normoxic 

conditions for 4 h. Untreated cells and cells treated with CTM or DMSO (control) were then incubated 

under hypoxic conditions or maintained in normoxia for 20 h, respectively. The cells were then used 

for RNA isolation, protein isolation or irradiated under normoxic or hypoxic conditions. 

 

 Generation of constructs and stable overexpression of IDH1
wt

 and IDH1
R132H

 in 3.4

glioma cell lines 

The establishment of stable cells overexpressing IDH1
wt

 or IDH1
R132H

 was performed using a 

lentivirus system (Clontech, Heidelberg, DE). Therefore, full-length human wild type IDH1 coding 

sequence was amplified from cDNA of U-251MG cells using the following oligonucleotides IDH1 
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BamHI forward: 5’-GGGGATCCATGTCCAAAAAAATCAGTGGCGGTTCTGTG-3’, IDH1 XhoI 

reverse: 5’-GGCTCGAGTTAAAGTTTGGCCTGAGCTAGTTTGATCT-3’ and High Fidelity PCR 

Enzyme Mix (Thermo Scientific) according to the manufacturer’s protocol. Amplification was 

performed by running an initial denaturation for 5 min at 95 °C, followed by 35 cycles of denaturation 

for 10 sec at 95 °C, annealing for 30 sec at 66 °C, extension for 1 min at 68 °C and a final extension 

step for 10 min at 68 °C. The PCR product was purified on a 1 % agarose gel (1 mg agarose in 100 mL 

0.5x TBE buffer and 5 µL ethidium bromide (10 mg/mL)) in 0.5x TBE buffer at a constant voltage of 

200 V for 1 h. For the determination of molecular weights of the PCR products, PageRuler™ 100 bp 

Plus DNA Ladder (Thermo Scientific) was used. Following electrophoresis the PCR product was cut 

out, isolated from the gel slice by Zymoclean™ Gel DNA Recovery Kit (Zymo Research, Irvine, US), 

cloned into pCR® 2.1 Vector (Thermo Scientific) to generate pCR® 2.1-IDH1
wt

 and subcloned as 

BamHI-XhoI (New England Biolabs) fragments into pLVX-Puro vector (kindly provided by Prof. Dr. 

Stefan Hüttelmaier, Institute of Molecular Medicine, Medical Faculty, Martin Luther University 

Halle-Wittenberg, Halle Saale, DE.). IDH1
R132H

 was prepared by QuikChange® II XL Site-Directed 

Mutagenesis Kit (Stratagene, La Jolla, CA, US) following the manufacturer’s instructions using 

IDH1
wt

 as a template and the following oligonucleotides: 5´-CCATAAGCATGATGACCTATG-3´ 

and 5´-CATAGGTCATCATGCTTATGG-3´. The entire IDH1 coding region was sequenced using 

pLVX-Puro forward primer: 5’-CGCCATCCACGCTGTTTTGACCTCCATA-3’ and pLVX-Puro 

reverse primer: 5’-CCTTGGGAAAAGCGCCTCCCCTACCCGG-3’ to verify its authenticity. 

Sequence analyses were performed by SEQLAB Sequence Laboratories Göttingen Gmbh. 

NucleoBond® Plasmid kit (Plasmid DNA Purification, NucleoBond® Xtra Midi/Maxi; Clontech) was 

used to extract and purify plasmid DNA, respectively.  

For virus production, a second-generation three-plasmid packaging system was used including the 

envelope-coding plasmid pMD2.G and the packaging plasmid psPAX2 (addgene, Cambridge, US). 

The empty vector (10 µg) pLVX-Puro (clontech) or pLVX encoding IDH1
wt

 or IDH1
R132H

 were 

co-transfected with 10 µg pMD2.G and 5 µg psPAX2 into HEK293T cells using the calcium chloride 

DNA precipitation method. The precipitate was formed by adding the plasmids to 0.5 mL sterile 

buffered H2O and 0.5 mL 2× HEPES buffered saline (280 mM sodium chloride (NaCl), 50 mM 

HEPES, 1.5 mM sodium hydrogen phosphate (Na2HPO4), pH 7.0). Following this, 60 μL 2.5 M 

calcium chloride (CaCl2; Sigma-Aldrich) was added under gentle agitation of the tube. The solution 

was incubated for 20 min at room temperature (RT) and then added dropwise to the cells. Twelve 

hours later, the medium was replaced with fresh cell culture medium. The viral supernatant was 

harvested 48 h post-transfection and cleared by centrifugation at 1,500 rpm for 5 min at RT followed 

by filtration through a 0.45 μm pore cellulose acetate filter (Sartorius).  
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Glioma cells with different degrees of malignancy were transduced with empty vector (pLVX) or with 

pLVX encoding IDH1
wt

 or IDH1
R132H

 using 1 mL of the viral suspension, respectively. U-251MG 

(grade IV), U-343MG (grade III) and LN-229 (grade IV) stable cell lines (polyclonal) with empty 

vector (pLVX) or overexpressing IDH1
wt

 or IDH1
R132H

 were selected using 1.5 µg/mL puromycin 

(Sigma-Aldrich) from 48 h post transfection (Kessler et al., 2015). 

 

 Hypoxia and irradiation 3.5

Hypoxia (<0.1 % O2) was achieved using an Anaerocult® A mini gas generator system (Merck, 

Darmstadt, DE). The gas generator system is a special incubation bag that produces an anaerobic 

atmosphere due to the presence of an Anaerocult® A mini sachet containing specific components 

(kieselguhr, iron powder, citric acid and sodium carbonate), which are activated by water and quickly 

bind oxygen (less than 0.1 % residual oxygen in the bag after 1 h). Four hours after siRNA 

transfection or incubation with CTM, the flasks with the treated or untreated cells were transferred into 

the Anaerocult® A mini systems. After activation of the Anaerocult® A mini sachets by wetting with 

8 mL aqua bidest. the bags were closed with Anaeroclips® and placed in a humidified-air atmosphere 

incubator. The cells were incubated for 20 h under hypoxic conditions. Establishment of hypoxia was 

controlled through Anaerotest® strips on the lids of the inoculated flasks according to manufacturer’s 

protocol. 

Irradiation was carried out on logarithmically growing cultures with 6 MV photons and adequate bolus 

material on a SIEMENS ONCOR (Erlangen, DE) linear accelerator at a dose rate of 2 Gy/min. When 

normoxic conditions were applied, the cells treated with siRNA (HIF-1α/IDH1) or CTM were 

irradiated with a single dose of 0, 2, 5 or 10 Gy at RT, respectively. siRNA and CTM treated cells 

under hypoxic conditions were irradiated inside the Anaerocult® A mini gas generator system with a 

single dose of 0, 2, 5, 10 or 15 Gy at RT. After irradiation, the cells were further incubated under 

normoxia or hypoxia at 37 °C for 1 h before harvesting for the clonogenic assay, RNA isolation or 

protein isolation. In untreated cells, empty vector (pLVX) cells and IDH1
wt

 or IDH1
R132H

 cells, 

hypoxia was achieved 24 h after seeding as described above and maintained for 24 h before irradiation 

with 0, 2 or 5 Gy under normoxia and 0, 2, 5 or 10 Gy under hypoxia. After irradiation, cells were 

either incubated in normoxia or hypoxia at 37 °C for 1 h before harvesting for the clonogenic assay, 

RNA isolation and protein isolation or for 72 h before harvesting for PARP analysis via Western blot. 
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 Quantitative real-time PCR  3.6

3.6.1 RNA isolation and quantitative real-time PCR 

Cells were washed twice with ice-cold PBS, harvested using a cell scraper and centrifuged at 

1,000 rpm for 5 min to pellet debris. Total RNA was extracted by using the RNeasy Mini Kit (Qiagen, 

Hilden, DE) or TRIzol reagent (Thermo Scientific) as recommended by the manufacturers. DNA 

digestion was included by using 30 Kunitz units of RNase-free DNase in 80 μl RDD buffer (both 

Qiagen). RNA concentrations were quantified in a NanoDrop 2000c spectrophotometer (Thermo 

Scientific). A sample volume of 2 μL was used to determine the absorbance at 260 nm and the RNA 

concentration was calculated by the NanoDrop software using the following formula: 

RNA
µL

ng
ctorDilutionfaOD nm 40**260          (1) 

The ratios A260/A280 and A260/A230 were used to assess the purity of the RNA. Thereby, 

A260/A280 ratios between 1.8 and 2.0 as well as A260/A230 ratios around 2.0 were considered as an 

optimal measure for the purity of the respective RNA. cDNA was synthesized from 1 µg of RNA 

using RevertAid H-Minus first-strand cDNA synthesis kit (Thermo Scientific) following the 

manufacturer’s instructions. Quantitative real-time PCR (qPCR) was performed in triplicate on a 

real-time PCR cycler (Rotor-Gene 6000, Qiagen) by using Maxima SYBR Green/ROX qPCR Master 

Mix (Thermo Scientific). The samples were prepared by mixing 6.5 μL of SYBR Green mix, 0.25 μl 

of each primer (20 µM), 1 μl of cDNA and 7 μl of water. Reactions were denatured for 15 min at 

95 °C, followed by 40 cycles of denaturation for 30 sec at 95 °C, annealing for 30 sec at 60 °C, 

extension for 30 sec at 72 °C, a final extension step for 30 sec at 60 °C and a melting curve program 

(65 °C-95 °C with a heating rate of 0.2 °C/s). For normalization, hypoxanthine 

phosphoribosyltransferase 1 (HPRT1) or Homo sapiens polymerase (RNA) II polypeptide A 

(POLR2A) were used as housekeeping genes. The primers for the amplification step were synthesized 

by TIB MOLBIOL (Berlin, DE) or Sigma-Aldrich. A summary of all primer sequences used in this 

thesis is provided in Table 2.2. 

 

3.6.2 Generation of plasmid standards for qPCR 

DNA plasmid standard curve was performed using TA Cloning® Kit (Thermo Scientific) to determine 

the absolute quantity (copy numbers, ng, mRNA) of a specific gene. The respective plasmid standard 

was synthesized by amplifying the PCR product from cDNA of the glioma cells using HotStarTaq 

DNA Polymerase (Qiagen), gel-purification by Zymoclean™ Gel DNA Recovery Kit (Zymo 

Research, Irvine, US) and ligation into pCR® 2.1 vector via T4 DNA Ligase (Thermo Scientific). The 
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constructs were transformed into One Shot®TOP10 Chemically Competent E.coli (Thermo Scientific) 

and 50-200 µL from each transformation was spread on LB Agar plates (Thermo Scientific) 

containing 5-Bromo-4-chloro-3-indolyl-ß-D-galactosid (X-Gal; Sigma-Aldrich) as well as 100 µg/µL 

ampicillin (Carl Roth) and further a blue-white screening for inserts was performed. According to the 

manufacturer’s instructions white colonies were picked, grown overnight at 37 °C in LB Broth Base 

(Thermo Scientific) containing 100 µg/µL ampicillin and plasmid isolation was subsequently assessed 

by ZR Plasmid Miniprep™ Classic Kit (Zymo). The entire gene fragment region was sequenced using 

M13 forward primer: 5’-GTAAAACGACGGCCAG-3’ or T7 promotor primer: 

5’-TAATACGACTCACTATAGGG-3’ to verify its authenticity. A detailed description of the 

individual steps of the plasmid standard synthesis can be found in the manufacturer’s protocol of the 

TA Cloning® Kit (Thermo Scientific). 

 

 Protein isolation and Western blot analysis 3.7

For protein isolation cells were washed twice with ice-cold PBS, harvested using a cell scraper and 

lysed with RIPA buffer containing Tris-HCl (50 mM, pH 8.0), 200 mM NaCl (200 mM), EDTA 

(1 mM; AppliChem), ethylene glycol tetraacetic acid (EGTA, 1 mM; Carl Roth), 1 % TritonX-100 

(Carl Roth), 0.25 % deoxycholate (AppliChem), Protease-Inhibitor-Cocktail (1:100; Sigma-Aldrich) 

and Halt™ Phosphatase Inhibitor Cocktail (1:100; Thermo Scientific). The lysates were incubated for 

20 min on ice and centrifuged at 13,000 rpm for 10 min at 4 °C. The supernatants were collected and 

protein concentrations were measured via the Bio-Rad Protein-Assay (Bradford reagent) at 595 nm 

according to the manufacturer’s instructions.  

Equivalent amounts of protein (10-30 µg) were diluted in NuPAGE® LDS Sample Buffer (4x) 

containing NuPAGE® Sample Reducing Agent (10x) (Thermo Scientific) and denatured for 5 min at 

95 °C. Protein samples and Protein Ladder (PageRuler™ Plus Prestained Protein Ladder; Thermo 

Scientific) were loaded on 4-12 % Bis-Tris Mini Gels and separated in NuPAGE® MES SDS running 

buffer (20x) using a mini-cell electrophoresis system (XCell SureLock™; Thermo Scientific) at a 

constant voltage of 200 V for 1 h. Proteins were transferred to a 0.45 µm PVDF membrane (Millipore, 

Schwalbach, DE) by tank electroblotting (Bio-Rad) at 150 V for 2 h in transfer buffer containing 

50 mL NuPAGE® Transfer Buffer (20x) (Thermo Scientific), 850 mL aqua bidest. and 10 % methanol 

(Sigma-Aldrich).  

After blocking the non-specific binding sites with 10 % milk powder (Carl Roth) in 0.1 M TBS for 1 h 

at RT, the membranes were incubated with the primary antibodies at appropriate dilutions in 

TBST-10 % milk powder overnight at 4 °C. Subsequently, staining was performed for 1 h at RT with a 

suitable secondary horseradish peroxidase-conjugated antibody. Details of the utilized antibodies are 

described in Table 2.4 and Table 2.5. The protein-antibody complexes were detected by enhanced 
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chemiluminescence using ECL™ Western Blotting Detection Reagent or ECL™ Prime Western 

Blotting Detection Reagent (both GE Healthcare, Chalfont St Giles, UK). In a darkroom, the X-ray 

films (Thermo Scientific) were exposed to the emitted light signal and developed by successive 

immersion in developing solution (Nordenta, Hamburg, DE), water, fixer solution (Nordenta) and 

water. 

 

 Immunofluorescence and immunohistochemical staining 3.8

Immunofluorescence analysis was performed to investigate the gene expression pattern of IDH1
wt

 or 

IDH1
R132H

 in glioma cells. Cells were grown for 24 h on coverslips in 24-well plates at a density of 

1.5x10
5
 cells/well, fixed with 4 % paraformaldehyde (Sigma-Aldrich), permeabilized with 0.5 % 

Triton X-100/PBS for 10 min at RT. After blocking for 1 h with 1 % BSA (Promega) in PBS, the cells 

were incubated overnight at 4 °C with primary antibodies and subsequently for 1 h at RT in the dark 

with suitable secondary antibodies. Immunofluorescence counterstaining was performed with 

4′,6-diamidino-2-phenylindole (DAPI, 0.25 µg/µL in PBS; Carl Roth) for 5 min in the dark at RT. The 

slides were then washed again with PBS, air-dried and mounted with ProLong®Gold Antifade 

Reagent (Thermo Scientific). Details of the used antibodies are listed in Table 2.4 and Table 2.5. 

Fluorescence imaging was carried out using an AxioVert 200M microscope (Carl Zeiss, Jena, DE). 

IDH1
R132H

 gene expression patterns and its influence on the HIF-1α and CAIX protein levels in glioma 

cells were investigated by immunohistochemical staining. Cells grown for 24 h on coverslips in 

24-well plates at a density of 1.5x10
5
 cells/well were fixed with 4 % paraformaldehyde 

(Sigma-Aldrich). The cells were then permeabilized with 0.5 % Triton X-100/PBS for 10 min at RT. 

After blocking for 10 min in Antibody Diluent (ZYTOMED Systems, Berlin, DE) the cells were 

incubated overnight at 4 °C with primary antibodies and subsequently stained via Dako REAL™ 

Detection System, Peroxidase/DAB+, Rabbit/Mouse (Dako, Hamburg, DE) according to the 

manufacturer’s instructions. After staining the target antigens, the cell nuclei were counterstained with 

20 % hematoxylin in aqua bidest. for 2 min, washed with water, dehydrated in a graded ethanol (Carl 

Roth) series (50-100 %), air-dried and mounted in Eukitt® mounting medium (Sigma-Aldrich). 

Details of the used antibodies are depicted in Table 2.4 and Table 2.5.  

Image analysis of the stained cells was performed with an AxioVert 200M microscope (Carl Zeiss). 

Quantitative analysis was performed by scoring the staining intensity and the proportion of positively 

IDH1
R132H

, HIF-1α and CAIX stained cells. Therefore, three fields of vision were selected randomly 

and 200 cells were counted per field. The immunohistochemical results for HIF-1α protein were 

classified as follows: 0, no staining; 1, nuclear staining in 1–10 % of cells and/or with weak 

cytoplasmic staining; 2, nuclear staining in 11–50 % of cells and/or with distinct cytoplasmic staining; 

3, nuclear staining in more than 50 % of cells and/or with distinct cytoplasmic staining and 4, nuclear 
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staining in more than 50 % of cells and/or with strong cytoplasmic staining (Zhong et al., 1999). 

Cytoplasmic immunoreactivity for IDH1
R132H

 and CAIX was evaluated according to the extent of 

staining, with staining intensities scored as: 0, no cells stained; 1, less than 10 % of cells stained; 2, 

11 % to 50 % of cells stained; 3, more than 50 % of cells show a distinct staining; 4, more than 50 % 

of cells show a strong staining (Zhong et al., 1999). 

 

 Viability and proliferation in 2D culture and 3D spheroid culture 3.9

To determine the impact of IDH1 mutation on viability and cell growth in monolayer under normoxic 

and hypoxic conditions, untreated cells, cells stably transduced with empty vector pLVX, IDH1
wt

- or 

IDH1
R132H

-expressing cells were seeded in 25 cm
2
 flasks with 2x10

5
/flask, respectively. After 24 h at 

37 °C in normoxia, flasks were either kept in normoxia or transferred to the Anaerocult® A mini gas 

generator system (<0.1 % O2) and further incubated under hypoxia. After 24 h, 48 h, 72 h and 96 h the 

cells were trypsinized and the number of viable cells was determined by trypan blue (Thermo 

Scientific) exclusion method using a Countess™ Automated Cell Counter (Thermo Scientific). 

In addition, cell growth characteristics in 3D spheroid culture were analyzed using flat bottom 96-well 

plates. For spheroid generation the wells were coated with 50 µL of 1.5 % agarose (Sigma-Aldrich) 

before plating the cells at an optimized density of 5×10
3
 cells/well using a multichannel pipette. Plates 

were incubated for seven days under normoxia or hypoxia and spheroid formation was evaluated using 

an AxioVert 135 microscope (Carl Zeiss). 

 

 Cell migration 3.10

To analyze the migration of untreated cells, empty vector cells and IDH1
wt

- or IDH1
R132H

-expressing 

cells a wound-healing assay (scratch assay) was performed under normoxic and hypoxic conditions. 

For this, cells were grown to 100 % confluence in 10 cm petri dishes following careful creation of 

defined cell-free wounds using a 200 µL pipette tip. The dishes were then gently rinsed twice with 

PBS to remove free floating cells. The PBS was replaced by cell culture medium and images were 

taken just after wound creation (0 h) and again after 24 h and 48 h of incubation under normoxic or 

hypoxic conditions by using an AxioVert 135 microscope (Carl Zeiss). To evaluate the relative cell 

migration of IDH1
wt

- and IDH1
R132H

-expressing cells, the wound closure (µm
2
) at the different time 

points was measured using the microscope software (AxioVision Rel 4.6.). The scratch assay was also 

performed after pre-treatment of the glioma cell lines with 10 µg/mL mitomycin C for 2 h to prevent 

proliferation. 

Furthermore, a 3D spheroid-based migration assay was carried out. For this, individual day 5 tumor 

spheroids were transferred to 10 cm dishes (6-8 spheroids/dish) by using a 1 mL pipette. To evaluate 
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the cell migration the migration radius (µm) of untreated cells, empty vector cells and IDH1
wt

- or 

IDH1
R132H

-expressing cells at different time points (0 h, 24 h, 48 h and 72 h) was measured using 

AxioVision Rel 4.6. software. 

 

 Colony formation assay and radiosensitivity 3.11

Radiosensitivity and cell survival of glioma cell lines was investigated by colony formation assay. For 

this purpose, the cells were trypsinized 1 h after irradiation, plated in 25 cm
2
 flasks at different cell 

densities ranging from 250-10,000 cells/flask depending on the treatment and irradiation dose. The 

cells were then cultured for 10-16 days under normoxic or hypoxic conditions and finally fixed with 

4 % paraformaldehyde in aqua bidest. (Sigma-Aldrich). Thereafter, the colony formation (colonies of 

≥50 cells) was visualized by staining with 10 % Giemsa solution (Sigma-Aldrich). The surviving 

fractions were defined as ratios of the plating efficiencies (PE=counted colonies/seeded cells*100) of 

the irradiated cells to the non-irradiated cells. Based on that the dose-modifying factor at a 10 % 

survival level (DMF10=radiation dose untreated cells/radiation dose treated cells) was determined to 

analyze the effect of reduced HIF-1α/IDH1 gene expression or IDH1
wt/R132H

 overexpression on the 

radiosensitivity of glioma cells. To fit the survival curves, a linear quadratic model lnS=-(αD + βD2) 

was applied, using origin 8.0 (Kessler et al., 2015). 

 

 Quantification of phospho-histone H2AX foci formation 3.12

For quantification of phospho-histone H2AX (γH2AX) foci formation, untreated cells, empty vector 

cells and IDH1
wt

- or IDH1
R132H

-expressing cells (1×10
5
) were seeded in 8-well chamber slides 

(Thermo Scientific). After 24 h at 37 °C in normoxia, chamber slides were either kept in normoxia or 

incubated in Anaerocult® A mini gas generator system (<0.1 % O2) under hypoxia. After 24 h the 

cells were then irradiated with 0, 2 and 4 Gy and following further incubation in normoxia or hypoxia 

at 37 °C for 24 h, respectively. For γH2AX staining, the cells were fixed for 10 min with 4 % 

paraformaldehyde solution and permeabilized with 0.5 % Triton X-100/PBS for 10 min at RT. After 

blocking with 1 % BSA in PBS for 1 h, the cells were incubated for 2 h at RT with the specific 

phospho-histone H2AX antibody and subsequently for 1 h at RT with Anti-rabbit-Alexa 488 labeled 

secondary antibody. Cell nuclei were counterstained with DAPI (in PBS, 0.25 µg/µL; Carl Roth) for 

5 min at RT in the dark, washed twice with PBS, air-dried and mounted in ProLong® Gold Antifade 

Reagent (Thermo Scientific). Details of the used antibodies are depicted in Table 2.4 and Table 2.5. 

Quantification of γH2AX foci formation was carried out using an AxioVert 200M microscope (Carl 

Zeiss). The foci were counted manually in the nuclei of 300-400 untreated, empty vector, IDH1
wt

 or 

IDH1
R132H

 cells under normoxia and hypoxia. 
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 Atomic force microscopy 3.13

The influence of IDH1
R132H

 mutant protein expression on cell adhesion energy and cell stiffness was 

investigated by atomic force microscopy (AFM). AFM indentation is a useful tool to analyze the 

mechanical properties of living cells in physiological environment at the nanoscale. Cells were plated 

with 5x10
5
 cells/flask in 75 cm

2
 flasks, cultured under normoxic conditions for 48 h, trypsinized to 

induce detachment and centrifuged at 1,000 rpm for 5 min. Cells were resuspended in 1 mL cell 

culture medium, plated on a 6 cm culture dish and incubated for 15 min allowing the cells to adhere 

slightly to the surface. For AFM indentation measurements a lithium nitride tip-less cantilever 

(Nanoworld, Arrow-TL2) with an angle of 10° on the cell was used (Figure 3.1). To analyze the 

cellular mechanical properties, single cells were indented with a force of 3 nN (Figure 3.2). Five force 

curves per rounded cell were recorded. The Young´s modulus E (elastic modulus,) was estimated by 

fitting force curves with the Hertz model: 

3
0213

4
R

v

E
F


 ,           (2) 

where F is force detected, E is the Young´s modulus, R is the radius of the cell,  is the Poisson´s ratio 

and 0 is indentation (Hertz, 1882). In general, Poisson´s ratios between 0.3 for soft tissue to 0.5 for an 

incompressible material are used. The best-match of experimental and modelling data has been 

reported when cells are treated as almost incompressible. Thus a Poisson´s ratio of 0.47 was applied in 

the present study (Mahaffy et al., 2004). The total adhesion energy Eadh was derived from the 

calculated Young´s modulus and the contact radius a of the cantilever on the investigated cell based on 

the Derjarguin-Muller-Topolov model (Derjaguin et al., 1975): 
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Furthermore, additional physical measurements carried out (indentation, normalized adhesion energy, 

jump energy, total adhesion energy, minimal force, jump force, slope of approach curve, cell radius, 

Young´s modulus and jump number) to quantify the relationship between several cell-specific 

parameters based on a network analytical approach to compile the nondimensional composite 

parameter “stiffness” as a weighted sum (Hohmann et al. 2016). 



  METHODS 

37 
 

 

 

 

Figure 3.1. Atomic force microscopy. (a) Cantilever based optical microscope. Cantilever chip was mounted on 

a chip holder, which is placed on the stage of an inverted optical microscope. (b) Microscopic image of an 

indentation of a single cell by the cantilever. For each cell line (U-251MG, U-343MG and LN-229) 20 single 

cells of untreated, empty vector cells, IDH1
wt

 or IDH1
R132H

 cells were analyzed, respectively. AFM 

measurements were carried out in Institute of Molecular Medicine, Medical Faculty, Prof. Dr. Stefan 

Hüttelmaier, Martin Luther University Halle-Wittenberg, Halle Saale, DE. 

 

 

Figure 3.2. Measurement principle of atomic force microscopy. (a) AFM cantilever is positioned above a cell 

and (b) gently pressed with a force of 3 nN onto the cell. The laser (green line) is reflected off the back of the 

cantilever and the deflection is detected using a photodiode. The laser spot was initially positioned in the middle 

of the photodiode. Deformation of the cantilever occurs during indentation on a single cell; thereby deflection on 

the cantilever was detected as a change in output voltage. 

 

 Statistics 3.14

The experimental results are presented as means ±SD and represent at least three to five independent 

experiments, respectively. Statistical differences among various groups were assessed basd on the 

absolute values using an unpaired two-sided Student‘s t test. A p-value of less than 0.05 was 

considered as an indicator of significant difference. 
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4 RESULTS 

 Targeting HIF-1α via siRNA or CTM in U-251MG and U-343MG malignant 4.1

glioma cells under normoxic and hypoxic conditions 

Hypoxia induces activation of the HIF-1 pathway and is a critical characteristic of malignant gliomas. 

Thereby, the transcription factor hypoxia-inducible factor-1 (HIF-1), a dimer of HIF-1α and HIF-1β, is 

an essential mediator for adaptive response to reduced oxygen. HIF-1 governs cellular adaption to low 

oxygen concentrations by regulating tumor-relevant genes involved in energy metabolism, cell 

proliferation, apoptosis and angiogenesis (Semenza, 2002; Bracken et al., 2003; Goda et al., 2003). 

The hypoxia-induced accumulation of HIF-1α protein and thus the increased gene expression of its 

target gene CA9 was analyzed in glioma cell lines with different degrees of malignancy (U-251MG, 

grade III and U-343MG, grade IV). Two distinct strategies have been used to investigate the impact of 

HIF-1α inhibition on cell survival, radiosensitivity and induction of apoptosis of U-251MG and 

U-343MG cells in normoxia and hypoxia. HIF-1α inhibition was achieved by siRNA targeting or via 

CTM, a disruptor of interactions between HIF-1α and p300 in U-251MG (grade IV) and U-343MG 

(grade III) under normoxic and hypoxic conditions. 

 

4.1.1 Effect of hypoxia on HIF-1α and CA9 mRNA expression level 

HIF-1α activation by hypoxia is regulated at the level of HIF-1α subunit protein stability in an 

oxygen-dependent fashion. Although HIF-1α mRNA is constitutively expressed, HIF-1α protein is 

rapidly degraded by the ubiquitin-proteasome system under normoxic conditions. U-251MG and 

U-343MG exhibited a similar HIF-1α mRNA expression pattern in normoxia and hypoxia (Figure 

4.1a and Figure 4.1b). During reoxygenation an increased HIF-1α mRNA expression up to 2.1-fold 

(p<0.05) in U-251MG and up to 1.4-fold (p<0.05) in U-343MG cells in comparison to the HIF-1α 

mRNA level in normoxia was observed, indicating a restocking process after consumption of HIF-1α 

protein under hypoxic conditions (Figure 4.1a and Figure 4.1b).  

Treatment with 100 µM of the chelating agent desferrioxamine (DFO) under normoxic conditions was 

used as a positive control for HIF-1α protein accumulation. In addition, incubation with 50 µM of the 

glycolysis inhibitor iodoacetate (IAA) under hypoxic conditions served as a negative control for 

HIF-1α protein accumulation. Based on the regulatory effect of DFO and IAA on the protein level of 

HIF-1α, no influence was seen on HIF-1α mRNA expression in U-251MG and U-343MG cells 

(Figure 4.1a and Figure 4.1b). Furthermore, an oxygen-dependent expression pattern of CA9 mRNA 

was detected in both glioma cell lines (Figure 4.1c and Figure 4.1d). In normoxia, U-251MG and 

U-343MG showed a weak CA9 mRNA expression (Figure 4.1c and Figure 4.1d). Compared to 
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normoxia the level of CA9 mRNA was significantly increased in U-251MG (up to 56.6-fold, p<0.01) 

and in U-343MG (up to 42.5-fold, p<0.01) after 1 h, 6 h and 24 h in hypoxia (Figure 4.1c and Figure 

4.1d). Furthermore, U-251MG cells showed an increased CA9 mRNA expression during 48 h of 

reoxygenation. In U-343MG cells CA9 mRNA expression remained elevated during 24 h of 

reoxygenation and decreased afterwards, reaching the normoxic CA9 mRNA level at 48 h of 

reoxygenation. Treatment with DFO under normoxic conditions increased the CA9 mRNA expression 

in U-251MG and U-343MG cells, whereas treatment with the negative control IAA resulted in clearly 

reduced CA9 mRNA expression under hypoxic conditions (Figure 4.1c and Figure 4.1d). 

  

  

Figure 4.1. HIF-1α and CA9 mRNA expression in response to hypoxic and normoxic conditions in glioma 

cells. mRNA expression levels (qPCR) of HIF-1α (a and b) and CA9 (c and d) in U-251MG and U-343MG cells. 

Bars represent the mean values, relative to the normoxic control (set as 100 %), of three independent 

experiments. Error bars indicate standard deviations (±SD). HIF-1α and CA9 mRNA expression under hypoxia 

(1 h, 6 h and 24 h, <0.1 % O2); IAA: 50 µM iodoacetate in hypoxia (negative control); HIF-1α and CA9 mRNA 

expression in response to reoxygenation (24 h hypoxia and 24 h reoxygenation or 24 h hypoxia and 48 h 

reoxygenation); N: HIF-1α and CA9 mRNA expression in normoxia (21 % O2); DFO: 100 µM desferrioxamine 

in normoxia (positive control); *p<0.05 and **p<0.01 (compared to the normoxic control). 
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4.1.2 Effect of hypoxia on HIF-1α and CAIX protein expression level 

U-251MG and U-343MG cells showed a low level of HIF-1α protein under normoxia (Figure 4.2). 

After 1 h, 6 h and 24 h under hypoxic conditions, U-251MG and U-343MG cells exhibited an 

increased accumulation of HIF-1α protein (Figure 4.2). Reoxygenation for 24 h and 48 h in normoxia 

decreased the HIF-1α protein level over time in the investigated cell lines (Figure 4.2). In both cell 

lines induction of CAIX generally occurs during hypoxia and is dependent on HIF-1α accumulation. 

Further, U-251MG and U-343MG cells showed a weak CAIX protein level under normoxia (Figure 

4.2). CAIX protein was stable over 48 h of reoxygenation in U-251MG cells, whereas overexpression 

of CAIX protein in U-343MG cells disappeared during 48 h of reoxygenation in a similar fashion to 

that observed under normoxia (Figure 4.2). Additionally, an increase of CAIX protein was observed 

using DFO under normoxic conditions and an inhibition of CAIX protein was detected using IAA in 

hypoxia in both cell lines, respectively (Figure 4.2). 

 

Figure 4.2. Hypoxia-induced HIF-1α protein accumulation and CAIX protein expression in glioma cells. 

Representative Western blots for HIF-1α and CAIX protein in U-251MG (a) and U-343MG (b) cells under 

normoxia (21 % O2) and hypoxia (<0.1 % O2). β-Actin served as loading control; n=3 independent experiments. 

HIF-1α and CAIX protein expression under hypoxia (1 h, 6 h and 24 h); IAA: 50 µM iodoacetate in hypoxia 

(negative control); HIF-1α and CAIX protein expression in response to reoxygenation (24 h hypoxia and 24 h 

reoxygenation or 24 h hypoxia and 48 h reoxygenation); N: HIF-1α and CAIX protein expression in normoxia 

(21 % O2); DFO: 100 µM desferrioxamine in normoxia (positive control). 

 

4.1.3 Effect of HIF-1α-specific siRNA or CTM on HIF-1α and CA9 mRNA levels 

In U-251MG and U-343MG cells, hypoxia did not alter the HIF-1α mRNA expression in comparison 

to the normoxic conditions. The effects of HIF-1α-specific siRNA or CTM on HIF-1α and CA9 

expression levels were compared to the control siRNA, specifically targeting the firefly luciferase 

gene, or the solvent DMSO, respectively. In both cell lines, neither control siRNA nor treatment with 

DMSO affected HIF-1α mRNA expression in normoxia or hypoxia (Figure 4.3). The effect of the 

HIF-1α siRNA or CTM on the HIF-1α mRNA level was analyzed 24 h after treatment and culture 

under normoxic and hypoxic conditions (Figure 4.3). Treatment of U-251MG cells with the 
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HIF-1α-specific siRNA resulted in a reduction of HIF-1α mRNA by 62.3 % ± 21.7 (p<0.05) or 

57.4 % ± 18.4 (p<0.01) compared to the control siRNA under normoxic or hypoxic conditions, 

respectively (Figure 4.3a). In U-343MG cells HIF-1α siRNA decreased the HIF-1α mRNA level by 

52.0 % ± 10.5 (p<0.01) or 53.6 % ± 18.7 (p<0.05) compared to the control siRNA under normoxic or 

hypoxic conditions, respectively (Figure 4.3b). Treatment of U-251MG cells with CTM increased the 

HIF-1α mRNA level by 19.6 % ± 20.2 (not significant) and by 24.1 % ± 13.6 (not significant) 

compared to the cells treated with DMSO in normoxia and hypoxia, respectively (Figure 4.3c). 

However, exposure of U-343MG cells to CTM reduced the HIF-1α mRNA expression by 

67.0 % ± 10.4 (p<0.01) and 39.6 % ± 12.0 (p<0.01) compared to the cells treated with DMSO under 

normoxic and hypoxic conditions, respectively (Figure 4.3d). 

  

  

Figure 4.3. Effect of HIF-1α siRNA and CTM on HIF-1α mRNA expression in glioma cells. mRNA 

expression levels (qPCR) of HIF-1α in U-251MG and U-343MG under normoxic (21 % O2,) and hypoxic 

(<0.1 % O2,) conditions. RNA was extracted 24 h after treatment with 75 nM HIF-1α-specific siRNA (a and b) 

or 75 nM CTM (c and d). Bars represent the mean values, relative to the control siRNA (control siRNA under 

normoxia was set as 100 % to elucidate the effect of hypoxia) or DMSO (DMSO under normoxia was set as 

100 % to elucidate the effect of hypoxia) of three independent experiments. Error bars indicate standard 

deviations (±SD). UT: untreated cells, control: cells treated with 75 nM control siRNA, HIF-1α: cells treated 

with 75 nM HIF-1α-specific siRNA, DMSO: cells treated with 75 nM DMSO; CTM: cells treated with 75 nM 

CTM; *p<0.05 and **p<0.01 (compared to the respective control siRNA/DMSO in normoxia). 

 

Inhibition of the transcriptional HIF-1 activity was examined by monitoring the gene expression of the 

HIF-1α target gene CA9 24 h after treatment with HIF-1α siRNA or CTM (Figure 4.4). In hypoxia, an 

elevated CA9 mRNA expression level up to 121-fold (p<0.01) in U-251MG and up to 5.3-fold 
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(p<0.01) in U-343MG in comparison to the respective CA9 mRNA level in normoxia was induced. 

Furthermore, neither control siRNA nor DMSO had an impact on the CA9 mRNA expression. The 

influence of HIF-1α siRNA and CTM on CA9 mRNA expression was compared to the respective 

control condition, i.e., cells treated with control siRNA or the solvent DMSO under normoxic or 

hypoxic conditions. In U-251MG cells, reduction of the HIF-1α gene expression by siRNA decreased 

the CA9 mRNA expression by 90.6 % ± 1.1 (p<0.01) and by 93.6 % ± 4.8 (p<0.01) in normoxia and 

hypoxia (Figure 4.4a). In U-343MG cells, HIF-1α gene silencing reduced the CA9 mRNA expression 

by 55.0 % ± 7.8 (p<0.01) and by 52.7 % ± 3.7 (p<0.05) compared to the respective control siRNA 

under normoxic and hypoxic conditions, respectively (Figure 4.4b). Moreover, in U-251MG cells, 

inhibition of HIF-1α activity in response to CTM caused a decrease in CA9 mRNA expression by 

86.4 % ± 7.5 (p<0.01) and by 50.1 % ± 12.8 (p<0.05) compared to the controls under normoxic or 

hypoxic conditions, respectively (Figure 4.4c). In U-343MG cells, treatment with CTM resulted in a 

reduction of CA9 mRNA expression by 87.9 % ± 4.2 (p<0.01) and by 77.7 % ± 1.4 (p<0.05) compared 

to the controls in normoxia and hypoxia (Figure 4.4d). 

  

  

Figure 4.4. Influence of HIF-1α siRNA and CTM on CA9 mRNA expression in glioma cells. mRNA 

expression levels (qPCR) of CA9 in U-251MG and U-343MG under normoxic (21 % O2) and hypoxic (<0.1 % 

O2) conditions. RNA was extracted 24 h after treatment with 75 nM HIF-1α-specific siRNA (a and b) or 75 nM 

CTM (c and d). Bars represent the mean values, relative to the control siRNA (control siRNA under normoxia 

was set as 100 % to elucidate the effect of hypoxia) or DMSO (DMSO under normoxia was set as 100 % to 

elucidate the effect of hypoxia) of three independent experiments. Error bars indicate standard deviations (±SD). 

UT: untreated cells, control: cells treated with 75 nM control siRNA, HIF-1α: cells treated with 75 nM 

HIF-1α-specific siRNA, DMSO: cells treated with 75 nM DMSO; CTM: cells treated with 75 nM CTM; 

*p<0.05 and **p<0.01 (compared to the respective control siRNA/DMSO in normoxia). 
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4.1.4 Effect of HIF-1α siRNA or CTM on HIF-1α and CAIX protein level and PARP cleavage 

Minimal amounts of HIF-1α protein level were detectable in U-251MG and U-343MG cell lines under 

normoxic conditions (Figure 4.5). On the contrary, HIF-1α protein level was considerably increased in 

the investigated cell lines under hypoxia. Treatment with control siRNA or DMSO did not cause a 

change in HIF-1α protein expression (Figure 4.5) compared to the untreated cells. Treatment of 

U-251MG and U-343MG cells with the HIF-1α siRNA resulted in a substantial decrease of HIF-1α 

protein expression under normoxic and hypoxic conditions (Figure 4.5a and Figure 4.5b). In 

U-251MG cells exposure to CTM increased HIF-1α protein expression compared to DMSO or 

untreated cells under normoxic and hypoxic conditions (Figure 4.5c). In contrast, U-343MG cells 

exhibited reduced a level of HIF-1α protein in response to CTM treatment in normoxia and hypoxia 

(Figure 4.5d). Furthermore, weak CAIX protein levels were detected in U-251MG and U-343MG cells 

in normoxia (Figure 4.5). In response to hypoxia, CAIX protein expression was substantially increased 

in the both cell lines. Reduction of the HIF-1α gene expression via siRNA resulted in a strong 

decrease of CAIX protein expression in U-251MG and U-343MG cells, which was independent on the 

culture conditions (Figure 4.5a and Figure 4.5b). Inhibition of the HIF-1α transcriptional activity by 

CTM resulted in a reduction of the CAIX protein level in normoxia and hypoxia compared to the 

respective DMSO control or untreated U-251MG and U-343MG cells (Figure 4.5c and Figure 4.5d). 

In addition, the induction of apoptosis was qualitatively assessed using Western blot analysis of the 

proteolytic cleavage of PARP. In U-251MG cells, reduction of the HIF-1α gene expression via siRNA 

did not affect the normoxic gene expression of the large fragment of PARP, but caused cleavage of 

PARP under hypoxic conditions (Figure 4.5a). In U-343MG cells, reduction of the HIF-1α gene 

expression via siRNA induced apoptosis under normoxic and hypoxic conditions (Figure 4.5b). 

Treatment with CTM resulted in an apoptotic response under normoxic and hypoxic conditions in 

U-251MG cells (Figure 4.5c). In comparison, in U-343MG cells exposure to CTM had no effect on 

PARP cleavage under normoxic conditions but caused induction of apoptosis under hypoxic 

conditions (Figure 4.5d). 
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Figure 4.5. Effect of HIF-1α siRNA and CTM on HIF-1α or CAIX protein and PARP cleavage in glioma 

cells. Representative Western blots for HIF-1α, CAIX and PARP protein in U-251MG and U-343MG cells under 

normoxia (21 % O2) and hypoxia (<0.1 % O2). HIF-1α, CAIX protein expression and PARP cleavage after 

treatment with 75 nM HIF-1α-specific siRNA in comparison to 75 nM control siRNA or untreated U-251MG (a) 

and U-343MG (b) cells. HIF-1α, CAIX protein expression and PARP cleavage after treatment with 75 nM CTM 

in comparison to 75 nM DMSO or untreated U-251MG (c) and U-343MG (d) cells. For PARP analyses 

Anti-PARP antibody was used (detects full-length PARP 116 kDa and cleaved PARP 89 kDa). β-Actin served as 

loading control; n=3 independent experiments. UT: untreated cells, control: cells treated with 75 nM control 

siRNA, HIF-1α: cells treated with 75 nM HIF-1α-specific siRNA, DMSO: cells treated with 75 nM DMSO; 

CTM: cells treated with 75 nM CTM. 

 

4.1.5 Effect of HIF-1α siRNA or CTM on clonogenic survival and radiosensitivity 

The clonogenic survival assay is a crucial endpoint read-out that was used to investigate the fraction of 

cells surviving the treatment with HIF-1α siRNA or CTM (Figure 4.6) and the combined treatment of 

HIF-1α siRNA or CTM and radiation in U-251MG and U-343MG cells (Figure 4.7). In both 

U-251MG and U-343MG cells treatment with control siRNA or DMSO did not significantly affect the 

plating efficiency compared to the untreated cells (Figure 4.6). Treatment of U-251MG cells with 

HIF-1α siRNA resulted in a reduced plating efficiency by 80.4 % ± 1.2 (p<0.01) and 54.8 % ± 12.9 

(p<0.05) compared to cells treated with the control siRNA under normoxic and hypoxic conditions 

(Figure 4.6a). In U-343MG cells treatment with HIF-1α siRNA decreased the plating efficiency by 

32.0 % ± 10.1 (p<0.05) and by 36.1 % ± 21.3 (not significant) compared to control siRNA treated 

cells under normoxic and hypoxic conditions (Figure 4.6b). Furthermore, in U-251MG cells, exposure 



  RESULTS 

45 
 

to CTM reduced the plating efficiencies by 75.0 % ± 3.1 (p<0.01) and by 76.1 % ± 10.3 (p<0.01) 

compared to cells treated with DMSO in normoxia and hypoxia, respectively (Figure 4.6c). In 

U-343MG cells treatment with CTM decreased the plating efficiency by 44.8 % ± 5.5 (p<0.01) and by 

64.0 % ± 4.3 (p<0.01) under normoxic and hypoxic conditions (Figure 4.6d). 

  

  

Figure 4.6. Effect of HIF-1α siRNA and CTM on the clonogenic survival of glioma cells. Effect of treatment 

with the HIF-1α siRNA (75 nM) or 75 nM CTM on the plating efficiency of non-irradiated U-251MG (a and c) 

and U-343MG (b and d) cells under normoxia (21 % O2) and hypoxia (<0.1 % O2). Bars represent the mean 

values, relative to the control siRNA (control siRNA in normoxia and hypoxia were set as 100 %) or DMSO 

(DMSO in normoxia and hypoxia were set as 100 %) of four independent experiments. Error bars indicate 

standard deviations (±SD). UT: untreated cells, control: cells treated with 75 nM control siRNA, HIF-1α: cells 

treated with 75 nM HIF-1α-specific siRNA, DMSO: cells treated with 75 nM DMSO; CTM: cells treated with 

75 nM CTM; *p<0.05 and **p<0.01 (compared to the respective control siRNA/DMSO in normoxia or 

hypoxia). 

 

A clonogenic assay was also applied to determine if HIF-1α siRNA or CTM sensitized U-251MG or 

U-343MG glioma cells to radiation (Figure 4.7). The clonogenic survival assay revealed an increased 

survival of U-251MG and U-343MG cells under hypoxia as compared to normoxia (Figure 4.7, 

untreated cells are not shown for better clarity). Survival curves showed that although treatment with 

HIF-1α siRNA slightly reduced the cytotoxic effect of radiation of U-251MG cells under normoxic 

conditions (DMF10: 0.86, p<0.05), it enhanced radiation sensitivity under hypoxic conditions 

(DMF10: 1.35, p<0.01) (Figure 4.7a). In U-343MG cells treatment with HIF-1α siRNA resulted in an 

enhanced radiosensitivity under normoxic (DMF10: 1.33, p<0.01) and hypoxic (DMF10: 1.78, 

p<0.01) conditions, respectively (Figure 4.7b). In addition, treatment with CTM led to an increased 
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radiosensitivity of U-251MG cells under normoxic (DMF10: 1.35, p<0.01) and hypoxic (DMF10: 

1.18, p<0.05) conditions (Figure 4.7c). In U-343MG cells exposure to CTM did not affect 

radiosensitivity under normoxic (DMF10: 1.02, p<0.05) conditions, but improved response to 

radiation under hypoxia (DMF10: 1.48, p<0.05) (Figure 4.7d). 

  

  

Figure 4.7. Effect of HIF-1α siRNA or CTM on radiosensitivity of glioma cells. Clonogenic survival after 

treatment with the HIF-1α siRNA (75 nM) or exposure to 75 nM CTM and radiation of U-251MG (a and c) and 

U-343MG (b and d) cells under normoxia (21 % O2, 0-10 Gy) and hypoxia (<0.1 % O2, 0-15 Gy). The plating 

efficiencies of non-irradiated cells were set as 100 %, respectively. Each point represents the mean values of four 

independent experiments. Error bars indicate standard deviations (±SD). control: cells treated with 75 nM 

control siRNA, HIF-1α: cells treated with 75 nM HIF-1α-specific siRNA, DMSO: cells treated with 75 nM 

DMSO; CTM: cells treated with 75 nM CTM. 

 

In summary, both HIF-1α-specific siRNA and CTM obviously reduced the activity of HIF-1α in 

U-251MG and U-343MG malignant glioma cell lines in normoxia and hypoxia. Although siRNA and 

CTM inhibit HIF-1α through two rather different mechanisms, both attenuated the hypoxia-induced 

radioresistance of U-251MG and U-343MG cells. Nevertheless, under normoxic conditions siRNA 

and CTM demonstrated opposite effects on radiosensitivity in U-251MG and U-343MG cells. While 

under normoxia HIF-1α siRNA enhanced the response to radiation only in U-343MG cells, exposure 

to CTM increased radiosensitivity only in U-251MG cells. Furthermore, the results suggest that CA9 

could serve as an indicator of effective HIF-1-related radiosensitization. 
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 Reduction of IDH1 expression via siRNA in U-251MG, U-343MG and LN-229 4.2

malignant glioma cells under normoxic and hypoxic conditions 

Mutations targeting the IDH1 gene occur in a restricted spectrum of tumors, including gliomas and 

acute myeloid leukemia (Parsons et al., 2008; Paschka et al., 2010). In gliomas of all grades the 

presence of IDH1 mutation is associated with better clinical outcome after standard treatments such as 

surgery, radiotherapy and chemotherapy (Parsons et al., 2008; Hartmann et al., 2009; Ichimura et al., 

2009; Yan et al., 2009). The mutated IDH1 enzyme IDH1R132H
 
shows a strongly decreased enzyme 

activity to isocitrate and gain a new enzyme function catalyzing the NADPH-depend reduction of 

α-KG to D-2-HG (Dang et al., 2010). However, it is unclear whether IDH1 mutation is associated with 

a less aggressive phenotype or directly linked to increased sensitivity to radiotherapy. Thus, the effect 

of reduced IDH1 gene expression using IDH1-specific siRNA on the response to radiation was 

investigated in U-251MG (grade IV), U-343MG (grade III) and LN-229 (grade IV) glioma cells. 

 

4.2.1 Effect of IDH1-specific siRNA on the IDH1 mRNA level  

For IDH1 gene silencing by siRNA also a control siRNA with no significant homology to any known 

gene in human cells was used. In U-251MG, U-343MG and LN-229 cells treatment with control 

siRNA did not affect IDH1 mRNA expression compared to the untreated cells in normoxia or hypoxia 

(Figure 4.8). The effect of the IDH1 siRNA on the IDH1 mRNA level was examined 24 h after 

treatment and culture under normoxic and hypoxic conditions. Treatment of U-251MG cells with the 

IDH1-specific siRNA resulted in a reduction of the IDH1 mRNA by 73.9 % ± 11.9 (p<0.01) or 

78.7 % ± 7.7 (p<0.01) compared to the control siRNA under normoxic or hypoxic conditions, 

respectively (Figure 4.8a). In U-343MG cells IDH1 siRNA reduced the IDH1 mRNA expression by 

96.7 % ± 2.9 (p<0.01) or 88.9 % ± 3.6 (p<0.01) under normoxic or hypoxic conditions, respectively 

(Figure 4.8b). Treatment of LN-229 cells with IDH1-specific siRNA decreased the IDH1 mRNA level 

by 74.8 % ± 11.1 (p<0.01) and 85.6 % ± 2.2 (p<0.01) in normoxia and hypoxia (Figure 4.8c). 
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Figure 4.8. Effect of IDH1-specific siRNA on IDH1 

mRNA level in glioma cells. mRNA expression level 

(qPCR) of IDH1 in U-251MG (a), U-343MG (b) and 

LN-229 (c) cells under normoxic (21 % O2) and 

hypoxic (<0.1 % O2) conditions. RNA was extracted 

24 h after treatment with 50 nM IDH1-specific 

siRNA. Bars represent the mean values, relative to the 

control siRNA (control siRNA in normoxia and 

hypoxia were set as 100 %) of five independent 

experiments. Error bars indicate standard deviations 

(±SD). UT: untreated cells, control: cells treated with 

50 nM control siRNA, IDH1: cells treated with 50 nM 

IDH1-specific siRNA; **p<0.01 (compared to the 

respective control siRNA in normoxia or hypoxia). 

 

4.2.2 Effect of IDH1-specific siRNA on the IDH1 protein level and PARP cleavage 

U-251MG, U-343MG and LN-229 displayed similar gene expression patterns of IDH1 protein under 

normoxic and hypoxic conditions (Figure 4.9). Treatment with control siRNA did not induce an 

altered IDH1 protein expression (Figure 4.9) compared to the untreated cells. In agreement to the 

qPCR experiments, Western blot analyses confirmed the decrease of IDH1 protein expression in a cell 

type-specific pattern under normoxic and hypoxic conditions. While in U-251MG and U-343MG cells 

exposure to IDH1 siRNA almost completely suppressed the IDH1 protein, LN-229 cells exhibited a 

weak IDH1 protein level after treatment with IDH1 siRNA. 

Additionally, the induction of apoptosis was qualitatively assessed using Western blot analysis of the 

proteolytic cleavage of PARP. In U-251MG cells and LN-229 cells, a reduced IDH1 gene expression 

by siRNA did not induce apoptosis under normoxic and hypoxic condition, respectively (Figure 4.9). 

On the contrary, in U-343MG cells, IDH1 gene silencing via siRNA did not affect the gene expression 

of PARP in normoxia, but caused a slightly increased cleavage of PARP under hypoxic conditions 

(Figure 4.9). 
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Figure 4.9. Influence of IDH1-specific siRNA on the IDH1 protein expression in glioma cells. 

Representative Western blots for IDH1 protein in U-251MG (a), U-343MG (b) and LN-229 (c) cells under 

normoxic (21 % O2) and hypoxic (<0.1 % O2) conditions. IDH1 protein expression 24 h after treatment with 

50 nM IDH1-specific siRNA in comparison to 50 nM control siRNA or untreated cells. For PARP analyses 

cleaved PARP antibody was used (detects cleaved PARP 89 kDa and does not recognize full length PARP).  

β-Actin served as loading control; n=3 independent experiments. UT: untreated cells, control: cells treated with 

50 nM control siRNA, IDH1: cells treated with 50 nM IDH1-specific siRNA. 

 

4.2.3 Effect of IDH1 siRNA on the clonogenic survival and radiosensitivity 

The influence of IDH1-specific siRNA on the plating efficiency of non-irradiated glioma cells was 

investigated using the clonogenic survival assay. Treatment with the control siRNA did not 

significantly affect the clonogenic survival compared to the untreated U-251MG, U-343MG and 

LN-229 cells, respectively. In U-251MG cells, treatment with IDH1-specific siRNA resulted in a 

slightly increased plating efficiency under normoxia by 9.3 % ± 3.7 (not significant), whereas in these 

cells under hypoxic conditions a decreased plating efficiency by 16.8 % ± 14.9 (not significant) was 

observed (Figure 4.10a). Further, the reduction of the IDH1 gene expression using siRNA resulted in a 

decreased plating efficiency under normoxia by 19.6 % ± 3.7 (p<0.01) in U-343MG and by 

14.5 % ± 21.9 (not significant) in LN-229 cells as compared to the respective cells treated with the 

control siRNA (Figure 4.10b and Figure 4.10c). Furthermore, in hypoxia treatment with IDH1 siRNA 

resulted in a slightly decreased clonogenic survival by 3.2 % ± 0.8 (p<0.05) in U-343MG and by 

4.9 % ± 12.0 (not significant) in LN-229 cells as compared to the control siRNA treated cells, 

respectively (Figure 4.10b and Figure 4.10c). 
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Figure 4.10. Effect of IDH1-specific siRNA on the 

clonogenic survival of glioma cells. Plating 

efficiency of non-irradiated U-251MG (a), U-343MG 

(b) and LN-229 (c) cells in response to treatment with 

50 nM IDH1 siRNA under normoxia (21 % O2) and 

hypoxia (<0.1 % O2). Bars represent the mean values, 

relative to the control siRNA (control siRNA in 

normoxia and hypoxia were set as 100 %) of three 

independent experiments. Error bars indicate standard 

deviations (±SD). UT: untreated cells, control: cells 

treated with 50 nM control siRNA, IDH1: cells treated 

with 50 nM IDH1-specific siRNA; *p<0.05 and 

**p<0.01 (compared to the respective control siRNA 

in normoxia or hypoxia). 

 

The influence of a reduced IDH1 gene expression via siRNA on radiosensitivity of U-251MG, 

U-343MG and LN-229 cells was evaluated by means of the clonogenic survival after irradiation and 

compared to that of non-irradiated cells (set as 100 %) (Figure 4.11). The assay revealed an increased 

survival of U-251MG, U-343MG and LN-229 cells under hypoxia as compared to normoxia (Figure 

4.11, untreated cells are not shown for better clarity). Furthermore, the survival curves indicate that 

reduction of the IDH1 gene expression did not affect the response to radiation in U-343MG grade III 

glioma cells under normoxic conditions (DMF10: 1.07, p<0.05). On the contrary, treatment with IDH1 

siRNA slightly attenuated the radioresistance of U-343MG cells under hypoxic conditions (DMF10: 

1.63, p<0.01) (Figure 4.11b). In addition, the siRNA-mediated reduction of the IHD1 gene expression 

had no effect on radiosensitivity of grade IV glioblastoma cell lines U-251MG and LN-229 in 

normoxia (U-251MG DMF10: 0.99, not significant; LN-229 DMF10: 0.98, not significant) and 

hypoxia (U-251MG DMF10: 0.91, not significant; LN-229 DMF10: 1.02, not significant) (Figure 

4.11a and Figure 4.11c). 
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Figure 4.11. Effect of IDH1 siRNA on response to 

radiation of glioma cells. Clonogenic survival of 

U-251MG (a), U-343MG (b) and LN-229 (c) cells 

after treatment with the IDH1 siRNA (50 nM) and 

radiation under normoxic (21 % O2, 0-10 Gy) and 

hypoxic (<0.1 % O2, 0-15 Gy) conditions. The plating 

efficiencies of non-irradiated cells were set as 100 %, 

respectively. Each point represents the mean values of 

three independent experiments. Error bars indicate 

standard deviations (±SD). control: cells treated with 

50 nM control siRNA, IDH1: cells treated with 50 nM 

IDH1-specific siRNA. 
 

In summary, IDH1-specific siRNA clearly decreased the gene expression of IDH1 in malignant 

glioma cell lines U-251MG, U-343MG and LN-229 in normoxia and hypoxia. Reduction of the IDH1 

gene expression via siRNA did not affect radiosensitivity of glioblastoma grade IV U-251MG and 

LN-229 cells under normoxic and hypoxic conditions. On the other hand, the reduced IDH1 gene 

expression decreased the radioresistance of U-343MG cells (anaplastic astrocytoma grade III) only 

under hypoxic conditions, whereas in normoxia no effect on the radiosensitivity of these cells was 

observed. 

 

 IDH1
wt

 or IDH1
R132H

 expression in U-251MG, U-343MG and LN-229 malignant 4.3

glioma cells under normoxic and hypoxic conditions 

In gliomas of all grades the presence of IDH1 mutation is linked to a more favorable clinical outcome 

after standard treatments comprising surgery, radiotherapy and chemotherapy (Ichimura et al., 2009; 

Hartmann et al., 2009; Yan et al., 2009). However, it is not completely understood yet, whether the 

IDH1 mutation is associated with a less aggressive phenotype or directly linked to an increased 

sensitivity to radiotherapy. In this work, the influence of IDH1
R132H

 mutant protein on cellular 

behavior and radiosensitivity was analyzed in vitro under normoxia (21 % O2) and hypoxia (<1 % O2) 

in a panel of human glioma cell lines with different degrees of malignancy, (U-251MG (grade IV), 
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U-343MG (grade III) and LN-229 (grade IV)) with stable overexpression of wild type (IDH1
wt

) or 

mutated IDH1 (IDH1
R132H

). 

 

4.3.1 Establishment of stable cell lines overexpressing IDH1
wt

 or IDH1
R132H

 

To determine the effect of an overexpression of IDH1 mutant protein within glioma cells, IDH1
wt

 and 

IDH1
R132H

 constructs were generated and U-251MG, U-343MG and LN-229 stable cell lines with 

empty vector (pLVX) or expression of IDH1
wt

 or IDH1
R132H

 were established using puromycin 

selection post transduction. Analyses by qPCR revealed a high IDH1 mRNA level in pLVX IDH1
wt

 

transduced U-251MG (normoxia: 62.9-fold (p<0.01), hypoxia: 42.9-fold (p<0.01)), U-343MG 

(normoxia: 56.8-fold (p<0.01), hypoxia: 68.7-fold (p<0.01)) and LN-229 (normoxia: 55.8-fold 

(p<0.01), hypoxia: 39.6-fold (p<0.01)) cells compared to cells stably transduced with empty vector 

pLVX (Figure 4.12). Furthermore, a high IDH1 mRNA level in pLVX IDH1
R132H

 transduced 

U-251MG (normoxia: 78.0-fold (p<0.01), hypoxia: 57.5-fold (p<0.01)), U-343MG (normoxia: 

52.2-fold (p<0.01), hypoxia: 37.7-fold (p<0.01)) and LN-229 (normoxia: 76.5-fold (p<0.01), hypoxia: 

52.7-fold (p<0.01)) cells was observed compared to cells stably transduced with empty vector pLVX, 

respectively (Figure 4.12). 

 

Figure 4.12. Effect of stable transduction of 

IDH1
wt

 or IDH1
R132H

 on IDH1 mRNA level in 

glioma cells. U-251MG, U-343MG and LN-229 

cells stably express high quantities of IDH1 

mRNA (qPCR) under normoxic (21 % O2) and 

hypoxic (<0.1 % O2) conditions. RNA was 

extracted 24 h after seeding. Bars represent the 

mean values, relative to the empty vector (empty 

vector in normoxia and hypoxia were set as 

100 %, respectively) of five independent 

experiments. Error bars indicate standard 

deviations (±SD). UT: untreated, pLVX: cells 

stably transduced with empty vector, 

pLVX IDH1
wt

: cells overexpressing IDH1
wt

, 

pLVX IDH1
R132H

: cells overexpressing IDH1
R132H

; 

**p<0.01 (compared to the respective empty 

vector cells in normoxia or hypoxia). 

 

Additionally, IDH1
wt

 and IDH1
R132H

 protein expression was analyzed via anti-human IDH1- and 

mutant-specific anti-IDH1R132H antibodies in Western blot analysis of untreated, empty vector and 

pLVX IDH1
wt

 or pLVX IDH1
R132H

 transduced U-251MG, U-343MG and LN-229 glioma cells under 

normoxic (21 % O2) and hypoxic (<0.1 % O2) conditions (Figure 4.13). The investigated glioma cells 

showed a moderate expression of wild type IDH1 in normoxia and hypoxia. Stable transduction with 

the empty vector pLVX did not affect the expression of wild type IDH1 in the investigated cell lines 
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(Figure 4.13). In addition to quantitative real-time PCR, Western blot analysis confirmed the 

overexpression of IDH1
wt

 or IDH1
R132H

 protein in stably transduced U-251MG, U-343MG and 

LN-229 glioma cells under normoxic and hypoxic conditions, respectively (Figure 4.13). 

 

Figure 4.13. Effect of stable transduction of IDH1
wt

 or IDH1
R132H

 on IDH1 protein level in glioma cells. 

Representative Western blots for IDH1
wt

 and IDH1
R132H

 protein in stably transduced U-251MG (a), U-343MG 

(b) and LN-229 (c) cells under normoxia (21 % O2) and hypoxia (<0.1 % O2) using anti-IDH1 and 

anti-IDH1R132H antibodies. Anti-IDH1 antibody was used for detection of IDH1
wt

 and IDH1
R132H

 protein, 

whereas anti-IDH1R132H antibody specifically recognizes the IDH1 mutant protein. β-Actin served as loading 

control; n=5 independent experiments. UT: untreated cells, pLVX: cells stably transduced with empty vector, 

pLVX IDH1
wt

: cells overexpressing IDH1
wt

, pLVX IDH1
R132H

: cells overexpressing IDH1
R132H

. 

 

Immunofluorescence staining was applied to analyze the IDH1
wt

 and IDH1
R132H

 protein expression 

patterns in stably transduced U-251MG, U-343MG and LN-229 cells. Immunofluorescence staining 

with anti-human IDH1 and mutant-specific anti-IDH1R132H antibodies confirmed overexpression 

and the diffuse cytoplasmic distribution of IDH1
wt

 or IDH1
R132H

 protein in the different glioma cell 

lines under normoxic and hypoxic conditions, suggesting that the oxygen concentration did not 

influence the expression of IDH1
R132H

 protein (Figure 4.14, appendix: Figure 8.1 and Figure 8.2). 
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Figure 4.14. Immunofluorescence staining of transduced U-251MG glioma cells stably expressed IDH1

wt
 

or IDH1
R312H

 protein. Representative immunofluorescence staining of IDH1
wt 

and IDH1
R132H

 protein in 

U-251MG cells using anti-IDH1 and anti-IDH1R132H antibodies. Stable cell lines showed a diffuse cytoplasmic 

distribution of IDH1
wt

 or IDH1
R132H

 protein. Immunofluorescence staining was achieved 24 h after seeding. Cell 

nuclei were counterstained with DAPI. n=3 independent experiments; scale bar=100 µm. UT: untreated cells, 

pLVX: cells stably transduced with empty vector, pLVX IDH1
wt

: cells overexpressing IDH1
wt

, 

pLVX IDH1
R132H

: cells overexpressing IDH1
R132H

. 

 

4.3.2 Effect of IDH1
R132H

 on the viability and proliferation in 2D culture 

To determine the effect of IDH1 mutation on viability and cell growth, untreated cells, cells stably 

transduced with empty vector pLVX, IDH1
wt

- or IDH1
R132H

-expressing cells were investigated in 2D 

culture under normoxic and hypoxic conditions (Figure 4.15). In 2D culture, gene expression of 

IDH1
R132H

 resulted in a slight reduction of the viability between 2.6 % ± 1.9 and 6.0 % ± 2.9 (not 

significant) compared to the IDH1
wt

 cells of U-251MG, U-343MG and LN-229 under normoxic and 

hypoxic conditions (Figure 4.15). 
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Figure 4.15. Effect of IDH1
R132H

 expression on the 

cell viability of glioma cells. Cell viability of 

U-251MG (a), U-343MG (b) and LN-229 (c) cells 

after 96 h under normoxic (21 % O2) or hypoxic 

(<0.1 % O2) conditions. Cell viability is defined as 

number of viable cells normalized by the total cell 

count. Expression of IDH1
R132H

 resulted in a marginal 

reduction of the cell viability. Bars represent the mean 

values of four independent experiments. Error bars 

indicate standard deviations (±SD). UT: untreated 

cells, pLVX: cells stably transduced with empty 

vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, 

pLVX IDH1
R132H

: IDH1
R132H

-expressing cells. 

 

In addition to that gene expression of IDH1
R132H

 slightly reduced the proliferation of the investigated 

cell lines. In normoxia, the cell number was reduced by 8.1 % ± 1.9 (p<0.05) in U-251MG cells, by 

11.9 % ± 3.9 (p<0.05) in U-343MG cells and by 9.5 % ± 6.8 (p<0.05) in LN-229 cells at 96 h as 

compared to the respective IDH1
wt

 cells (Figure 4.16). Under hypoxic conditions, gene expression of 

IDH1
R132H

 resulted in a slightly decreased proliferation of U-251MG cells by 6.9 % ± 1.1 (p<0.05), of 

U-343MG cells by 8.6 % ± 3.9 (p<0.05) and of LN-229 cells by 9.5 % ± 4.6 (p<0.05) at 96 h relative 

to the specific IDH1
wt

 cells (Figure 4.16). 
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Figure 4.16. Effect of IDH1
R132H

 expression on cell proliferation in 2D culture of glioma cells. Cell 

proliferation of U-251MG (a and b), U-343MG (b and d) and LN-229 (e and f) cells in 2D culture was analyzed 

over 96 h under normoxic (21 % O2) and hypoxic (<0.1 % O2) conditions. Each point represents the mean values 

of four independent experiments. Error bars indicate standard deviations (±SD). UT: untreated cells, pLVX: cells 

stably transduced with empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: 

IDH1
R132H

-expressing cells. 
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4.3.3 Effect of IDH1
R132H

 on growth characteristics 3D spheroid culture 

In general, solid tumors grow in a spatial 3D array with very intimate cell–cell interactions, complex 

extracellular matrix organization and non-uniform oxygen and nutrient distribution. In 2D culture the 

micro milieu is significantly different from that found in solid tumors. Hence, it is obvious that 2D 

culture cannot be used to examine all aspects of tumor biology. Based on that fact, cell growth was 

also investigated in a multicellular 3D tumor spheroid model which simulates many of the 

characteristics of solid in vivo tumors. The experiments showed that the oxygen concentration itself 

had no effect on the growth properties of the different cell lines. However, IDH1
R132H

 caused 

differences in their growth characteristics during 3D culture (Figure 4.17). On the one hand, the 

untreated cells, the empty vector cells and the IDH1
wt

-expressing cells of all three cell lines showed a 

compact 3D spheroid structure, respectively. On the other hand, the IDH1
R132H

-expressing cells 

formed more loose and uneven spheroids in normoxia (Figure 4.17a, c and e) and hypoxia (Figure 

4.17b, d and f). 
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Figure 4.17. Effect of IDH1
R132H

 expression on growth characteristics in 3D spheroid cultures of glioma 

cells. Representative 3D spheroid cultures of U-251MG (a and b), U-343MG (c and d) and LN-229 (e and f) 

cells after one, three and five days in normoxia (21 % O2) and hypoxia (<0.1 % O2). IDH1
R132H

 cells showed 

different growth characteristics in 3D spheroid cultures. n=3 independent experiments; scale bar=200 µm. UT: 

untreated cells, pLVX: cells stably transduced with empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, 

pLVX IDH1
R132H

: IDH1
R132H

-expressing cells. 
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4.3.4 Effect of IDH1
R132H

 on the cell migration of glioma cells in 2D culture 

In order to evaluate the effect of IDH1
R132H

 on the migration of U-251MG, U-343MG and LN-229 

glioma cells a wound-healing assay (scratch assay) under normoxia and hypoxia was performed. 

Images were taken at 0 h, 24 h and 48 h after wounding and of incubation under normoxic or hypoxic 

conditions. Evaluation of the wound closure revealed that the migration of U-251MG and LN-229 

cells (both grade IV) was generally higher compared to U-343MG cells (grade III) (Figure 4.18). 

Furthermore, migration was higher in all glioma cells under normoxia compared to hypoxia (Figure 

4.18). Moreover, treatment with the empty vector or gene expression of IDH1
wt

 had no effect on the 

migration at 48 h after wounding compared to the untreated cells in the investigated cell lines (Figure 

4.18). In contrast, gene expression of IDH1
R132H

 reduced the cell migration by 22.9 % ± 3.8 (p<0.01) 

in U-251MG, by 14.8 % ± 2.1 (p<0.05) in U-343MG and by 36.7 % ± 4.6 (p<0.01) in LN-229 cells 

compared to IDH1
wt

 cells under normoxia (Figure 4.18). In addition, under hypoxic conditions, gene 

expression of IDH1
R132H

 decreased the cell migration by 21.3 %± 3.9 (p<0.01) in U-251MG, by 

12.1 % ± 1.2 (p<0.01) in U-343MG and by 67.5 % ± 1.0 (p<0.01) in LN-229 cells compared to the 

IDH1
wt

 cells, respectively (Figure 4.18). 

   

   

Figure 4.18. Effect of IDH1
R132H

 gene expression on wound closure in a 2D wound-healing assay of glioma 

cells. Cell migration of U-251MG (a and b), U-343MG (c and d) and LN-229 (e and f) cells in a 2D 

wound-healing assay under normoxic (21 % O2) and hypoxic (<0.1 % O2) conditions. Cell migration was 

evaluated via measuring the wounding area (µm
2
) 24 h and 48 h after wounding. Bars represent the mean values 

of four independent experiments. Error bars indicate standard deviations (±SD). UT: untreated cells, pLVX: cells 

stably transduced with empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: 

IDH1
R132H

-expressing cells; *p<0.05 and **p<0.01 (compared to the respective IDH1
wt

 cells in normoxia or 

hypoxia). 
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4.3.5 Effect of IDH1
R132H

 on cell migration of glioma cells in 3D spheroid-based culture 

A 3D spheroid-based migration assay was applied to analyze the influence of IDH1
R132H

 on the cell 

migration of U-251MG, U-343MG and LN-229 glioma cells in 3D culture under normoxic and 

hypoxic conditions. The results confirmed the findings of the 2D wound-healing assay (4.3.2). Also in 

3D culture the cell migration of U-251MG, U-343MG and LN-229 cells was higher in normoxia 

compared to hypoxia (Figure 4.19). Furthermore, treatment with the empty vector or gene expression 

of IDH1
wt

 did not affect the cell migration compared to the untreated cells of each cell line (Figure 

4.19). In contrast, gene expression of IDH1
R132H

 reduced the cell migration by 26.8 % ± 4.6 (p<0.01) 

in U-251MG, by 30.9 % ± 5.6 (p<0.01) in U-343MG and by 17.0 % ± 2.5 (p<0.01) in LN-229 cells at 

72 h after transferring spheroids to 10 cm dishes compared to the respective IDH1
wt

 cells under 

normoxia (Figure 4.19). In addition, under hypoxic conditions, gene expression of IDH1
R132H

 also 

decreased the cell migration by 26.0 % ± 6.2 (p<0.01) in U-251MG, by 43.8 % ± 1.1 (p<0.05) in 

U-343MG and by 45.9 % ± 3.8 (p<0.05) in LN-229 cells at 72 h after transferring spheroids to 10 cm 

dishes in comparison to the respective IDH1
wt

 cells (Figure 4.19). 

   

   

Figure 4.19. Effect of IDH1
R132H

 gene expression on migration radius in a 3D spheroid-based migration 

assay of glioma cells. Cell migration of U-251MG (a and b), U-343MG (c and d) and LN-229 (e and f) cells in 

3D spheroid-based migration assay under normoxia (21 % O2) and hypoxia (<0.1 % O2). Cell migration was 

evaluated via measuring the spheroid migration radius (µm) 24 h, 48 h and 72 h after transferring spheroids to 

10 cm dishes. Bars represent the mean values of three independent experiments. Error bars indicate standard 

deviations (±SD). UT: untreated cells, pLVX: cells stably transduced with empty vector, pLVX IDH1
wt

: 

IDH1
wt

-expressing cells, pLVX IDH1
R132H

: IDH1
R132H

-expressing cells; *p<0.05 and **p<0.01 (compared to the 

respective IDH1
wt

 cells in normoxia or hypoxia). 
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4.3.6 Effect of IDH1
R132H

 on cellular stiffness of glioma cells 

AFM is a technology to analyze mechanical properties of living cells in physiological media at 

nanoscale. Physical measurements obtained by AFM were utilized to quantify the relationship 

between several cell-specific parameters with a network analytical approach to compile the composite 

parameter “stiffness” (see 3.13). In order to spread and form metastases, cancer cells have to circulate 

through narrow blood capillaries and then ooze between other cells into normal tissue, suggesting that 

cancer cells with high metastatic potential might benefit from their softness and flexibility (Cross et 

al., 2007; Cross et al., 2008; Hayashi and Iwata, 2015). Thus, lower cell stiffness indicates higher 

metastatic potential whereas high stiffness is a sign of a less aggressive phenotype of cancer cells 

(Hayashi and Iwata, 2015). For AFM indentation measurements, single rounded cells were captured 

by gently pressing a functionalized tip-less AFM cantilever onto the respective cell surfaces (Figure 

3.1 and Figure 3.2). Using a tip-less cantilever and measure rounded cells allow detection of cellular 

mechanical properties. AFM measurements revealed that gene expression of IDH1
wt

 slightly increased 

the cell stiffness of glioma cell lines compared to untreated cells and empty vector cells, respectively 

(Figure 4.20). In addition, IDH1
R132H

 caused a considerable increase of cell stiffness of U-251MG 

(p=0.1), U-343MG (p<0.01) and LN-229 (p<0.01) cells compared to untreated cells, empty vector 

cells (pLVX) and IDH1
wt

 cells (Figure 4.20). 

  

 

Figure 4.20. Effect of IDH1
R132H

 gene expression on 

the stiffness of glioma cells. Influence of IDH1
R132H 

on cell stiffness of U-251MG (a), U-343MG (b) and 

LN-229 (c) cells was investigated using AFM 

technology. Bars represent the mean values of 20 

single cells per measurement. Error bars indicate 

standard deviations (±SD). UT: untreated cells, 

pLVX: cells stably transduced with empty vector, 

pLVX IDH1
wt

: IDH1
wt

-expressing cells, 

pLVX IDH1
R132H

: IDH1
R132H

-expressing cells. 

**p<0.01 (compared to the respective IDH1
wt

 cells). 
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4.3.7 Effect of IDH1
R132H

 on the clonogenic survival and radiosensitivity 

The clonogenic survival assay was used to determine if the gene expression of IDH1
R132H

 influences 

the radiosensitivity of U-251MG, U-343MG and LN-229 cells. Neither the treatment with the empty 

vector nor the gene expression of IDH1
wt

 affected the clonogenic survival compared to the untreated 

U-251MG, U-343MG and LN-229 cells, respectively (Figure 4.21). On the contrary, under normoxia 

the gene expression of IDH1
R132H

 resulted in a decreased plating efficiency by 12.3 % ± 7.1 (p<0.05) 

in U-251MG, by 10.2 % ± 4.3 (p<0.05) in U-343MG and by 8.8 % ± 7.7 (p<0.01) in LN-229 cells 

compared to the respective empty vector cells (Figure 4.21). Furthermore, under hypoxic conditions 

gene expression of IDH1
R132H

 resulted in a decreased plating efficiency by 16.6 % ± 2.6 (p<0.01) in 

U-251MG, by 32.0 % ± 13.0 (p<0.01) in U-343MG and by 31.7 % ± 13.1 (p<0.05) in LN-229 cells as 

compared to the empty vector cells, respectively (Figure 4.21). 

  

 

 

Figure 4.21. Effect of IDH1
R132H

 gene expression on 

the clonogenic survival of glioma cells. Influence of 

IDH1
R132H

 on the plating efficiency of non-irradiated 

U-251MG (a), U-343MG (b) and LN-229 cells (c) 

under normoxia (21 % O2) and hypoxia (<0.1 % O2). 

Bars represent the mean values, relative to the empty 

vector cells (empty vector in normoxia and hypoxia 

were set as 100 %) of four independent experiments. 

Error bars indicate standard deviations (±SD). UT: 

untreated cells, pLVX: cells stably transduced with 

empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, 

pLVX IDH1
R132H

: IDH1
R132H

-expressing cells; 

*p<0.05 and **p<0.01 (compared to the respective 

empty vector cells in normoxia or hypoxia). 

 

In addition, the effect of IDH1
R132H

 on the cellular response to radiation was investigated in U-251MG, 

U-343MG and LN-229 cells. In general, untreated, empty vector and IDH1
wt

 cells exhibited similar 

radiation survival curves in normoxia and hypoxia, respectively (Figure 4.22, untreated cells and 

empty vector cells are not shown for better clarity). Furthermore, U-251MG, U-343MG and LN-229 

showed an increased survival under hypoxia compared to normoxia. Survival curves indicate that gene 
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expression of IDH1
R132H

 enhanced the effect of radiation in grade III glioma U-343MG cells under 

normoxic (DMF10: 1.78, p<0.01) and hypoxic (DMF10: 1.75, p<0.01) conditions (Figure 4.22b) In 

addition, expression of IDH1
R132H

 caused an increased radiosensitivity of grade IV glioblastoma cell 

lines U-251MG and LN-229 in normoxia (U-251MG DMF10: 1.52, p<0.01; LN-229 DMF10: 1.41, 

p<0.05) and hypoxia (U-251MG DMF10: 1.42, p<0.01; LN-229 DMF10: 1.68, p<0.01) (Figure 4.22a 

and Figure 4.22c). 

  

 

 

Figure 4.22. Effect of IDH1
R132H

 gene expression on 

the radiosensitivity of glioma cells. Clonogenic 

survival of U-251MG (a), U-343MG (b) and LN-229 

(c) cells. IDH1
R132H

-expressing cells showed a reduced 

clonogenic survival after irradiation in normoxia 

(21 % O2, 0-5 Gy) or hypoxia (<0.1 % O2, 0-10 Gy). 

The plating efficiencies of non-irradiated cells were set 

as 100 %, respectively. Each point represents the mean 

values of four independent experiments. Error bars 

indicate standard deviations (±SD). pLVX IDH1
wt

: 

IDH1
wt

-expressing cells, pLVX IDH1
R132H

: 

IDH1
R132H

-expressing cells. 

 

4.3.8 Effect of IDH1
R132H

 on γH2AX foci formation after irradiation  

In eukaryotic cells, DNA double-strand breaks (DSBs) occur frequently from endogenous cellular 

processes or are caused by exogenous sources such as ionizing radiation. In response to the 

introduction of DNA DSBs, the minor histone H2A variant is rapidly phosphorylated on Ser-139 to 

produce γH2AX (Paull et al., 2000). Based on the direct correlation between the number of DSBs and 

γH2AX foci, quantitation of γH2AX foci formation was applied as a marker of DNA damage and 

repair (Paull et al., 2000; Sedelnikova et al., 2002). Foci which persist for longer than 24 h, so called 

residual γH2AX foci, indicate unrepaired or misrepaired DSBs. These unsuccessfully repaired DSBs 

are generally assumed to play a major role in radiation-induced cell death (Frankenberg-Schwager, 

1990). Therefore, analyzing the induction of γH2AX foci allows to indirectly evaluate the influence of 

IDH1
R132H

 gene expression on the effect of radiation in U-251MG, U-343MG and LN-229 cells. 
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For this purpose, untreated, empty vector and IDH1
wt

- or IDH1
R132H

-expressing cells were irradiated at 

0, 2 and 4 Gy under normoxia and hypoxia, respectively. Induction of DNA DSBs and the associated 

cellular repair capacity was investigated by visualization (Figure 4.23, representative images of 

U-251MG, 2 and 4 Gy) and quantitation (Figure 4.24 and Figure 4.25) of the residual γH2AX foci 

24 h after radiation. Treatment with the empty vector or gene expression of IDH1
wt

 did not affect the 

number of γH2AX foci compared to the respective untreated U-251MG, U-343MG and LN-229 cells 

in normoxia and hypoxia, respectively.  

After irradiation with 0, 2 and 4 Gy the average number of γH2AX foci per cell increased in a dose 

dependent manner in U-251MG, U-343MG and LN-229 cells under normoxic and hypoxic conditions 

(Figure 4.24). Furthermore, in hypoxia γH2AX foci accumulation was decreased irrespective of the 

dose level in comparison to normoxic conditions in the investigated cell lines (Figure 4.24). Under 

hypoxic conditions, in untreated, empty vector and IDH1
wt

 cells, the γH2AX foci formation was up to 

2.5-fold lower in U-251MG, up to 1.9-fold lower in U-343MG and up to 1.4-fold lower in LN-229 

cells compared to the respective cells under normoxic conditions (Figure 4.24).  

In normoxia,  gene expression of IDH1
R132H

 increased the number of γH2AX foci by 2.3-fold (p<0.01) 

from 2 foci/nucleus to 4.6 foci/nucleus in U-251MG, by 2.1-fold (p<0.01) from 2.2 foci/nucleus to 

4.5 foci/nucleus in U-343MG cells and by 2.3-fold (p<0.05) from 2.3 foci/nucleus to 5.3 foci/nucleus 

in LN-229 cells compared to the respective IDH1
wt

 cells (Figure 4.24). In addition, after irradiation 

with 4 Gy IDH1
R132H

 cells showed an increase of γH2AX foci formation by 2.1-fold (p<0.01) from 

6.8 foci/nucleus to 14.5 foci/nucleus in U-251MG, by 2.2-fold (p<0.01) from 3.1 foci/nucleus to 

6.6 foci/nucleus in U-343MG cells and by 2.3-fold (p<0.01) from 4.0 foci/nucleus to 9.4 foci/nucleus 

in LN-229 cells in normoxia (Figure 4.24).  

Under hypoxic conditions, when cells were irradiated at 2 Gy, the gene expression of IDH1
R132H

 

increased the number of γH2AX foci by 4.7-fold (p<0.01) from 1.0 foci/nucleus to 4.5 foci/nucleus in 

U-251MG, by 2.4-fold (p<0.01) from 1.2 foci/nucleus to 2.9 foci/nucleus in U-343MG cells and by 

2.1-fold (p<0.01) from 2.2 foci/nucleus to 4.5 foci/nucleus in LN-229 cells compared to the respective 

IDH1
wt

 cells (Figure 4.24). Furthermore, in hypoxia  gene expression of IDH1
R132H

 increased the 

γH2AX foci formation about 3.0-fold (p<0.01) from 2.8 foci/nucleus to 8.4 foci/nucleus in U-251MG, 

3.0-fold (p<0.01) from 2.4 foci/nucleus to 7.3 foci/nucleus in U-343MG cells and 2.2-fold (p<0.01) 

from 3.0 foci/nucleus to 6.6 foci/nucleus in LN-229 cells compared to the IDH1
wt

 cells, respectively 

(Figure 4.24). 

Further, the fraction of cells in dependence of the number of residual γH2AX foci per nucleus was 

evaluated (Figure 4.25). In untreated, empty vector and IDH1
wt

 cells a higher percentage of cells with 

low amount of foci per nucleus was observed (Figure 4.25). In contrast, IDH1
R132H

-expressing cells 
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showed an increased percentage of cells with high number of residual γH2AX foci per nucleus in 

normoxia and hypoxia (Figure 4.25). 

 

  

  

Figure 4.23. Effect of IDH1
R132H

 gene expression on the accumulation of residual γH2AX foci after 

radiation in U-251MG cells. Representative images of γH2AX staining of U-251MG cells 24 h after irradiation 

with 2 and 4 Gy under normoxia (21 % O2) and hypoxia (<0.1 % O2). Green: γH2AX foci; Blue: Cell nuclei 

(DAPI). n=3 independent experiments; bar=25 µm. UT: untreated, pLVX: cells stably transduced with empty 

vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: IDH1
R132H

-expressing cells. 
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Figure 4.24. Effect of IDH1
R132H

 gene expression on the number of residual γH2AX foci after radiation in 

glioma cells. Residual γH2AX foci in U-251MG (a and b), U-343MG (c and d) and LN-229 (e and f) cells. DNA 

damage was analyzed by H2AX staining at 24 h after irradiation with 0, 2 and 4 Gy. γH2AX foci were counted 

manually in the nuclei of 300-400 untreated, empty vector, IDH1
wt

 or IDH1
R132H

 cells under normoxia (21 % O2) 

and hypoxia (<0.1 % O2). Bars represent the mean values of three independent experiments. Error bars indicate 

standard deviations (±SD). UT: untreated, pLVX: cells stably transduced with empty vector, pLVX IDH1
wt

: 

IDH1
wt

-expressing cells, pLVX IDH1
R132H

: IDH1
R132H

-expressing cells; *p<0.05 and **p<0.01 (compared to the 

respective IDH1
wt

 cells in normoxia or hypoxia). 
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Figure 4.25. Effect of IDH1
R132H

 gene expression on the distribution of residual γH2AX foci after radiation 

in glioma cells. In U-251MG (a), U-343MG (b) and LN-229 (c) cells residual γH2AX foci were quantified 

manually as foci per nucleus of 300-400 untreated, empty vector, IDH1
wt

 or IDH1
R132H

 cells under normoxia 

(21 % O2) and hypoxia (<0.1 % O2). γH2AX staining was achieved 24 h after radiation with 4 Gy. Bars represent 

the mean values of three independent experiments. Error bars indicate standard deviations (±SD). UT: untreated, 

pLVX: cells stably transduced with empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: 

IDH1
R132H

-expressing cells. 

 

4.3.9 Effect of IDH1
R132H

 on induction of apoptosis in glioma cells 

The proteolytic cleavage of PARP via Western blot analysis was used to qualitatively assess the 

induction of apoptosis. Cleavage of PARP was not detectable in untreated, empty vector and IDH1
wt

 

cells of U-251MG, U-343MG and LN-229 cells under normoxic conditions (Figure 4.26a). On the 

contrary, cleavage of PARP was slightly increased in the investigated cell lines in hypoxia (Figure 

4.26b). Furthermore, untreated, empty vector and IDH1
wt

 cells exhibited similar proteolytic cleavage 
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of PARP under normoxia and hypoxia, respectively (Figure 4.26). After irradiation at 5 Gy untreated, 

empty vector and IDH1
wt

 cells showed an increased induction of apoptosis in the investigated cell 

lines under normoxic conditions. In hypoxia, irradiation induced an elevated induction of apoptosis in 

the untreated, empty vector and IDH1
wt

 cells of U-251MG and U-343MG cells, whereas in LN-229 

cells a comparable cleavage of PARP was detected before and after irradiation at 5 Gy. In addition, a 

slightly increased apoptosis was observed in the non-irradiated IDH1
R132H

-expressing cells compared 

to the particular IDH1
wt

 cells of the indicated cell lines under normoxia and hypoxia, respectively 

(Figure 4.26). After irradiation with 5 Gy, gene expression of IDH1
R132H

 clearly increased the 

radiation-induced apoptosis in comparison to the untreated, empty vector and IDH1
wt

 cells of 

U-251MG, U-343MG and LN-229 glioma cell lines under normoxic and hypoxic conditions (Figure 

4.26). 

  

Figure 4.26. Effect of IDH1
R132H

 gene expression on the induction of apoptosis in glioma cells. 

Representative Western blot analyses of cleaved PARP (89 kDa) in U-251MG, U-343MG and LN-229 cells 

before and after irradiation at 5 Gy under normoxia (21 % O2) and hypoxia (<0.1 % O2). For PARP analyses 

cleaved PARP antibody was used (detects cleaved PARP 89 kDa and does not recognize full length PARP). 

β-Actin served as loading control; n=3 independent experiments. UT: untreated, pLVX: cells stably transduced 

with empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: IDH1
R132H

-expressing cells. 

 

In summary, it appears from the present data that IDH1
R132H

 affected the cellular behavior of all three 

cell lines by slightly decreasing viability and cell proliferation. In addition, gene expression of 

IDH1
R132H

 caused differences in growth properties in 3D spheroid culture, significantly reduced the 

cell migration in 2D and 3D spheroid culture and increased the cell stiffness of the investigated glioma 

cells. Furthermore, gene expression of IDH1
R132H

 changed the response to radiation which resulted in 

an increase of radiosensitivity, an accumulation of residual γH2AX foci and an elevated induction of 

apoptosis. Furthermore, the effect of IDH1
R132H

 on the cellular behavior and the radiosensitivity was 

comparable in both normoxic and hypoxic conditions. 
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 Effect of IDH1
R132H

 expression on transcriptional activity of HIF-1α in U-251MG, 4.4

U-343MG and LN-229 glioma cells in normoxia and hypoxia 

The influence of mutated IDH1 on the HIF-1α pathway is still controversially discussed in the 

literature. On the one hand, some authors have reported that gene expression of IDH1
R132H

 increases 

the level of the subunit HIF-1α. On the other hand, contradictory results have been published 

demonstrating no influence of IDH1
R132H

 on HIF-1α or even a reduction of the HIF-1α activity (Zhao 

et al., 2009; Xu et al., 2011; Chowdhury et al., 2011; Koivunen et al., 2012). Thus, the effect of 

IDH1
R132H

 on the gene expression of HIF-1α and its target gene CA9 was investigated in stably 

transduced U-251MG, U-343MG and LN-229 cells under normoxic and hypoxic conditions. 

 

4.4.1 Effect of IDH1
R132H

 on HIF-1α and CA9 mRNA expression 

The qPCR experiments revealed that neither treatment with the empty vector nor the gene expression 

of IDH1
wt

 or IDH1
R132H

 induced a significant alteration of HIF-1α mRNA level compared to 

respective untreated cells under normoxia and hypoxia in all three cell lines (Figure 4.27). 

  

 

 

Figure 4.27. Effect of IDH1
R132H

 expression on 

HIF-1α mRNA level in glioma cells. mRNA 

expression levels (qPCR) of HIF-1α in stably 

transduced U-251MG (a), U-343MG (b) and LN-229 

(c) cells under normoxic (21 % O2) and hypoxic 

(<0.1 % O2) conditions. Bars represent the mean 

values, relative to the empty vector cells (empty vector 

cells in normoxia and hypoxia were set as 100 %) of 

three independent experiments. Error bars indicate 

standard deviations (±SD). UT: untreated cells, pLVX: 

cells stably transduced with empty vector, 

pLVX IDH1
wt

: IDH1
wt

-expressing cells, 

pLVX IDH1
R132H

: IDH1
R132H

-expressing cells. 

 

 



  RESULTS 

70 
 

In addition, HIF-1 activity was assessed by monitoring the gene expression of HIF-1α target gene CA9 

(Figure 4.28). Treatment with the empty vector or gene expression of IDH1
wt

 had no effect on CA9 

mRNA level compared to the untreated cells of the respective cell line. However, IDH1
R132H

 affected 

CA9 gene expression in a cell line-specific fashion. In U-251MG cells, expression of IDH1
R132H

 

caused an increase of CA9 mRNA level by 2.0-fold (p<0.01) in normoxia and 1.5-fold (p<0.01) in 

hypoxia compared to the respective empty vector cells (Figure 4.28a). Furthermore, U-343MG cells 

displayed an almost 1.9-fold (p<0.01) and 1.3-fold (p<0.01) increase of CA9 mRNA expression 

compared to the empty vector cells under normoxic and hypoxic conditions, respectively (Figure 

4.28b). In contrast, in LN-229 cells IDH1
R132H

 induced a reduction of CA9 mRNA level by 80 % ± 8.2 

(p<0.01) and 71.6 % ± 8.2 (p<0.01) in comparison to the empty vector cells under normoxic and 

hypoxic condition, respectively (Figure 4.28c). 

  

 

 

Figure 4.28. Effect of IDH1
R132H

 expression on CA9 

mRNA level in glioma cells. mRNA expression levels 

(qPCR) of CA9 in stably transduced U-251MG (a), 

U-343MG (b) and LN-229 (c) cells under normoxic 

(21 % O2) and hypoxic (<0.1 % O2) conditions. Bars 

represent the mean values, relative to the empty vector 

cells (empty vector cells in normoxia and hypoxia 

were set as 100 %) of three independent experiments. 

Error bars indicate standard deviations (±SD). UT: 

untreated cells, pLVX: cells stably transduced with 

empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, 

pLVX IDH1
R132H

: IDH1
R132H

-expressing cells; 

**p<0.01 (compared to the empty vector cells in 

normoxia or hypoxia). 

 

4.4.2 Effect of IDH1
R132H

 on HIF-1α and CAIX protein expression 

Under normoxia, untreated, empty vector and IDH1
wt

 or IDH1
R132H

 cells showed a low level of HIF-1α 

and CAIX protein under normoxia in U-251MG, U-343MG and LN-229 cells (Figure 4.29). After 

24 h under hypoxic conditions, untreated, empty vector and IDH1
wt

 or IDH1
R132H

 cells exhibited an 

increased accumulation of HIF-1α protein and an induction of CAIX protein level (Figure 4.29). 
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However, treatment with the empty vector or gene expression of IDH1
wt

 had no effect on HIF-1α and 

CAIX protein level compared to the untreated controls in the investigated glioma cell lines. In 

U-251MG and U-343MG cells an increase of HIF-1α and CAIX protein level in the 

IDH1
R132H

-expressing cells was observed under normoxic and hypoxic conditions (Figure 4.29a and 

Figure 4.29b). On the contrary, a reduction of HIF-1α and CAIX protein was detected under normoxic 

and hypoxic conditions in IDH1
R132H

-positive LN-229 cells (Figure 4.29c). In addition, 

immunohistochemical staining was applied to analyze the IDH1
R132H

, HIF-1α and CAIX protein 

expression patterns in stably transduced U-251MG, U-343MG and LN-229 cells (appendix Figure 8.3, 

Figure 8.4 and Figure 8.5). In accordance to the qPCR and Western Blot analyses, 

immunohistochemical staining confirmed the HIF-1α accumulation and CAIX induction in U-251MG 

and U-343MG cells and the reduction of HIF-1α and CAIX protein in LN-229 cells (appendix Figure 

8.3, Figure 8.4 and Figure 8.5). 

 

Figure 4.29. Effect of IDH1
R132H

 gene expression on HIF-1α and CAIX protein levels. Representative 

Western blots for HIF-1α and CAIX protein expression in stably transduced U-251MG (a), U-343MG (b) and 

LN-229 (c) cells under normoxic (21 % O2) and hypoxic (<0.1 % O2) conditions. β-Actin served as loading 

control; n=3 independent experiments. UT: untreated cells, pLVX: cells stably transduced with empty vector, 

pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: IDH1
R132H

-expressing cells. 

 

In summary, the effect of IDH1
R132H

 gene expression on HIF-1α activity and induction of its target 

gene CA9 differs in a cell-line dependent fashion. In U-251MG and U-343MG gene expression of 

IDH1
R132H

 induced an elevated HIF-1α accumulation and CA9 gene expression, whereas in LN-229 

cells, IDH1
R132H

 caused a reduced HIF-1α protein level and CA9 gene expression. 
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5 DISCUSSION 

Malignant gliomas are the most common type of primary brain tumors, with an annual incidence of 

5/100,000 individuals (Louis et al., 2007; Wen and Kesari, 2008). These tumors are highly aggressive 

and have a dismal prognosis under the current standard treatment regime, consisting of maximal 

surgical resection, whenever possible, followed by radiation and chemotherapy (Stupp et al., 2005; 

Stupp et al., 2010; Stupp et al., 2014). For patients with high-grade gliomas the median survival time 

ranges from 15 months to three years (Ohgaki and Kleihues, 2013; Chen et al., 2012; Westermark, 

2012; Van Gool et al., 2009; Jovčevska et al., 2013). The heterogeneity of these types of tumors with 

respect to clinical presentation, pathology, genetic profile and the poor response to treatment, make 

high-grade gliomas one of the most challenging malignancies in clinical oncology (Jovčevska et al., 

2013). Based on this heterogeneity and the various mutual signatures the chances for a universal 

treatment are reduced, particularly due to the fact that subtypes have different treatment responses, 

which therefore may result in both over- or undertreatment of these tumors (van den Bent, 2010). 

On a molecular level, malignant gliomas are characterized by a variety of genetic and epigenetic 

alterations (Ohgaki and Kleihues, 2013). In high-grade gliomas the molecular markers HIF-1α and 

IDH1R132H have been identified as prognostic markers with major roles in tumorigenesis and the 

response to radiotherapy. In addition to their benefit in diagnosis, investigation of HIF-1α and 

IDH1R132H supports the understanding of tumorigenesis and resistance to therapy of malignant 

gliomas. Furthermore, both markers are attractive targets for novel therapeutic approaches to improve 

the response to standard treatment of high-grade glioma such as radiotherapy. 

 

 HIF-1α targeting via siRNA or CTM 5.1

Malignant gliomas exhibit intratumoral hypoxia, which has been linked to poor response to radio- or 

chemotherapy and further induces gene expression of HIF-1α, which is one of the main mediators of 

hypoxic response (Collingridge et al., 1999; Nordsmark et al., 2005; Brennan et al., 2006; Semenza, 

2013). Additionally, in malignant gliomas, elevated levels of HIF-lα protein correlate with poor 

patient outcome, since it promotes tumor growth, angiogenesis and disease progression (Birner et al., 

2001; Blazek et al., 2007; Eckerich et al., 2007; Kaynar et al., 2008; Reszec et al., 2013). 

In the present study, the effects of hypoxia on HIF-1 and CA9/CAIX gene and protein expression was 

initially investigated by qPCR and Western blot analyses in U-251MG and U-343MG malignant 

glioma cells. It was observed that HIF-1α mRNA expression levels were comparable under normoxic 

and hypoxic conditions irrespective of the investigated cell line (Figure 4.1). Furthermore, both cell 

lines displayed weak HIF-1α protein levels under normoxia and an increase of HIF-1α protein levels, 
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CA9 mRNA levels and CAIX protein levels under hypoxia (Figure 4.1 and Figure 4.2). In a previous 

study, using the glioma cell line U-87MG, the usefulness of HIF-1α as an endogenous marker of 

tumor hypoxia and the associated radioresistance of human tumor cells has already been described 

(Vordermark and Brown, 2003a). In a subsequent study by these authors, CAIX was also found to be a 

suitable marker of current or previous chronic hypoxia and was associated with radioresistance of HT 

1080 human fibrosarcoma cells, proposing that the amount of CAIX-positive cells in a tumor cell 

suspension may be related to the radiosensitivity of this tumor in vivo (Vordermark et al., 2005). 

However, little is known about the impact of HIF-1α inhibition on radioresistance of malignant 

gliomas. 

In the present work, inhibition of the HIF-1 pathway was performed by two alternative strategies, 

namely treatment with HIF-1α siRNA or exposure to CTM. The effect of these approaches on the 

gene expression of HIF-1α and its target gene CA9 was investigated by qPCR and Western blot 

analyses. On the one hand, targeting HIF-1α via specific siRNA effectively reduced the mRNA as 

well as the protein expression of HIF-1α and its target CA9/CAIX in U-251MG and U-343MG cells in 

normoxia and hypoxia, respectively (Figure 4.3 and Figure 4.4).  

On the other hand, the small molecule CTM was used to inhibit the transcriptional activity of HIF-1α. 

CTM is a metabolite from the fungal species Chaetomium, that has been reported to disrupt the 

binding of HIF-1α to the co-activator p300, which is responsible for the formation of the 

transcriptional active HIF-1α/p300 complex (Kung et al., 2004). Therefore, CTM impairs the gene 

expression of HIF-1α target genes, such as CA9, rather than influencing the gene or protein expression 

levels of HIF-1α. In the present thesis, CTM did not influence the expression of HIF-1α mRNA in 

U-251MG cells under normoxic and hypoxic conditions (Figure 4.3). In addition, exposure to CTM 

slightly increased the HIF-1α protein level but attenuated the HIF-1α-induced expression of CA9 

mRNA and CAIX protein in U-251MG cells in normoxia and hypoxia, respectively (Figure 4.4 and 

Figure 4.5).  

One possible explanation for the slight increase of HIF-1α protein expression could be an auto 

regulatory feedback loop of HIF-1α, caused by the CTM-mediated inhibition of the transcriptional 

activity of HIF-1α. In this way, the U-251MG cells probably compensate the decreased transcriptional 

activity by an increased stabilization of HIF-1α protein. Moreover, a further explanation could be that 

CTM also inhibits the interaction of HIF-1α and VHL. In this case an undesirable side effect of CMT 

may be the inhibition of the proteasomal degradation of HIF-1α protein, leading to increased HIF-1α 

protein levels. On the contrary, in U-343MG cells exposure to CTM reduced the mRNA and protein 

expression of both HIF-1α and its target CA9/CAIX under normoxic and hypoxic conditions, 

respectively (Figure 4.3, Figure 4.4 and Figure 4.5). One reason for this behavior may be that the 

applied dose of CTM caused cytotoxic side effects in the lower grade III glioma cells U-343MG. The 
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different effects of CTM in U-251MG and U-343MG cells are assumed to be caused by their different 

origin. U-343MG cells originate from an anaplastic astrocytoma (grade III) and U-251MG cells were 

derived from a de novo glioblastoma (grade IV) (Ishii et al., 1999; Kleihues et al., 2002; Louis et al., 

2007). Hence, both investigated glioma cell lines differ in their genetic status and regulation of 

different pathways and consequently in their response to treatment, including exposure to CTM. 

Additionally, CTM is a small molecule and the target specificity of small molecules is debatable and 

there might be another unknown mechanism of CTM play a role. Despite this, the results were in 

accordance with preliminary studies and illustrate that monitoring CA9 mRNA and CAIX protein 

expression can be used as suitable marker of hypoxia and further to verify the transcriptional activity 

of HIF-1 (Vordermark and Brown, 2003a; Vordermark and Brown, 2003b; Vordermark et al., 2005; 

Kessler et al., 2010). 

In this thesis, inhibition of HIF-1α by siRNA or CTM in U-251MG and U-343MG cells resulted in a 

reduced plating efficiency compared to cells treated with the control siRNA or DMSO under normoxic 

and hypoxic conditions, respectively (Figure 4.6). In accordance with these findings it has already 

been reported that inhibition of HIF-1α decreases tumor growth in malignant gliomas (Jensen et al., 

2006). Furthermore, Dai and colleagues reported an oxygen-independent cytotoxicity induced by 

HIF-1α inhibition in U-87MG glioblastoma cells (Dai et al., 2003). 

In the literature, a hypoxia-associated resistance to radiotherapy and chemotherapy has been described 

for various tumor entities, including malignant gliomas (Collingridge et al., 1999; Vaupel et al., 2002; 

Nordsmark et al., 2005; Anderson et al., 2014). Additionally, it has been proposed that HIF-1α gene 

expression is a significant prognostic indicator in glial brain tumors treated with radiotherapy (Birner 

et al., 2001; Korkolopoulou et al., 2004). In the present work, inhibition of HIF-1α by siRNA or by 

CTM under hypoxic conditions resulted in a significantly enhanced radiosensitivity of the human 

glioma cells (Figure 4.7). In addition, PARP cleavage was analyzed via Western Blot analyses. The 

proteolytic cleavage of PARP, is an early biochemical event that accompanies apoptosis in many cell 

types (Gu et al., 1995; Mullen, 2004). Western blot analyses of the cleavage of PARP demonstrated 

that inhibition of HIF-1α via siRNA or CTM induced apoptosis in U-251MG and U-343MG cells 

under hypoxic conditions (Figure 4.5). In previous experiments by Staab and coworkers, HIF-1α 

inhibition by CTM also effectively reduced the hypoxia-dependent transcription of the HIF-1α target 

gene CA9 and sensitized hypoxic HT 1080 human fibrosarcoma cells to radiation under in vitro 

conditions (Staab et al., 2007). In addition to the increased radiosensitivity, silencing of HIF-1α by 

specific siRNA has also been shown to increase the sensitivity of glioma cells to the chemotherapeutic 

agents doxorubicin and etoposide (Chen et al., 2009). 

Furthermore, in accordance with the induction of apoptosis in U-251MG and U-343MG cells observed 

in the present study, Dai and colleagues reported a p53-independent apoptosis induced by HIF-1α 



  DISCUSSION 

75 
 

inhibition in U-87MG glioblastoma cells (Dai et al., 2003). In addition, various studies showed that 

silencing of HIF-1α attenuates growth and inhibits hypoxia-mediated cell migration and invasion of in 

vitro and in vivo malignant glioma models (Gillespie et al., 2007; Fujiwara et al., 2007; Ali et al., 

2009). In agreement with the increased radiosensitivity and the induced apoptosis of U-251MG and 

U-343MG cells under hypoxic conditions, it has previously been demonstrated in prostate carcinoma 

cells that the impact of HIF-1α inhibitor PX-478 on radiosensitivity in normoxia was less dramatic 

than under hypoxic conditions (Palayoor et al., 2008). Further studies have also reported that HIF 

inhibitors are more effective in attenuation of HIF-dependent transcriptional activity under hypoxic 

conditions as under normoxic conditions (Rapisarda et al., 2002; Zhong et al., 2004). 

Based on the regulation of the HIF-1 pathway, these observations are not surprising. In normoxia, 

HIF-1α protein is rapidly degraded by the proteasome (Wang et al., 1995; Salceda and Caro, 1997). In 

contrast, under hypoxic conditions HIF-1α is stabilized and translocates from the cytoplasm into the 

nucleus where it interacts with transcriptional coactivators such as CBP/p300 and induces the gene 

expression of its transcriptional targets via binding to their HREs (Kallio et al., 1997; Huang et al., 

1996; Lando et al., 2002) (Figure 1.3). Hence, the adaption of cancer cells to hypoxia is primarily 

dependent on the HIF-1α activity, suggesting that cancer cells are more sensitive to HIF-1α inhibition 

at low oxygen concentrations. 

Nevertheless, tumor cells have also been shown to upregulate HIF-1α protein levels due to various 

factors, including elevated oxidative stress, metabolic alterations, mutations (i.e. mutations in the 

IDH1/2 genes) and anti-cancer therapies such as photodynamic therapy, hyperthermia or doxorubicin 

chemotherapy (Pialoux et al., 2009; Isaacs et al., 2005; Selak et al., 2005; Mitra et al., 2006; Moon et 

al., 2010; Cao et al., 2013; Zhao et al., 2009; Xu et al., 2011; Koivunen et al., 2012). In this context, 

HIF-1α has been shown to be involved in the induction of autophagy due to HIF-1α-dependent gene 

expression of BNIP3 and BNIP3L, which promoted cell survival of U-87MG and T98G glioma cells 

(Hu et al., 2012). In agreement with these findings, it has also been that the hypoxic microenvironment 

contributes to cell survival rather than cell death by inducing autophagy in various normal as well as 

cancer cells (e.g. CCL39 hamster fibroblasts, LS174 colon carcinoma cells, PC3 prostate carcinoma 

cells) (Bellot et al., 2009). In this study, Bellot and coworkers also demonstrated that inhibition of 

autophagy, through a combined silencing of the two HIF-1α targets BNIP3 and BNIP3L, increased 

cell death under hypoxic conditions. Hence, it was suggested that the HIF-1α induced autophagy is a 

survival mechanism that promotes tumor progression (Papandreou et al., 2005; Pouysségur et al., 

2006; Bellot et al., 2009; Zhang et al., 2008). Therefore, inhibition of HIF-1α by siRNA or CTM may 

suppress the hypoxia-mediated autophagy and subsequently increases radiosensitivity and induces 

apoptosis in U-251MG and U-343MG cells. Further investigations are necessary to analyze if HIF-1α 

induces autophagy and if inhibition of HIF-1α may attenuate this protective mechanism in U-251MG 
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and U-343MG cells. Taken together, this is the first work showing that inhibition of HIF-1a by siRNA 

or CTM under hypoxic conditions resulted in a significantly increased radiosensitivity of human 

malignant glioma cells. The present thesis and several other studies supported the fact that HIF-1α is 

an attractive target to overcome hypoxia-related radioresistance of various tumors entities (Moeller et 

al., 2005; Yeo et al., 2003; Staab et al., 2007; Bache et al., 2008; Kessler et al., 2010). 

Although inhibition of HIF-1α under hypoxia increased radiosensitivity of U-251MG and U-343MG 

cells, the results of the present study showed that siRNA and CTM had different impacts on the 

radiation sensitivity of glioma cells under normoxia (Figure 4.7). On the one hand, HIF-1α siRNA 

slightly reduced the cytotoxic effect of radiation in U-251MG cells, whereas in U-343MG cells, 

siRNA increased the effects of radiation. On the other hand treatment with CTM increased the effect 

of radiation in U-251MG cells, whereas in U-343MG cells, CTM did not affect the response to 

irradiation (Figure 4.7). In accordance with these observations, reduction of the HIF-1α gene 

expression via siRNA did not affect the normoxic gene expression of the large fragment of PARP in 

U-251MG cells, whereas apoptosis was induced in U 343MG cells. On the contrary, treatment with 

CTM resulted in an apoptotic response under normoxic conditions in U-251MG cells, whereas in 

U-343MG cells exposure to CTM had no effect on PARP cleavage under normoxic conditions. In 

accordance with these findings it has already been reported that the basal HIF-1α levels under 

normoxic conditions did not predict the radiosensitivity of different human tumor cell lines (H1339, 

EPLC-272H, A549, SAS, XF354, FaDu, BHY and CX- tumor cell lines) under normoxia (Schilling et 

al., 2012). 

One explanation for these different responses to treatment might be the aforementioned different 

origins of both cell lines. Thus, different genes involved in cellular pathways regulating proliferation, 

apoptosis, energy metabolism and DNA repair, could carry mutations or deletions. For example, both 

cell lines differ in their genetic status of TP53 and consequently in their disease aggressiveness as well 

as response to treatment. U-343MG cells exhibit the wild type TP53 gene, whereas U-251MG carry 

mutated TP53 (Ishii et al., 1999). 

The tumor suppressor protein p53 plays a major role in the response to damaged or abnormally 

structured DNA by controlling cell cycle checkpoints (Pellegata et al., 1996; Agarwal et al., 1995). 

Several studies have already demonstrated that p53 is responsible for cell cycle arrest and regulation 

of DNA repair or apoptosis when the DNA damage is too extensive. Hence, the ability to respond to 

HIF-1α inhibition and radiation may differ in U-251MG and U-343MG cells. 

Another explanation for different responses to HIF-1α inhibition and radiation could be that 

HIF-1α-specific siRNA and CTM have different modes of action, since siRNA reduces the gene 

expression of HIF-1α, whereas CTM inhibits its transcriptional activity. Furthermore, the function of 

CTM is yet not fully understood. CTM is a member of the epidithiodiketopiperazine (ETP) family. 
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Previous studies have shown that ETPs react with p300 and cause zinc ion ejection. Additionally, the 

results of Cook and coworkers suggest that ETPs also interact with other zinc ion binding proteins 

(Cook et al., 2009). Hence, it is possible that ETPs like CTM can act by more than one mechanism in 

cells. Based on this hypothesis it is likely that CTM interacts with other proteins (excluding HIF-1α), 

which are also relevant for radiosensitivity. 

In the literature various different strategies for inhibiting the HIF-1 pathway are described. In these 

studies, small anticancer molecules have been shown to inhibit HIF activity through different modes 

of action, such as reducing HIF-1α mRNA expression or HIF-1α protein translation or affecting 

HIF-1α protein degradation and stabilization, as well as HIF-1α-HIF-1β dimerization or HIF-1α DNA 

binding activity and interactions with other proteins (reviewed in Semenza, 2012 and Xia et al., 2012). 

Based on the promising strategy of indirectly inhibiting HIF-1α, several of these anticancer agents 

have made it to clinical trials and a few have been FDA-approved in the US for cancer treatment, such 

as camptothecins, bortezomib, romidepsin, temsirolimus, perifosine, 2-Methoxyestradiol, echinomycin 

and ansamycins (Geldanamycin, 17-AAG, 17-DMAG) (Burroughs et al., 2013). 

In accordance to the present study, where siRNA and CTM showed different impacts on 

radiosensitivity of glioma cells under normoxia, it has been reported that the complexity of cancer 

metabolism, regulation and progression results in different effects of anticancer drugs (Xia et al., 

2012; Burroughs et al., 2013). The very complex nature of cancer makes it difficult to separate the 

desired effects aimed at one pathway from another one or can cause unexpected counter-productive 

events. However, the complexity of cancer can also act in a synergistic manner by up- or 

down-regulating multiple pathways and/or targets resulting in similar net results during the design and 

realization of innovative therapeutics (Kola and Landis, 2004; Burroughs et al., 2013). Cancer 

treatment is one of the most active areas in medical research. However, it is also characterized by one 

of the highest attrition rates, which is caused by several factors, including the hypoxic and acidic 

tumor microenvironment, validity and accuracy of in vitro preclinical models, drug absorption and 

distribution, tumor and drug metabolism, drug excretion, organ toxicities, appropriate drug delivery in 

vivo and translation to the clinic (Adams, 2012; Burroughs et al., 2013; Cook et al., 2014). Thus, even 

though HIF-1α was discovered in 1991 and since then many studies and clinical trials have been 

focused on targeting this marker no specific inhibitor of HIF-1α has been brought to market up to now. 

However, the present study clearly demonstrates that targeting HIF-1α is a challenging but also 

promising strategy to reduce cancer cell survival and to increase the response of malignant gliomas to 

radiotherapy. Based on the complex role of HIF-1α in aggressiveness and progression of malignant 

gliomas, it appears reasonable to further focus on HIF-1α target genes, such as CA9, to prevent 

undesired effects in the treatment of tumors. 
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 Targeting IDH1 via siRNA 5.2

In gliomas, IDH1 mutation (IDH1R132H) has been found to be a frequent event at an early stage of 

tumorigenesis and seems to dictate a particular path for oncogenic progression of these tumors. 

Mutation of the IDH1 gene occurs in 70 % to 80 % of WHO grade II and III astrocytic and 

oligodendroglial tumors, as well as in the majority of WHO grade IV secondary glioblastomas that 

generally evolve over the time from these lower grade tumors, but not in primary glioblastomas which 

clinically develop de novo (Parsons et al., 2008; Yan et al., 2009; Hartmann et al., 2009; Ichimura et 

al., 2009; Juratli et al., 2012a). In gliomas of all grades the presence of IDH1 mutation is associated 

with better clinical outcome after standard treatment comprising surgery, radiotherapy and 

chemotherapy (Parsons et al., 2008; Yan et al., 2009; Hartmann et al., 2009; Ichimura et al., 2009). 

The mutated IDH1 enzyme IDH1R132H shows a strongly reduced enzyme activity in catalyzing the 

reversible decarboxylation of isocitrate to α-KG (Zhao et al., 2009; Dang et al., 2010; Gross et al., 

2010; Ward et al., 2010). On the other hand, IDH1R132H exhibits a new enzyme function leading to 

D-2-HG accumulation and lowering α-KG as well as NADPH levels.  

In the present work, reduction of the gene expression of IDH1 was performed by treatment with 

IDH1-specific siRNA. The effect of the IDH1-specific siRNA on the gene expression of IDH1 was 

investigated by qPCR and Western blot analyses. Furthermore, the effect of decreased IDH1 enzyme 

activity, via siRNA-induced reduction of the IDH1 gene expression on the plating efficiency, 

sensitivity to radiation and cleavage of PARP was analyzed in glioma cells with different degrees of 

malignancy (U-251MG, grade IV; U-343MG, grade III and LN-229, grade IV) under normoxic and 

hypoxic conditions. 

In this work, a reduction of IDH1 mRNA by siRNA of up to 79 % in U-251MG, 97 % in U-343MG 

and 86 % in LN-229 cells was observed under normoxic and hypoxic conditions, respectively (Figure 

4.8). In addition, IDH1-specific siRNA clearly decreased the level of IDH1 protein via gene silencing 

in malignant glioma cell lines U-251MG, U-343MG and LN-229 in normoxia and hypoxia (Figure 

4.9). The reduction of the IDH1 gene expression via siRNA did not significantly affect the plating 

efficiency in glioblastoma grade IV U-251MG and LN-229 cells under normoxic and hypoxic 

conditions, respectively (Figure 4.10). Furthermore, in grade III U-343MG cells a slight reduction of 

the plating efficiency by 3.2 % in normoxia and 4.9 % in hypoxia was observed (Figure 4.10). In a 

previous study, inhibition of IDH1 with shRNA decreased the IDH1 gene expression by 90 % in HOG 

oligodendroglioma cells and induced a reduction of the NADP
+
-dependent IDH activity by nearly one 

half, indicating that IDH1 accounts for approximately half of the cellular NADP
+
-dependent IDH 

activity (Jin et al., 2011). Moreover, it has been suggested that the remaining activity in IDH1 

knockdown cells may be supplied by the residual IDH1 enzyme and by IDH2 (Jin et al., 2011). 
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Furthermore, in the present thesis gene silencing of IDH1 via siRNA did not affect radiosensitivity or 

induce PARP cleavage in glioblastoma grade IV U-251MG and LN-229 cells under normoxic and 

hypoxic conditions, respectively (Figure 4.11 and Figure 4.9). In contrast, a reduction of the IDH1 

gene expression using siRNA increased the radiosensitivity and induction of apoptosis of U-343MG 

cells (glioma grade III) under hypoxic conditions, whereas in normoxia no impact on the 

radiosensitivity or cleavage of PARP was observed (Figure 4.11 and Figure 4.9). 

These results suggest that the residual IDH1 enzyme and IDH2 are sufficient to compensate the 

reduced IDH1 gene expression via siRNA in U-251MG and LN-229 cells (residual IDH1 enzyme in 

U-251MG: 21 %, residual IDH1 enzyme in LN-229: 14 %) (Figure 4.8). On the contrary, the 

enhanced radiosensitivity and induction of apoptosis in U-343MG cells under hypoxic conditions is 

possibly caused by a combination of different factors, including lower amounts of residual IDH1 

enzyme (residual IDH1 enzyme in U-343MG: 3 %), stressful hypoxic conditions as well as the lower 

grade of malignancy and the genetic status of U-343MG cells (Figure 4.8). Hence, for example, the 

gene expression of wild type p53 renders U-343MG cells more sensitive to radiation and induced 

apoptosis.  

In addition, hypoxia promotes the IDH-dependent reverse flux, i.e. the carboxylation of α-KG back to 

isocitrate, which is required for de novo lipogenesis to support cell growth and viability (Metallo et al., 

2011; Wise et al., 2011; Mullen et al., 2011; Filipp et al., 2012). By using stable isotopic tracers of 

glutamine ([1-
13

C] glutamine) in various cell lines (e.g. A549, MDA-MB-231 and HCT116), Metallo 

and coworkers demonstrated a significant and robust decrease of the reductive carboxylation when 

IDH1 mRNA was targeted using shRNA (Metallo et al., 2011). In contrast, no significant change of 

this reductive flux was observed when IDH2 mRNA was targeted. In this study it was also shown that 

oxygen concentrations play a critical role in regulating the carbon utilization for production of acetyl 

coenzyme A (AcCoA) which supports lipid synthesis in mammalian cells. Furthermore, the results 

revealed that VHL-deficient renal cell lines preferentially utilize the reductive glutamine metabolism 

for lipid biosynthesis even in normoxia.  

Therefore, in the present work the remaining enzyme activity in IDH1 siRNA treated U-343MG cells 

may not be sufficient to affect the reductive carboxylation of α-KG and thus U-343MG cells are more 

vulnerable by the altered metabolic flux of α-KG. This hypothesis is supported by the observations 

made for non-irradiated U-343MG cells, where reduction of the IDH1 gene expression by siRNA 

induced an induction of apoptosis under hypoxic conditions. 

Furthermore, the IDH enzymes appear to play a crucial role in cellular protection as well as the 

response to oxidative and energetic stress through NADPH, which is required to regenerate the 

antioxidant GSH (Lee et al., 2002; Kim et al., 2012). In addition, α-KG itself functions as an 

antioxidant (Lee et al., 2002; Mailloux et al., 2007). Moreover, a previous study documented an 
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increased gene expression of IDH enzymes and termination of proliferation when an energetic 

challenge was induced by substituting galactose for glucose in HT-22 neurons (Grelli et al., 2013). 

Thus, it appears to be useful to quantitatively analyze isocitrate and α-KG to determine the remaining 

IDH1 activity in IDH1 siRNA treated cells. 

Taken together, the current findings from siRNA experiments indicate that it seems unlikely that 

dominant negative activity is a major consequence of the IDH1 mutations in cancer. Different other 

functional studies demonstrated that IDH mutations gain the neomorphic activity to reduce α-KG to 

D-2-HG rather than a dominant negative inhibition of wild type IDH1 (Dang et al., 2010; Gross et al., 

2010; Ward et al., 2010; Jin et al., 2011). In other words, mutations targeting IDH1 result in 

simultaneous loss of the normal catalytic activity to produce α-KG and gain of a new function the 

production of D-2-HG (Yang et al., 2012). Further, both effects seem to play a role in the improved 

prognosis and the prolonged overall survival of patients with malignant gliomas (Metellus et al., 2010; 

Leu et al., 2013; Gorovets et al., 2012; Sabha et al., 2014). Gene silencing of IDH1 via siRNA only 

mimics the loss of function, but it is not the right tool to imitate the gain of function of an IDH1 

mutation. This hypothesis may partially explain why reduction of IDH1 gene expression did not 

increase the radiosensitivity or induce apoptosis in U-251MG and LN-229 cells under normoxic and 

hypoxic conditions. In agreement with this assumption it has been reported that glioma cells 

expressing IDH1
R132H

 share metabolic profile features with cells treated with D-2-HG but not with 

cells in which IDH1 wild type gene expression was inhibited (Reitman et al., 2011). Hence, further 

experiments addressing the gene expression of IDH1
R132H

 in glioma cells were carried out to mimic the 

gain-of-function activity that catalyzes the conversion of α-KG into D-2-HG in a manner that leads to 

D-2-HG accumulation and consumption of α-KG as well as NADPH. 

 

 Influence of IDH1
R132H

 expression on cellular behavior and response to radiation 5.3

Up to now, research about the influence of IDH1 mutation on cellular behavior and response to 

radiation of malignant gliomas is very limited. Furthermore, especially in clinical studies it is difficult 

to specifically correlate the better prognosis and prolonged overall survival of patients with IDH 

mutant gliomas with the cellular behavior itself or the improved response to therapy treatment, since 

patients with malignant gliomas receive standard therapy treatment in any case. Thus, it is still unclear 

if the known positive effects of IDH mutations on prognosis and overall survival of patients originates 

from a less aggressive phenotype or is directly linked to an increased sensitivity to radiotherapy and/or 

chemotherapy. 

In the present work, the effect of IDH1 mutant protein on the biological behavior was evaluated by 

analyzing the viability and proliferation in 2D culture, plating efficiency and growth characteristics in 
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3D spheroid culture, cell migration in 2D or in 3D spheroid-based culture as well as cellular stiffness 

in malignant glioma cell lines overexpressing IDH1
R132H

. 

Therefore, IDH1
wt

 and IDH1
R132H

 constructs were generated and U-251MG, U-343MG and LN-229 

stable cell lines with empty vector (pLVX) or gene expression of IDH1
wt

 or IDH1
R132H

 were 

established using puromycin selection post transduction. Characterization by qPCR and Western blot 

analysis revealed high levels of IDH1
wt

 or IDH1
R132H

 mRNA and protein in pLVX IDH1
wt

 or 

pLVX IDH1
R132H

 transduced U-251MG, U-343MG and LN-229 cells (Figure 4.12 and Figure 4.13). 

Additionally, immunofluorescence and immunohistochemical staining showed the diffuse cytoplasmic 

distribution of IDH1
wt

 or IDH1
R132H

 protein in the stable transduced cell lines (Figure 4.14, Figure 8.1 

and Figure 8.2). 

In the investigated glioma cells IDH1
R132H

 gene expression slightly decreased viability between 2.6 % 

and 6.0 % as well as cell proliferation between 6.9 % and 11.9 % in 2D culture irrespective of the 

oxygen concentration (Figure 4.15 and Figure 4.16). Gene expression of IDH1
R132H

 reduced the plating 

efficiency in the non-irradiated glioma cell lines between 8.8 % and 12.3 % under normoxic as well as 

between 16.6 % and 32.0 % under hypoxic conditions (Figure 4.21). In both environments, expression 

of the mutated IDH1 protein caused altered growth patterns in 3D spheroid culture of the investigated 

cells (Figure 4.17). IDH1
R132H

 cells aggregated to more loose, uneven and irregular structures in 3D 

cultures, whereas untreated, empty vector and IDH1
wt

 cells formed compact tumor spheroids (Kessler 

et al., 2015).  

IDH enzymes play critical roles in a number of cellular processes, including glucose sensing, 

glutamine metabolism and lipogenesis (Ronnebaum et al., 2006; Metallo et al., 2011; Filipp et al., 

2012). Mutated IDH enzymes lose their normal function and gain a new enzyme function catalyzing 

the NADPH-dependent reduction of α-KG to D-2-HG (Xu et al., 2004). Thereby, the profound 

influence of IDH mutations on the cellular metabolism and the interference with normal biosynthetic 

pathways may explain the observed effects on cell viability, proliferation in 2D and 3D spheroid 

culture and plating efficiency. Indeed, it has already been demonstrated that gene expression of 

IDH1
R132H

 decreased the proliferation and migration of U-87MG cells in normoxia (Li et al., 2013b). 

Moreover, the data of the present work are consistent with a further study, where IDH1
R132H

 

overexpression in U-87MG glioma cells resulted in a decreased proliferation under normoxia and mice 

injected with U-87MG IDH1
R132H

-expressing cells exhibited a prolonged survival compared to mice 

injected with U-87MG IDH1
wt

-expressing cells (Bralten et al., 2011). 

However, in the present work only slight effects on the viability, proliferation and plating efficiency 

were observed, indicating that IDH1
R132H

-expressing cells compensate the altered flux of α-KG to 

D-2-HG (Figure 4.15, Figure 4.16 and Figure 4.21). In a study of Dang and colleagues it has been 

reported that gliomas carrying IDH mutations showed markedly elevated levels of D-2-HG, but levels 
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of other citric acid cycle metabolites, including α-KG, malate, fumarate, succinate and isocitrate, were 

not significantly altered (Dang et al., 2010). This suggests that IDH mutant gliomas maintain normal 

levels of essential cell metabolites even in case of an altered metabolic flux of α-KG (Dang et al., 

2010). In a further study, metabolic profiling of human oligodendroglioma cell line HOG, which 

stably expresses IDH1
R132H

 or IDH2
R172K

, revealed that the IDH mutation caused widespread metabolic 

alterations in the level of amino acids and their derivatives as well as depletion of glutathione 

metabolites and metabolites of the citric acid cycle (Reitman et al., 2011). In accordance with these 

findings it has also been demonstrated that gene expression of mutant IDH1R132H in U-87MG cells 

or immortalized normal human astrocytes caused a significant drop in the concentrations of glutamate, 

lactate and phosphocholine as well as the expected elevation of D-2-HG levels (Izquierdo-Garcia et 

al., 2015). In addition, quantitative metabolome analyses also showed that IDH1 mutation results in an 

activation of glutaminolysis in glioma (Ohka et al., 2014). Taken together, these findings suggest that 

IDH mutant gliomas compensate their altered flux of α-KG to unusually high amounts of D-2-HG by 

extensive metabolic changes. These metabolic alterations and the possible resulting depletion of 

metabolites may cause slight decreases in cell viability, proliferation and plating efficiency as well as 

changed growth patterns in 3D spheroid culture. 

The altered growth patterns of IDH1
R132H

-expressing cells in 3D spheroid culture may also have been 

induced by D-2-HG itself. α-KG and D-2-HG are structurally almost identical metabolites. Thus, 

D-2-HG competes with α-KG and thereby it inhibits various α-KG-dependent dioxygenases, including 

Jumonji C-(JmjC)-domain-containing proteins of histone demethylases and Ten-eleven translocation 

(TET) family members enzymes (Chowdhury et al., 2011; Xu et al., 2011). These enzymes are 

involved in a number of important cellular processes by hydroxylating target proteins while utilizing 

α-KG as a cosubstrate. In normal cells, JmjC histone demethylases and TET 5-methylcytosine 

hydroxylases mediate chromatin modifications in order to maintain cellular homeostasis. In IDH 

mutated gliomas the elevated D-2-HG levels appear to cause altered chromatin modifications and thus 

a profound change in the epigenetic status of these cells, resulting in a dysregulated gene expression, 

which is a frequent sign of tumorigenesis (Chowdhury et al., 2011; Xu et al., 2011; Lu et al., 2012; 

Rohle et al., 2013). This dysregulation may be the reason of the altered growth behavior in 3D 

spheroid culture observed in the current study, where IDH1
R132H

-expressing U-251MG, U-343MG and 

LN-229 glioma cells aggregated to more lose, uneven and irregular structures. 

Another group of α-KG-dependent dioxygenases are prolyl hydroxylase domain-containing proteins 

(PHDs; also known as EGLNs), such as prolyl-4-hydroxylases. These enzymes are required for 

post-translational modifications of proteins by hydroxylation of proline groups on the C4 position. 

Hence they are essential for important cellular processes and are for example involved in the 

maturation of collagen (Gorres et al., 2008; Winter and Page, 2000). In a physiological in vivo study of 



  DISCUSSION 

83 
 

Saski and colleagues it has been shown that D-2-HG accumulation caused by the activity of mutated 

IDH1 affects the collagen modification by α-KG-dependent prolyl hydroxylases in brain-specific 

IDH1
R132H

 conditional knock-in mice (Sasaki et al., 2012). In particular, it was observed that the 

excess of D-2-HG attenuated the type IV collagen maturation and thereby impaired the basement 

membrane structure and function (Sasaki et al., 2012). Based on this, the D-2-HG-mediated 

perturbation of collagen maturation and basement membrane functions may have resulted in the 

missing capability of IDH1
R132H

-expressing U-251MG, U-343MG and LN-229 glioma cells to form 

regular and compact tumor aggregates in 3D spheroid culture. 

In this work, investigation of cell mechanics by AFM technology revealed that IDH1
R132H

 caused a 

considerable increase of cell stiffness compared to untreated cells, empty vector cells and IDH1
wt

 cells 

in all three cell lines (Figure 4.20). In addition, it was also observed that gene expression of IDH1
R132H

 

in the three investigated glioma cell lines significantly reduced the cell migration compared to the 

respective untreated, empty vector and IDH1
wt

 cells in 2D and 3D spheroid culture under normoxic 

and hypoxic conditions (Figure 4.18 and Figure 4.19).  

Cell spreading has been shown to correlate with changes of important cell functions including DNA 

synthesis, differentiation, cell migration and cell stiffness (Bhadriraju and Hansen, 2002; Watanabe et 

al., 2012). Using atomic force microscopy, Cross and colleagues reported that living metastatic cancer 

cells extracted from the pleural fluids of patients with suspected lung, breast and pancreas cancer were 

more than 70 % to 80 % softer compared to benign mesothelial cells taken from the body cavities 

(Cross et al., 2007). This study also proved that cells of different cancer types exhibit a common 

stiffness, whereas the stiffness of benign mesothelial cells showed a log-normal distribution. In other 

words, the distribution of the stiffness of tumour cells is over five times narrower than the 

corresponding distribution for benign mesothelial cells. In addition, Cross and coworkers 

demonstrated that nanomechanical analysis correlates well with immunohistochemical testing 

generally used for detecting cancer (Cross et al., 2007). Based on these and other nanomechanical 

studies it has been suggested that cancer cells with high metastatic potential might benefit from their 

altered mechanical properties. Increased softness and flexibility supports spreading and formation of 

metastases as cancer cells have to circulate through narrow blood capillaries and then permeate into 

normal tissue (Cross et al., 2007; Cross et al., 2008; Hayashi and Iwata, 2015). However, the 

underlying mechanism which drives cancer cells to softer mechanical characteristics and thereby to a 

creep compliance (deformability) is not fully understood. Therefore, the relationship of increased 

glioma cell stiffness and mutated IDH1 should be a topic of further reseach. 

Furthermore, it has also been shown that cellular stiffness of ovarian cancer cell lines and primary 

cells derived from ascites of patients with advanced stage ovarian cancer is inversely proportional to 

migration and invasion (Swaminathan et al., 2011). This is consistent to a study by Watanabe and 
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coworkers who revealed that highly motile melanoma cells (B16-F10) exhibit low cell stiffness while 

low motile and metastatic melanoma cells (B16-F1) cells are characterized by high cell stiffness 

(Watanabe et al., 2012). Thus, the migration activity of cancer cells seems to correlate with their 

cellular stiffness. 

These findings are in accordance with observations made in the current study where gene expression 

of IDH1
R132H

 caused a reduced migration activity and an increased cellular stiffness of U-251MG, 

U343MG and LN-229 cells. In turn, this would suggest a less invasiveness of the 

IDH1
R132H

-expressing cells and may explain the better prognosis of patients with IDH1 mutant 

gliomas. Different studies support the relationship between the stiffness and the invasiveness of cancer 

cells. Additionally, several investigations have already provided evidence that stiffness, deformation 

and cell motility are regulated by different cellular processes, including the actomyosin contractility, 

the gene expression of the epithelial marker E-cadherin and the mesenchymal marker vimentin as well 

as alterations in the actin cytoskeleton via type III TGF-β receptor (Reichl et al., 2008; Stamenović 

and Coughlin, 1999; Swaminathan et al., 2011). Therefore, further work is required to elucidate the 

factors responsible for decreased stiffness and increased deformability of cancer cells. For example, 

analyses of the actin, E-cadherin and vimentin gene expression may provide additional information 

about the mediators of the reduced invasiveness of IDH1
R132H

-expressing cells. 

Another explanation for the reduced migration of IDH1
R132H

-expressing cells may be an altered gene 

expression of matrix metalloproteinases, which are involved in the regulation of cell migration, 

proliferation and death by degrading matrix and non-matrix substrates (Murphy et al., 1991; Newby, 

2006). Therefore, analyses of the gene expression of matrix metalloproteinases are needed to elucidate 

the influence of these proteinases with respect to the reduced migration of IDH1
R132H

-expressing cells. 

Further, it is well known that cell proliferation affects migration. Therefore, in this work the scratch 

assay was also performed with pre-treatment of glioma cell lines with 10 µg/mL mitomycin C for 2 h 

to prevent mitosis and to distinguish migration from proliferation (Data not shown). Results of scratch 

assay with or without mitomycin C correlated well, thus the reduced migration of 

IDH1
R132H

-expressing cells were not caused by the altered growth of these cells. 

In a recent study it has been demonstrated that overexpression of IDH1R132H in glioblastoma cell 

lines U-87MG and U-251MG led to reduced cell proliferation, migration and invasion, which were 

accompanied by increased apoptosis (Cui et al., 2016). In this study a significant reduction in the gene 

expression, nuclear accumulation and activity of β-catenin was observed following overexpression of 

IDH1R132H. Therefore, further research on the relationship between mutant IDH1 and 

wingless-related integration site (Wnt)/β-catenin signaling may elucidate the altered cellular 

phenotype of U-251MG, U-343MG and LN-229 IDH1
R132H

-expressing cells. 
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In the literature, clinical observations by Qi and coworkers suggest that the prolonged survival of 

patients with IDH mutated gliomas is primarily linked to a less aggressive biological behavior, which 

was evaluated on the basis of tumor site and magnetic resonance imaging (MRI) features (Qi et al., 

2014). This study demonstrated that IDH mutated tumors were rarely located in the high-risk regions 

of the brain and were significantly more likely to exhibit a unilateral pattern of growth, sharp tumor 

margins, homogeneous signal intensity and less contrast enhancement on MRI (Qi et al., 2014).  

In summary, the findings of the present work support former clinical observations as the gene 

expression of IDH1
R132H

 slightly decreased cell viability, proliferation, plating efficiency and caused 

an altered growth in 3D culture with more loose and uneven spheroids, reduced the cell migration in 

2D and 3D spheroid culture and reduced the stiffness of U-251MG, U-343MG and LN-229 cells, 

which is a sign of a less aggressive phenotype. 

In order to investigate the effect of mutant IDH1 on radiobiological behavior, cellular radiosensitivity 

was carried out with U-251MG, U-343MG and LN-229 gliomas after radiation under normoxia and 

hypoxia. In both environments analysis of survival curves revealed that gene expression of IDH1
R132H 

significantly intensified the effect of radiation (Kessler et al., 2015) (Figure 4.22). These findings are 

consistent with an in vitro study found in the literature, which for example have demonstrated that 

gene expression of IDH1
R132H

 increased the sensitivity to radiation of U-87MG cells under mild 

hypoxic conditions (Wang et al., 2014). 

In a recent meta-analysis of 55 studies about the prognostic significance of IDH1 in glioma showed 

that an IDH1/2 mutation has a significant benefit for overall survival (hazard ratio (HR)=0.39, 95 % 

CI: 0.34-0.45; p<0.001) and progression-free survival (HR=0.42, 95 % CI: 0.35–0.51; p<0.001) (Xia 

et al., 2015). Moreover, based on the data collected in the prospective randomized phase III European 

Organization for Research and Treatment of Cancer (EORTC) study 26951 it was analyzed if IDH 

mutations can predict the outcome of chemotherapy. Additionally, the IDH mutation status was 

compared to other known outcome related markers (van den Bent et al., 2006; Bent et al., 2010).  

This study has shown that IDH1 mutations were less frequent in tumors with glioblastoma features, 

including necrosis, EGFR amplification, polysomy of chromosome 7 as well as loss of chromosome 

10 and the presence of mitosis. On the contrary, the presence of IDH1 mutations was strongly 

associated with longer progression-free survival as well as longer overall survival and was positively 

correlated with the presence of 1p/19q loss, the presence of MGMT promoter methylation and with 

younger age. Especially these findings confirmed that there is a low incidence of IDH1 mutations in 

primary glioblastoma, but a high incidence of these mutations in grade II and grade III gliomas. It was 

also demonstrated that patients with tumors harboring IDH mutations showed better outcomes 

compared to patients with IDH1 wild type gliomas, whereas no significant difference was observed 

when the patients received adjuvant PCV after radiotherapy (59.4 Gy in fractions of 1.8 Gy) or 
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radiotherapy alone (Bent et al., 2010). In summary, this extensive study clearly supported the 

hypothesis that the presence of IDH1 mutations is a major prognostic factor for outcome of this 

specific group of anaplastic oligodendroglial tumors. However, the results at that time gave no 

indication that the presence of IDH1 mutations predicts the outcome to adjuvant PCV chemotherapy. 

On the other hand, due to the fact that all patients received radiotherapy, this clinical trial indicates 

that IDH1 mutation predicts better response to radiotherapy of patients with malignant gliomas and 

supports the data of the present work, where gene expression of IDH1
R132H

 enhanced the response of 

the investigated cell lines to radiation. 

In a subsequent analysis of the EORTC study 26951, ten years after the completion of enrollment and 

a median follow-up of 140 months, it has been shown that overall survival (median OS, 42.3 vs. 30.6 

months after radiotherapy alone; HR, 0.75; 95 % CI, 0.60 to 0.95) and progression-free survival 

(median PFS, 24.3 months after radiotherapy/PCV vs. 13.2 months with radiotherapy only; HR, 0.66; 

95 % CI, 0.52 to 0.83) were significantly better after radiotherapy/PCV in patients with diagnosed 

anaplastic oligodendroglial tumors (van den Bent et al., 2013b). It was also observed that the three 

markers 1p/19q codeletion, MGMT promoter methylation and IDH mutation were highly prognostic 

for patient survival. However, consistent with the initial analyses, no predictive value of MGMT 

promoter methylation alone or of IDH mutations in the absence of 1p/19q codeletion for the benefit of 

adjuvant PCV chemotherapy was observed, underlining the importance of radiotherapy of these 

tumors (Combs et al., 2011; van den Bent et al., 2013b). 

In addition to the prognostic relevance of an IDH1 mutation in grade II and grade III glioma, IDH 

mutation is also associated with better outcomes in high-grade glioma. Different studies demonstrated 

that the median overall survival was 65 months for patients with IDH mutant anaplastic astrocytoma 

and 20 months for patients with wild type IDH1, whereas the median overall survival was 31 months 

for patients with glioblastoma harboring an IDH mutation and 15 months, for those without mutations 

(Hartmann et al., 2010; Combs et al., 2013; Juratli et al., 2012b; Kizilbash et al., 2014; Turkalp et al., 

2014). Furthermore, an improved response to radiochemotherapy was observed using serial magnetic 

resonance imaging in glioblastoma patients with IDH1 mutation in comparison to IDH wild type 

patients (Tran et al., 2014). In accordance with the effects of IDH1 mutation described in the literature, 

the present work also shows that grade III U-343MG IDH1
R132H

-expressing cells are more sensitive to 

radiation as compared to grade IV U-251MG IDH1
R132H

 and LN-229 IDH1
R132H

-expressing cells under 

normoxia and hypoxia, respectively. In summary, the present thesis and the clinical observations 

suggest that the survival benefit caused by IDH1 mutation for patients with low-grade or high-grade 

gliomas may be an indication of the positive effect of IDH1 mutation on the response to radiotherapy. 

In this context, the question may arise if IDH1 mutated gliomas are also more sensitive to treatment 

with temozolomide. On the one hand, Li and coworkers demonstrated that IDH1R132H protein did 
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not sensitize U-87MG cells to temozolomide (Li et al., 2013b). On the contrary, at least one study has 

demonstrated that IDH mutation appears to be a significant marker of positive prognosis and increased 

sensitivity to temozolomide in low-grade gliomas, suggesting that IDH mutation may also be an 

indicator of enhanced chemosensitivity (Houillier et al., 2010). In glioma patients, IDH mutations are 

capable of establishing the methylation phenotype (G-CIMP). These chromatin alterations result in 

transcriptional silencing of the associated genes and the majority of G-CIMP malignant gliomas also 

exhibit MGMT promoter methylation (Lai et al., 2011; Brennan et al., 2013; Turcan et al., 2012; van 

den Bent et al., 2013a). Furthermore, it has been shown that decreased MGMT gene expression, 

caused by MGMT promoter methylation, results in an improved response to alkylating agents such as 

temozolomide (Esteller et al., 2000; Hegi et al., 2005). Further in vitro studies are needed to validate 

these observations and to investigate if treatment with both temozolomide and radiation may provoke 

additive effects on cell survival and induction of apoptosis of IDH1
R132H

-expressing U-251MG, 

U-343MG and LN-229 cells. 

In this thesis, the effect of mutant IDH1 on induction of apoptosis and DNA damage was carried out 

via Western blot analysis of PARP cleavage and γH2AX assay with U-251MG, U-343MG and 

LN-229 gliomas after radiation under normoxia and hypoxia. In both environments gene expression of 

IDH1
R132H

 slightly enhanced cleavage of PARP in the non-irradiated glioma cell lines (Figure 4.26). In 

addition, gene expression of the mutant IDH1 effectively enhanced the radiation-induced 

accumulation of γH2AX foci and induction of apoptosis in U-251MG, U-343MG and LN-229 glioma 

cells irrespective of the oxygen conditions (Figure 4.23, Figure 4.24 and Figure 4.25). 

Under physiological conditions, IDH enzymes regulate a number of cellular functions and play an 

essential role in cellular protection as well as response to oxidative and energetic stress (Ronnebaum et 

al., 2006; Metallo et al., 2011; Filipp et al., 2012; Reitman et al., 2011; Bleeker et al., 2010). The 

mutated IDH1 enzyme exhibits a strongly decreased enzyme activity to isocitrate and NADP
+
 and 

gains an abnormal NADPH-dependent catalytic activity (Dang et al., 2010; Jin et al., 2011; Bleeker et 

al., 2010; Gross et al., 2010; Ward et al., 2010). NADPH is required to regenerate reduced GSH, the 

major cellular ROS scavenger (Dang et al., 2010; Bleeker et al., 2010). Additionally, α-KG itself 

functions as an antioxidant (Lee et al., 2002; Mailloux et al., 2007). Thereby, it has been suggested 

that glioma cells expressing mutant IDH1 have a diminished antioxidant capacity and therefore may 

experience a subsequent loss of cytoprotection under conditions of oxidative stress (Bleeker et al., 

2010). Under these circumstances low NADPH levels might sensitize malignant gliomas for oxidative 

stress, amplifying the response to radiotherapy and thereby may account for the prolonged survival of 

patients harboring the mutations. Thus, it is possible that the enhanced radiosensitivity of U-251MG, 

U-343MG and LN-229 cells in the present work was caused by the IDH1
R132H

-induced reduction of 

the cytoprotection against oxidative stress. Due to the key role of NADPH in the cellular antioxidation 
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systems it has been supposed that IDH1/2 mutations may increase intracellular reactive oxygen 

species (ROS) by the decrease of intracellular NADPH levels (Sasaki et al., 2012). Insufficient control 

of intracellular ROS has been associated with cellular senescence and apoptosis  

(Ying, 2008; Finkel and Holbrook, 2000; Lee et al., 2011). Consistent with these findings the gene 

expression of IDH1
R132H

 slightly increased cleavage of PARP and the number of residual γH2AX foci 

per nucleus in the non-irradiated glioma cell lines in the present work. Further studies are in progress 

to evaluate the GSH/GSSH ratio and the ROS level in IDH1
R132H

-expressing U-251MG, U-343MG 

and LN-229 cells. 

It has been widely reported in literature that with increasing malignancy gliomas exhibit intratumoral 

hypoxia, which has been associated with poor response to radio- or chemotherapy (Gray et al., 1953; 

Collingridge et al., 1999; Nordsmark et al., 2005; Said et al., 2007b; Combs et al., 2013). In the 

present work, gene expression of IDH1
R132H

 attenuated the hypoxia-induced radioresistance of 

malignant glioma cells U-251MG, U-343MG and LN-229. As already described, IDH1 catalyzes the 

reductive carboxylation of α-KG to isocitrate, which is essential for citrate synthesis under hypoxic 

conditions. Likewise, cells grown under hypoxia rely almost exclusively on the reductive 

carboxylation of glutamine-derived α-KG for de novo lipogenesis (Metallo et al., 2011; Wise et al., 

2011). Leonardi and colleagues demonstrated that the mutated IDH1 enzyme is not sufficient to 

catalyze the reductive carboxylation of α-KG to isocitrate, suggesting that these metabolic alteration 

contribute to the reduced aggressiveness of glioma cells expressing IDH1
R132H

 (Leonardi et al., 2012). 

Hence, the important requirement of NADPH for redox control and the widespread metabolic changes 

can be the reason for an increased sensitivity to radiation of the investigated glioma cells, especially 

under hypoxic conditions. In addition, the elevated D-2-HG levels appear to cause an altered 

chromatin modification and by that a profound change in the epigenetic status of these cells. Further 

work is therefore required to investigate possible epigenetic effects which may influence the 

sensitivity of IDH1
R132H

-expressing glioma cells to oxidative stress under normoxic or hypoxic 

conditions. In this context, the present study could show that the gene expression of IDH1
R132H

 

increased the number of residual γH2AX foci per nucleus in U-251MG, U-343MG and LN-229 cells 

independent of the oxygen concentrations (Figure 4.23, Figure 4.24 and Figure 4.25). 

In the literature it has been suggested that targeting IDH mutations is an attractive approach for 

treatment of IDH mutant gliomas due to that D-2-HG has been postulate to act as an oncometabolite 

(see 1.4.2). For example, Zheng and coworkers developed a series of mutant IDH inhibitors, which 

inactivate the mutant IDH1 enzyme via hydrogen bonds and electrostatic interactions with a stronger 

affinity to the active site of the mutated IDH1 enzyme (Zheng et al., 2013). Inhibition of IDH1R132H 

was, for example, described by Rohle and colleagues who used the mutation-specific molecule 

AGI-5198. In this study, a decreased D-2-HG level and a reversed differentiation blockage, which is 



  DISCUSSION 

89 
 

generally associated with IDH mutation in gliomas, was observed in murine xenografts (Rohle et al., 

2013). Futher studies are required to determine the exact role of IDH mutation in glioma initiation and 

progression as well as to optimize the targeting of this pathway in cancer therapy. 

In addition, a multicenter phase I trial (NOA-16/NONK-6) is ongoing to evaluate the potential of 

targeting IDH mutations by vaccination-based immunotherapy. From an immunological perspective 

IDH mutations represent ideal tumor-specific neoantigens due to their high uniformity and ubiquitous 

gene expression in all tumour cells (Schumacher et al., 2014a). In this study, it was demonstrated that 

IDH1R132H contains an immunogenic epitope suitable for mutation-specific vaccination 

(Schumacher et al., 2014a). Moreover they showed that IDH1R132H is presented on human MHC 

class II molecules and induces a mutation-specific CD4
+
 antitumor T-cell response in humans as wells 

as in a syngeneic tumor model of MHC-humanized mice (Schumacher et al., 2014b). Likewise, 

another study recently demonstrated that immunizations by subcutaneous injections of different 

peptides encompassing the IDH1 mutation site, induced higher amounts of peripheral CD8
+
 T-cells, 

increased production of IFN-γ and anti-IDH1R132H antibodies in a murine intracranial glioma model 

(Pellegatta et al., 2015). These promising studies suggest that the development of mutant 

IDH1-targeted immunotherapies can lead to therapeutically meaningful anti-tumor immune responses. 

In this respect it is worth noting that a combination of radiotherapy and immunotherapy seems to be 

another promising strategy for the treatment of IDH1 mutant gliomas as both therapy forms 

complement each other. The positive synergistic effects of this approach have already been 

demonstrated in murine models and are the basis of a variety of clinical trials (Lee et al., 2009; 

Takeshima et al., 2010; Zeng et al., 2013). 

In conclusion, the data of the present work suggests that IDH1
R132H

 gene expression in all investigated 

glioma cells leads to a reduced aggressiveness as well as a higher radiosensitivity independent of the 

oxygen concentrations and the degree of tumor malignancy. The results highlight the important role of 

mutant IDH1 in response to radiation and are consistent with the clinical observation of prolonged 

survival of patients harboring the IDH1 mutation. 

 

 Influence of IDH1
R132H

 expression on HIF-1α level 5.4

The transcription factor HIF-1, a dimer of an oxygen-regulated α subunit and an oxygen-independent β 

subunit, governs cellular adaption to low oxygen concentrations by regulating tumor-relevant genes 

involved in energy metabolism, cell proliferation, apoptosis and angiogenesis (Semenza, 2002; 

Bracken et al., 2003; Goda et al., 2003; Manalo et al., 2005). Under physiological conditions, the 

HIF-1α subunit is strictly regulated by proline and asparagine hydroxylation mediated by the 

α-KG-dependent dioxygenases PHD2 and FIH, respectively (Hirota and Semenza, 2005). The 

hydroxylated HIF1-α subunit is recognized by the VHL tumor suppressor E3 ligase for proteasomal 
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degradation (Semenza, 2014; Wenger et al., 2005). However, the relationship between gene 

expression of mutant IDH and HIF-1α activity in gliomas is controversially discussed in literature. 

In the present work, the effect of IDH1 mutant protein expression on HIF-1α and its target gene CA9 

was evaluated by qPCR, Western blot analysis and immunohistochemical staining of U-251MG, 

U-343MG and LN-229 cells (Figure 4.27, Figure 4.28, Figure 4.29, Figure 8.3, Figure 8.4 and Figure 

8.5). It was observed that IDH1
R132H

 gene expression affects the transcriptional activity of HIF-1α in a 

cell-line dependent manner. In U-251MG and U-343MG cells, the gene expression of IDH1
R132H

 

caused an increased HIF-1α protein level and induction of its target gene CA9 in normoxia and 

hypoxia, respectively (Figure 4.27 and Figure 4.28). Expression of an IDH1
R132H

 transgene was 

already reported to increase HIF-1α protein level in HEK293T cells due to IDH1 loss of function and 

decreased intracellular α-KG levels (Zhao et al., 2009). Moreover, the accumulation of HIF-1α protein 

was reversible by using a cell-permeable α-KG derivative.  

In a another study, gene expression of IDH1R132H or treatment with cell-permeable D-2-HG has also 

been demonstrated to increase HIF-1α protein level in HEK293T and U-87MG cells (Xu et al., 2011). 

D-2-HG and α-KG are almost identical metabolites, suggesting that D-2-HG can bind and function as 

a competitive inhibitor of α-KG-dependent dioxygenases (Iyer et al., 2009; Loenarz and Schofield, 

2008; Chowdhury et al., 2011; Xu et al., 2011). This hypothesis was confirmed by Xu and colleagues, 

who demonstrated that the activities of α-KG-dependent PHDs are increased by the activity of wild 

type IDH1 and impaired by tumor-derived mutant IDH1 (Xu et al., 2011). Similarly, IDH1
R132H

 knock 

in mice also showed high levels of D-2-HG that were associated with an inhibition of prolyl 

hydroxylation of HIF-1α and up-regulation of HIF-1α target gene transcription of vascular endothelial 

growth factor (VEGF) and GLUT-1 (Sasaki et al., 2012). These results are comparable to the findings 

of the current study, where an increased HIF-1α protein level and an induction of the target gene CA9 

was observed in the IDH1
R132H

-expressing U-251MG and U-343MG glioma cells independent of the 

oxygen concentrations. 

On the contrary, D-2-HG has been reported to weakly inhibit HIF-1α prolyl hydroxylases and 

asparaginyl hydroxylases in vitro, with IC50 values higher than 1 mM (Chowdhury et al., 2011). To 

investigate the hypothesis that gene expression of mutated IDH1 specifically leads to accumulation of 

HIF-1α protein in human gliomas in vivo, Williams and coworkers examined a large variety of glial 

tumors by immunohistochemistry (Williams et al., 2011). In this study, no evident relationship 

between the gene expression of mutated IDH1 and HIF-1α was observed. Thus, it was suggested that 

other mechanisms such as hypoxia, growth factor dependent transcriptional regulation and major 

genetic and epigenetic alterations resulting in oncogene gain of function or tumor suppressor gene loss 

of function affected the HIF-1α protein level (Schofield and Ratcliffe, 2004; Semenza, 2010; Williams 

et al., 2011). 
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In contrast, in the present work, in LN-229 cells the expression of IDH1
R132H

 caused a decreased 

HIF-1α protein level and reduction of its target gene CA9 under normoxic and hypoxic conditions 

(Figure 4.27 and Figure 4.28). In accordance to these results a decreased HIF-1α activity was 

demonstrated due to the stimulation of prolyl-4-hydroxylases by D-2-HG in immortalized human 

astrocytes (Koivunen et al., 2012). Likewise, a reduced HIF-1α activity in primary patient astrocytoma 

samples was also reported already (Koivunen et al., 2012). 

In conclusion, results from the present work and the literature have shown that activation of the 

HIF-1α pathway is rather regulated via other known mechanisms than via hypoxia. One explanation 

for this could be the IDH1R132H or D-2-HG dose-dependent increase of HIF-1α protein level. Indeed, 

a dose-dependent increase of HIF-1α and decrease of endostatin (a secretory peptide in inhibiting 

angiogenesis and tumor growth) with increasing gene expression of IDH1R132H was already 

observed in U-87MG cells (Xu et al., 2011). However, it is also possible that an IDHR132H-induced 

alteration of the cellular metabolome influences HIF-1α transcriptional activity. IDH mutant gliomas 

compensate their altered flux of α-KG to unusually high amounts of D-2-HG by substantial metabolic 

changes (Reitman et al., 2011; Izquierdo-Garcia et al., 2015; Ohka et al., 2014). For example, PHDs 

are inhibited in the presence of succinate or fumarate, leading to the hypothesis that HIF-1α is 

involved in the metabolic changes of IDH1 mutant gliomas (Isaacs et al., 2005; Selak et al., 2005). 

Moreover, the D-2-HG synthesis catalyzed by the mutated IDH1 enzyme is limited by the 

concentrations of α-KG and NADPH. Therefore, also glutamine availability may influence D-2-HG 

synthesis and HIF-1α accumulation as IDH1
R132H

 cells utilize the reductive glutamine metabolism for 

restocking of α-KG (Metallo et al., 2011; Wise et al., 2011). Thus, increased gene expression of 

HIF-1α is more likely a mechanism to adapt to the IDH1R132H-specific metabolism, possibly 

dose-dependent of unknown metabolites (e.g. α-KG, glutamine, glutamate or metabolites of the citric 

acid cycle), rather than to constitutively accumulate in IDH1 mutated gliomas. The presence of a 

permanently increased HIF-1α protein level is also unlikely, because IDH mutated gliomas are 

generally not ‘‘angiogenic’’ as would be expected for tumors with dysregulated HIF-1α (Reitman et 

al., 2010; Jin et al., 2011). In addition, immunohistochemical staining of WHO grade II and III 

gliomas revealed that the gene expression of HIF-1α, CAIX and GLUT-1 was independent of the 

genetic status of IDH1 (Metellus et al., 2011). 

Furthermore, it is possible that the HIF-1 pathway is not primarily regulated by mutated IDH1, but 

rather via elevated ROS and oxidative stress in these tumors. At high levels, ROS damage cell 

organelles, particularly the mitochondria, which are generators of and targets for reactive species 

(Murphy, 2009). Through autophagy cells coordinate their energy metabolism and availability of 

metabolites for normal macromolecule biosynthesis, which are necessary for vital processes (Kroemer 

et al., 2010; Filomeni et al., 2015). Autophagy is activated by oxidative stress, oxidative damage and 
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carbon source availability, such as amino acids and glucose (Filomeni et al., 2015). Here, the amino 

acid glutamine serves as a main signal for activation of the process (Cohen and Hall, 2009; Nicklin et 

al., 2009). Moreover, HIF-1α-dependent gene expression of BNIP3/BNIP3L is a key mechanism in the 

activation of hypoxia-induced autophagy (Bellot et al., 2009; Dodson et al., 2013). Based on the 

aforementioned correlations, HIF-1 might be involved in activating autophagy in IDH1 mutated cells 

by elevated ROS generation resulting in oxidative stress as well as by decreased amounts of 

glutamine. In this context, further analyses of HIF-1α gene expression in IDH1
R132H

-expressing 

U-251MG, U-343MG and LN-229 cells over extended periods of time, investigations of autophagy 

activation or quantitative analyses of metabolites such as α-KG, glutamine, D-2-HG, succinate and 

fumarate may help to better understand the role of HIF-1α in IDH1 mutant gliomas. If accumulation of 

HIF-1α occurs at specific stages of tumorigenesis in the course of adaptation to metabolic alterations 

or elevated oxidative stress, HIF inhibition may provide a narrower therapeutic window in the 

treatment of IDH1 mutant glioma. Hence, further work is required to elucidate the relationship 

between mutant IDH1 and the actions of HIF-1α in gliomas. 
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6 Summary and outlook 

Malignant gliomas, the most common subtype of primary brain tumors, are aggressive, invasive and 

exhibit intratumoral hypoxia. Despite multimodal treatment options, comprising surgery, radiotherapy 

and chemotherapy, high-grade gliomas still remain incurable. Due to their heterogeneity and various 

mutual signatures, the chances for establishing a universal standard treatment of these tumors are 

limited. In this context, the identification and validation of molecular markers appear to be promising 

approaches for a clear stratification of patients with malignant gliomas. In addition, molecular markers 

represent a useful tool for the understanding of cancer biology and the development of tailored 

therapeutic options. Furthermore, such biomarkers permit a subclassification of malignant gliomas, 

which makes it possible to differentiate between patients with higher risk for toxicity and those who 

may benefit from a particular treatment. In high-grade gliomas the transcription factor HIF-1α, a key 

mediator of the cellular response to hypoxia, is associated with poor patient outcome, disease 

progression, an aggressive cancer phenotype and resistance to therapy. Hence, several studies have 

highlighted HIF-1α as a potential target for the development of novel strategies to treat malignant 

gliomas. In addition, IDH1 mutations have also been successfully linked to prognostic information and 

thus proposed as genetic markers for glioma classification. IDH mutations occur in the vast majority 

of grade II and grade III gliomas as well as secondary glioblastomas, where they seem to predispose a 

particular path for oncogenic progression resulting in an increased progression-free and overall 

survival of affected patients, irrespective of tumor malignancy. Based on this knowledge, one aim of 

the present thesis was to investigate the effect of HIF-1α inhibition via siRNA or CTM as well as the 

effect of an IDH1 mutation on cellular behavior and response to radiation of different malignant 

glioma cell lines under normoxic and hypoxic conditions. 

Targeting HIF-1α via specific siRNA or CTM effectively reduced the gene expression or 

transcriptional activity of HIF-1α and further decreased the gene expression of its target CA9/CAIX in 

U-251MG and U-343MG cells in normoxia and hypoxia, respectively. Although siRNA and CTM 

inhibit HIF-1α through two rather different mechanisms, both induced apoptosis and attenuated the 

radioresistance of malignant glioma cell lines U-251MG (DMF10: 1.35 and 1.18) and U-343MG 

(DMF10: 1.78 and 1.48) under hypoxic conditions. In contrast, under normoxic conditions siRNA and 

CTM showed diverse effects on induction of apoptosis and radiosensitivity of U-251MG (DMF10: 

0.86 and 1.35) and U-343MG (DMF10: 1.33 and 1.02) cells. The results suggest that inhibition of 

HIF-1α is a promising strategy to sensitize hypoxic malignant gliomas to radiotherapy and that its 

target gene CA9 could serve as an indicator of effective HIF-1-related radiosensitization. 
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Reduction of the IDH1 gene expression via siRNA only increased the radiosensitivity of U-343MG 

cells under hypoxic conditions (hypoxia, U-251MG DMF10: 0.91; U-343MG DMF10: 1.63; LN-229 

DMF10: 1.02). In contrast, in normoxia no influence on the radiobiological behavior of U-251MG, 

U-343MG and LN-229 cells was observed (normoxia, U-251MG DMF10: 0.99; U-343MG DMF10: 

1.07; LN-229 DMF10: 0.98). This implies that the better outcome of patients with malignant gliomas 

is not caused by a reduced enzyme function of mutated IDH1 but by the gain-of-function activity of 

mutated IDH1 that leads to D-2-HG accumulation and consumption of α-KG as well as NADPH. 

Therefore, the gene expression of IDH1
R132H

 was carried out in stable transduced glioma cells to 

mimic the gain-of-function activity that catalyzes the conversion of α-KG into D-2-HG. The data 

revealed that gene expression of mutated IDH1 causes a reduced aggressiveness based on slightly 

decreased cell proliferation and plating efficiency, altered growth properties in 3D spheroid culture 

and significantly reduced cell migration as well as increased cell stiffness. Furthermore, gene 

expression of IDH1
R132H

 changed the response to radiation which resulted in elevated radiosensitivity 

(normoxia, U-251MG DMF10: 1.52; U-343MG DMF10: 1.78; LN-229 DMF10: 1.41 and hypoxia, 

U-251MG DMF10: 1.42; U-343MG DMF10: 1.75; LN-229 DMF10: 1.68), an accumulation of 

residual γH2AX foci and an increase of apoptosis. In addition, the effect of gene expression of 

mutated IDH1 on the cellular behavior and radiosensitivity was independent of the oxygen 

concentrations. The results emphasize the important role of mutant IDH1 in the response to radiation 

and are consistent with the clinical observation of improved prognosis and prolonged overall survival 

of patients harboring the mutation. 

Nevertheless, further studies have to be conducted in order to support the findings of this work. For 

example, analyzing the influence of IDH1 mutations on metabolite concentrations or enzyme activitiy 

as well as on DNA repair mechanisms would gain a better insight into the underlying effect of 

increased radiosensitivity. Additionally, the observed reduction of cell stiffness and invasiveness of 

IDH1 mutated gliomas should be elucidated in more detail in upcoming studies. Since IDH1 mutated 

tumors almost exclusively rely on glutaminolysis in hypoxia, the ability to enhance cell 

radiosensitivity by inhibition of this metabolic pathway could be another clinical benefit for patients 

with these tumors. Moreover, further work is required to fully elucidate the relationship between IDH1 

mutations, the subsequent D-2-HG accumulation and the actions of HIF-1α in gliomas as HIF 

inhibition can provide a therapeutic option in the treatment of IDH1 mutant gliomas. Finally, the 

findings of the present study should also be further evaluated using in vivo models as the clinical 

validity of the obtained in vitro results may be limited. 

In conclusion, detection of the genetic status of IDH1 before radiotherapy might help to identify 

patients with a radioresistant IDH1 wild type glioma who should receive more aggressive treatments 

than patients with IDH1 mutant glioma. Furthermore, continuing characterization of mutations of the 
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IDH enzymes and their relationship to HIF-1α will help to gain deeper insight into the understanding 

of tumorigenesis of malignant gliomas. This will facilitate the development of new biomarkers to 

allow early cancer diagnosis and opens new opportunities for treatment of these tumors. 
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8 APPENDIX 

 Supplementary material 8.1
 

8.1.1 Immunofluorescence staining of IDH1
wt

 and IDH1
R132H

 protein expression patterns in 

stably transduced U-343MG cells 

 
Figure 8.1. Immunofluorescence staining of transduced U-343MG glioma cells stably expressed IDH1

wt
 or 

IDH1
R312H

 protein. Representative immunofluorescence staining of IDH1
wt 

and IDH1
R132H

 protein in U-343MG 

cells using anti-IDH1 and anti-IDH1R132H antibodies. Stable cell lines showed a diffuse cytoplasmic 

distribution of IDH1
wt

 or IDH1
R132H

 protein. Immunofluorescence staining was achieved 24 h after seeding. Cell 

nuclei were counterstained with DAPI. n=3 independent experiments; scale bar=100 µm. UT: untreated cells, 

pLVX: cells stably transduced with empty vector, pLVX IDH1
wt

: cells overexpressing IDH1
wt

, 

pLVX IDH1
R132H

: cells overexpressing IDH1
R132H

. 
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Figure 8.2. Immunofluorescence staining of transduced LN-229 glioma cells stably expressed IDH1

wt
 or 

IDH1
R312H

 protein. Representative immunofluorescence staining of IDH1
wt 

and IDH1
R132H

 protein in LN-229 

cells using anti-IDH1 and anti-IDH1R132H antibodies. Stable cell lines showed a diffuse cytoplasmic 

distribution of IDH1
wt

 or IDH1
R132H

 protein. Immunofluorescence staining was achieved 24 h after seeding. Cell 

nuclei were counterstained with DAPI. n=3 independent experiments; scale bar=100 µm. UT: untreated cells, 

pLVX: cells stably transduced with empty vector, pLVX IDH1
wt

: cells overexpressing IDH1
wt

, 

pLVX IDH1
R132H

: cells overexpressing IDH1
R132H

. 
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8.1.2 Evaluation of HIF-1α and CAIX expression by immunohistochemical staining 

Immunohistochemical staining of IDH1
R132H

, HIF-1α and CAIX protein expression patterns, in stably 

transduced U-251MG, U-343MG and LN-229 cells (Figure 8.3 Figure 8.4 Figure 8.5). IDH1
R132H

-, 

HIF-1α- and CAIX scoring results of the investigated cell lines are listed in Table 8.1. 

Table 8.1. IDH1
R132H

, HIF-1α and CAIX protein expression in stably transduced glioma cells. HIF-1α 

score: 0, no staining; 1, nuclear staining in 1–10 % of cells and/or with weak cytoplasmic staining; 2, nuclear 

staining in 11–50 % of cells and/or with distinct cytoplasmic staining; 3, nuclear staining in more than 50 % of 

cells and/or with distinct cytoplasmic staining; 4, nuclear staining in more than 50 % of cells and/or with strong 

cytoplasmic staining. IDH1
R132H

 and CAIX score: 0, no cells stained; 1, less than 10 % of cells stained; 2, 

11-50 % of cells stained; 3, more than 50 % of cells show a distinct staining; 4, more than 50 % of cells show a 

strong staining. 

IDH1
R132H

 protein expression in stably transduced U-251MG, U-343MG and LN-229 cells 

Cells     conditions UT pLVX IDH1
wt

 IDH1
R132H

 

U-251MG normoxia 0 0 0 4 

U-251MG hypoxia 0 0 0 4 

U-343MG normoxia 0 0 0 4 

U-343MG hypoxia 0 0 0 4 

LN-229 normoxia 0 0 0 4 

LN-229 hypoxia 0 0 0 4 

HIF-1α protein expression in stably transduced U-251MG, U-343MG and LN-229 cells 

Cells     conditions UT pLVX IDH1
wt

 IDH1
R132H

 

U-251MG normoxia 0 0 0 3 

U-251MG hypoxia 3 3 3 4 

U-343MG normoxia 0 0 0 2 

U-343MG hypoxia 1 1 1 2 

LN-229 normoxia 0 0 0 0 

LN-229 hypoxia 3 3 3 2 

CAIX protein expression in stably transduced U-251MG, U-343MG and LN-229 cells 

Cells     conditions UT pLVX IDH1
wt

 IDH1
R132H

 

U-251MG normoxia 3 3 3 4 

U-251MG hypoxia 3 3 3 4 

U-343MG normoxia 2 2 2 3 

U-343MG hypoxia 3 3 3 4 

LN-229 normoxia 4 4 4 3 

LN-229 hypoxia 4 4 4 2 
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Figure 8.3. Effect of IDH1
R132H

 gene expression on HIF-1α and CAIX gene expression in U-251MG cells. 

Representative immunohistochemical staining of IDH1
R132H

, HIF-1α and CAIX protein in stably transduced 

U-251MG cells under normoxic (a, 21 % O2) and hypoxic (b, <0.1 % O2) conditions. Cell nuclei were 

counterstained with 20 % hematoxylin. n=3 independent experiments; scale bar=100 µm. UT: untreated, pLVX: 

cells stably transduced with empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: 

IDH1
R132H

-expressing cells. 
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Figure 8.4. Effect of IDH1
R132H

 gene expression on HIF-1α and CAIX gene expression in U-343MG cells. 

Representative immunohistochemical staining of IDH1
R132H

, HIF-1α and CAIX protein in stably transduced 

U-343MG cells under normoxic (a, 21 % O2) and hypoxic (b, <0.1 % O2) conditions. Cell nuclei were 

counterstained with 20 % hematoxylin. n=3 independent experiments; scale bar=100 µm. UT: untreated, pLVX: 

cells stably transduced with empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: 

IDH1
R132H

-expressing cells. 
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Figure 8.5. Effect of IDH1
R132H

 gene expression on HIF-1α and CAIX gene expression in LN-229 cells. 

Representative immunohistochemical staining of IDH1
R132H

, HIF-1α and CAIX protein in stably transduced 

LN-229 cells under normoxic (a, 21 % O2) and hypoxic (b, <0.1 % O2) conditions. Cell nuclei were 

counterstained with 20 % hematoxylin. n=3 independent experiments; scale bar=100 µm. UT: untreated, pLVX: 

cells stably transduced with empty vector, pLVX IDH1
wt

: IDH1
wt

-expressing cells, pLVX IDH1
R132H

: 

IDH1
R132H

-expressing cells. 
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