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1. INTRODUCTION 

 

1.1. Cancer and Glioblastoma 
 

1.1.1. A brief introduction on cancer 
 

Cancer is thought to arise from cells which have acquired, through the sequential 

accumulation of mutations (such as amplifications or activation of proto-oncogenes as well 

as deletions or deactivation of tumour-suppressor genes), an anarchic state. Resorting to 

embryonic signalling pathways, these transformed cells often undergo uncontrolled cell 

division and have a high survival potential. They invade intact tissues and spread regardless 

of the organ of origin that they developed in. Hanahan and Weinberg have proposed 

hallmarks characterizing neoplastic diseases [34]: (1) sustained proliferative signalling, (2) 

evading growth suppression, (3) resistance to cell death, (4) replicative immortality, (5) 

angiogenesis, (6) invasion and metastasis, (7) genomic instability, (8) abnormal metabolism 

(i.e. “Warburg effect”, cancer cells preferentially provide energy through anaerobic 

glycolysis), (9) avoidance of immune destruction and (10) tumour inflammation. These 

hallmarks have been proposed as tumour initiating, promoting, and maintaining 

mechanisms. The role of the tumour promoting microenvironment especially highlights that 

cancer is not just a disease of mutations, but rather involves a complex ecosystem, with 

victims and accomplices, and obeys Darwinian principles [80,102].   

The pillars of cancer therapy include surgical tumour resection and chemo- and/or 

radiotherapy, which aim to induce cellular damage to trigger tumour cell death and growth 

retardation [102]. Over the last twenty years, the identification of pathways driving 

oncogenesis has opened new therapeutic avenues for targeted therapies, starting with 

Gleevec in the early 2000s [84].  Yet, the enthusiasm that the survival of the majority of 

patients could be significantly increased has faded somewhat with evidence of genetic 

tumour heterogeneity. This is a major obstacle to increasing survival because of clonal 

selection of cells after therapy which were inherently resistant or have been induced to be 

resistant to treatments  [23].  
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1.1.2. Glioblastoma – epidemiology and clinical presentation 
 

Glioblastoma (GB), formerly known as Glioblastoma multiforme (GBM), is the most 

common primary brain tumour in adults. It is fortunately relatively infrequent, with an age 

adjusted incidence ranging from 0.59 to 3.69 per 100.000 [65]. It is also one of the most 

lethal and devastating malignancies, strongly impairing the patients´ quality of life through 

neurological deterioration. With the current standard of care, the median survival in GB 

patients is approximately 14 months [36,81].  

GB can be classified into primary and secondary tumours. While the primary GB arises 

within a few weeks and typically occurs in the fifth decade of life, the secondary tumour 

develops over several years from a grade II or III astrocytoma and usually occurs in younger 

adults [28,111].  Common clinical manifestations are focal neurologic deficits, sometimes 

occurring intermittently such as focal or generalised epileptic seizures, headaches and 

changes in behaviour [36]. The lesion can be accurately visualized in gadolinium magnetic 

resonance imaging, where a heterogeneously gadolinium enhanced lesion composed of a 

necrotic bulk surrounded by a sharp circular contrast enhanced line can be seen. A multifocal 

manifestation is rare but also possible. A large peritumoral white mater oedema typically 

occurs beyond the contrast line and is often related to the clinical manifestations. Thus, 

corticosteroids can rapidly reduce the oedema and the symptoms [36].  

With exception of ionising radiation and few monogenetic disorders (such as Li-Fraumeni-

syndrome, which is due to a heterozygous deletion of the tumour suppressor p53), no risk 

factors have been identified [65]. The mechanisms of tumorigenesis in GB remains a matter 

of debate, whether arising from a mutated neural stem cell or a mutated dedifferentiated 

mature astrocyte.  

 

1.1.3. Cancer stem cells, dedifferentiation and intertumoral heterogeneity 
 

The term of cancer stem cell (CSC) has been used to describe different entities. However, 

the initial concept describing a treatment-resistant cell clone harbouring stemness markers 

became rather controversial [71]. A stem cell per se is a more or less pluripotent precursor 

cell whose progeny can give rise to different tissues. Stem cells have self-renewal capacities 

and are able of both symmetric and asymmetric cell division (i.e. one daughter cell 
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differentiates into progeny while the other keeps the “stemness” character). Stem cell 

differentiation into a defined progeny is a process which is tightly controlled by growth 

factors. This differentiation occurs physiologically during embryogenesis, in homeostasis or 

after trauma.  

Two different entities of CSCs have been distinguished [70,71]: the cell of origin (also called 

the tumour-initiating cell) and the tumour-maintaining cell. The cell of origin is that cell 

which becomes malignant through clonal evolution and gives rise to a tumour.  The tumour-

maintaining cell expresses stemness markers and is able of self-renew. Importantly, the 

tumour-maintaining cell is not necessarily the tumour-initiating cell. For a long time, it was 

speculated that these tumour-maintaining stem-like cells cause relapse, as they can be 

quiescent or dispose of a more efficient DNA-repair system [4], making them less vulnerable 

to radio- or chemotherapy than their more differentiated counterparts. In GB, while the cell 

of origin remains a matter of debate, reports on intratumoral plasticity (i.e. dedifferentiation) 

are challenging the exclusivity of “the” tumour-maintaining cell [71].  

GB-like tumours have been generated in genetic engineered mouse models (GEMMs) 

through the lentiviral activation of proto-oncogenes (such as Ras, which is rarely directly 

altered in GB) or suppression of tumour suppressor genes (such as p53) in adult neural stem 

cells located in the subventricular zone [111]. In consequence, many authors argued that the 

cell of origin requires a “stemness” phenotype. Alternatively, dedifferentiation of mature 

astrocytes (through c-MYC proto-oncogene overexpression) was proposed to generate GB-

like tumours in mouse models [52], indicating that the cell of origin must not harbour a 

“stemness” character. Both hypothesises maybe valid and explain the heterogenous gene 

expression landscape in GB. However, these tumour models were generated as monogenic 

disorders, which is not in line with the model of clonal evolution involving many genetic 

changes.  

Dedifferentiation has been observed in cell culture and xenografts and challenges the stem-

like tumour-maintaining cell. Tumours derived from patients can be cultured in serum-free 

medium supplemented with growth factors EGF, FGF and B27 (i.e. mimicking the stem cell 

niche). These cells express the “stemness” marker nestin and generate GB-like tumours in 

immunosuppressed mice, which has been attributed to their self-renewal capacity. In vitro 

differentiation of these cells through serum supplementation gives rise to tumour bulk cells 

expressing the glial progeny marker glial fibrillary acidic protein (GFAP). Nevertheless, 

these cells can revert to their “stemness” phenotype through re-supplementation of growth 
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factors and serum withdrawal. Moreover, differentiated cells have shown to be as pro-

tumorigenic in mice as stem-like-cells [71]. This suggests that, at least in GB, every tumour 

cell is a potential cell of tumour maintenance. The role of these stem-like cells was further 

questioned in a recent study showing that  therapy response is rather patient specific than 

being dependent on the presence of stemness markers [25], highlighting the incredible 

intertumoral heterogeneity of these tumours. For simplicity, since differentiated cells display 

as much tumorigenicity and plasticity as the cells they originate from [71], I will work with 

the differentiated population.  

 

1.1.4. Key genetic alterations and intratumoral heterogeneity 
 

The genetic pattern of primary GB differs from secondary GB, and despite a comparable 

histology, both are thought to be distinct diseases [28]. Thus, primary GB displays 

amplifications of EGFR (epithelial growth factor receptor) while PDGFR (platelet-derived 

growth factor receptor) is associated with secondary tumours. Further alterations in primary 

GB include PI3K overexpression, deletions of PTEN, deletions of CDKN2A (regulating S-

phase entry in the cell cycle), deletion of NF1 (the counter-regulator of RAS, upstream of 

the alternative PI3K signalling pathway named mitogen-activated protein kinase pathway) 

and deletion of the tumour suppressor p53 [47,93]. While the frequency of these mutations 

is highly study-dependent [47], the TCGA provides a large transcriptomic analysis of many 

tumour samples [93] and allows the classification of GB into four subgroups [93,97]. They 

are named classical, neural, proneural and mesenchymal groups in accordance to their 

common gene signatures with the respective neural cells and their precursors (neural 

precursors, mature neurons, oligodendrocyte and their precursor or microglia). Intriguingly, 

the proneural subtype shares a common gene signature with secondary GB and their 

precursors tumours, and is thought to arise from an oligodendrocyte precursor cell [28]. The 

secondary and the proneural GB are often IDH-mutated, which is associated with an 

increased median survival (which may be due to different metabolism (i.e. in the “Krebs-

cycle”)) [106]. Taken together, the mutational patterns are not exclusive to a particular 

subtype and a gene typically expressed in one subtype can be found in another one too. 

Logically, the transcripts of the most dominant clones in the analysed sample are 

predominant while the gene expression of non-dominant subclones is less or is not 

represented. Depending on the localisation of the biopsy taken from the tumour, and 



Introduction 

5 
 

consequently on its microenvironment, a mosaic distribution of tyrosine-kinase receptors 

(some cells express EGFR while others express PDGFR and a third type expresses both) has 

been identified in a single tumour [77] and highlights the incredible intratumoral 

heterogeneity. Thus, the different subgroups may coexist in one tumour [77,93].  

GB harbours high adaptive capabilities either through clonal evolution (i.e. environmental 

pressure through therapy or other condition such as hypoxia) or through cellular plasticity 

resembling the epithelial to mesenchymal (EMT) transition (i.e. classical to mesenchymal 

subtype transition). The latter  maybe positively regulated by NF-κB [97]. Recurrent GB 

mostly expresses mesenchymal genes arguing for a therapy-induced type of EMT or a clonal 

selection of mesenchymal cells. However, therapy may accentuate local inflammation with 

[97] attraction of macrophages and a putative paracrine pro-tumorigenic secretion [56,80]. 

Independent of the subtype classification, there are several signalling pathways which play 

a crucial role within the GB cell network and should be considered as putative targets. 

 

1.1.5. Overview of key survival pathways in GB 
 

The PI3K signalling pathway 

This pathway has gained particular interest in the era of targeted therapies in many cancers 

[55]. In GB, 90% of tumours harbour an overactivated PI3K signalling [47]. The 

upregulation of its downstream targets mammalian target of rapamycin (mTOR) and the 

ribosomal protein S6, both regulating the protein translation, correlate highly with prognosis 

(high activity being associated with a poor prognosis) while the activity of the upstream 

players such as PI3K do not [101]. The PI3K signalling pathway has been described to 

sustain proliferation, inhibit apoptosis (through interactions with Bcl-2 protein family and 

the induction of the p53-stabilizing MDM2 protein) and to enhance cell motility and 

adhesion [98].   

As shown in Fig. 1, this signalling pathway is initiated by growth factors binding to their 

respective receptors, such as the epithelial growth factor receptor (EGFR) and platelet-

derived growth factor (PDGFR), both being tyrosine kinase receptors (RTK) commonly 

genetically altered in GB. PI3K, a heterodimer kinase composed of catalytic and a regulatory 

subunit, phosphorylates PIP2 to PIP3, which provides the phosphate for Akt phosphorylation 

through the membrane bound kinase PDK1 at its Thr308-site. A second phosphorylation site 
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(Ser473) functions as booster to Akt kinase activity and is mediated by the mTOR complex 

2 (composed of mTOR and the Rapamycin insensitive companion of mTOR RICTOR). 

Activated Akt inhibits the tuberous complex 1 and 2, which disinhibits the GTP-ase RHEB. 

RHEB activates the mTOR complex 1 (Rapamycin sensitive mTORC1), which 

phosphorylates the proteins S6 and E4BP1 (to release the eiF4). pS6 and eiF4 regulate the 

translation of many proliferation-sustaining targets, such as cell cycle proteins.  

The direct counter-regulator of PI3K is the phosphatase and tensin homolog (PTEN), which 

dephosphorylates PIP3 to PIP2, and is commonly mutated in GB [47,55]. Also, PI3K 

influences the DNA repair machinery through mutual interaction of DNA-PK and Akt 

[10,89]. DNA-PK, as well as the other DNA-repair proteins ATM and ATR, belongs to the 

PI3K protein family. Recent findings have highlighted a role for the PI3K signalling pathway 

in proliferation and cellular motility, but its chemical inhibition did surprisingly not provide 

any chemo- or radiosensitisation in GB cells [51,79].  

Activated Akt further induces NF-κB nuclear translocation through induction IκB-kinase 

(IκK) [55]. The NF-κB pathway is constitutively active in more than 90% of all GB [47].  
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Fig. 1 – Overview of the PI3K-signalling pathway. PI3K/Akt is the junction between growth factor receptors 

and the cell cycle regulator proteins through the Akt-downstream proteins mTOR and S6. Of note, Akt and 

DNA-PK reciprocally stimulate each other to upregulate the DNA repair machinery while Akt is thought to 

provide resistance to apoptosis via modulation of the p53 Inhibitor MDM2 and the proapoptotic Bcl-2 proteins 

(Bax, Bim, Bad). Furthermore, activated Akt can induce nuclear NF-κB-translocation. Figure from [102] with 

the kind permission of Dr. M-A. Westhoff.  
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The NF-κB signalling pathway 

NF-κB is a double-edge sword and harbours pro- and anti-apoptotic functions [8,44,47]. 

However, NF-κB is shown to particularly contribute to the highly invasive phenotype of GB. 

The current data suggests that micrometastases, which are thought to contribute to tumour 

recurrence and neurological deterioration, evade the primary tumour by forming their own 

fibronectin-matrix and highly rely on NF-κB dependent cell adhesion [99]. Furthermore, 

modulation of cell adhesion has been reported to alter radiation resistance in cancer cells 

[16,98]. 

The NF-κB protein family is composed of the NF-κB proteins p105 and p100, which can be 

cleaved respectively to their nuclear active forms p50 and p52, and of the Rel proteins (c-

Rel, RelA (p65) and RelB). Together (all sorts of combinations being possible), they 

dimerize and are further processed to enter the nucleus and act as transcription factors for 

thousands of genes [30].  

In the canonical activation pathway, the extrinsic stimulation through the tumour necrosis 

factor receptor (TNFR) or the toll-like receptor (TLR) activates IκB-kinase IKK (composed 

of the catalytic subunits α an β and their regulatory counterparts NEMO). The NF-κB 

proteins (Rel A and p50) are sequestrated by the inhibitor of κB (IκB) in the cytoplasm. 

Activated IKK phosphorylates IκB to induce its proteasomal degradation and allow NF-κB 

and Rel proteins to dimerize and enter the nucleus. The alternative pathway is implicated in 

the development of the immune system. Downstream of the membrane receptor is the NF-

κB inducing kinase (NIK), which activates an IKK variant composed of two catalytic α-

subunits without NEMO. Rel B and p100 form a dimer in the cytosol and IKK variant 

phosphorylates p100, which contains the IκB protein sequence, inducing its degradation and 

enabling nuclear translocation of the dimer.  
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1.2. Treating GB – what are we trying to do? 

 

1.2.1. Standard therapy for GB 
 

The current standard of care for GB was established in 2005 by Stupp et al. [81]. The tumour 

should be resected as much as possible, while avoiding relevant brain areas in order to 

minimize postoperative deficits. Thus, if the localisation makes a resection impossible, a 

biopsy is required to confirm the diagnosis [36]. After surgery, radiotherapy is delivered five 

days a week (sparing Saturdays and Sundays) for six weeks. Patients receive daily fractions 

of 2Gy and concomitant daily Temozolomide (TMZ). This radiochemotherapy is followed 

by 6 cycles of a five-day TMZ course every 28 days. Temozolomide is a prodrug [27] and 

converts at physiological pH non-enzymatically to MTIC (5-(3-methyltriazen-1-

yl)imidazole-4carboximide). The further chemical breakdown of MTIC leads to methylation 

of DNA bases, thereby inducing DNA damage, which triggers cell death and growth arrest. 

TMZ displays a very good safety profile, the most common side effect being a slight and 

rapidly reversible myelosuppression [27]. Its oral bioavailability reaches 100% and TMZ 

has been shown to penetrate the intact blood brain barrier (BBB). Yet, many resistance 

mechanisms, such as DNA repair, have been described, the most relevant being the enzyme 

O6-methylguanine-methyltransferase (MGMT). Indeed, TMZs efficacy depends on the 

epigenetic silencing of the gene coding for MGMT through its promoter methylation. 

Patients with silenced MGMT-gene show a better response toward standard treatment (i.e. 

less DNA-repair being possible). However, even when the MGMT promoter remains 

unmethylated, adding TMZ to radiotherapy still ameliorates outcome [39].  

 

1.2.2. Physical effects of ionising radiation 
 

Radiotherapy has been standard cancer treatment since the discovery of X-rays in 1895 by 

Röntgen.  For over 50 years, it has been routinely used in cancer treatment. The improvement 

of radiologic imaging in the 1970s has allowed its more precise delivery [13].  

Ionising radiation (IR) describes a deposition of energy leading to the removal of electrons 

from atoms (i.e. it “ionises” them) and can be divided into electromagnetic radiation such as 
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γ- and X-rays and particle radiation such as protons and electrons (respectively α- and β-IR). 

Both originate from particles released during radioactive decay or through particle 

acceleration (e.g. in an X-ray tube). While charged particles (i.e. protons or electrons) 

remove electrons from other atoms through the electrostatic effect, the deposition of energy 

transported by high-energy photons (γ- or X-ray) is named Compton scattering (i.e. the 

photons transport and transfer the energy released during the radioactive decay).  

Ionisation causes molecular instability through the rupture of chemical bonds. The effects of 

IR result in direct protein, nucleic acid (especially DNA) and lipid (such as membranes) 

damage, which is mostly seen in high-LET IR such as α- or β-IR [13]. However, α- and β-

IR have a low penetration depth and are therefore not usable for external beam radiation. In 

contrast, γ-IR (used in external radiotherapy) mainly induces indirect cellular damage 

through radiolysis of cellular water and the consecutive generation of ROS [3]. ROS oxidizes 

nucleotides and mostly leads to DNA-single strand breaks (SSBs) and sometimes to double 

strand breaks (DSB). It is accepted that a large fraction of γ-IR-induced DSBs results from 

opposite SSBs [13]. While the initial ROS resolves rapidly, irradiated cells display higher 

amounts of oxidative stress with a peak 24h after IR, and even the progeny of irradiated cells 

display higher ROS-levels. These long term effects have been related to IR-induced 

mitochondrial dysfunction [3,108].  

 

1.2.3. DNA-damage response and DNA-repair machinery after γ-IR 
 

The DNA-damage response 

DNA double strand breaks (DSBs) are the most relevant and critical form of cellular damage 

occurring after IR. They are sensed by the MRN protein complex (MRE11-RAD50-NBS1), 

which recruits the PI3K-proteins ATM and ATR [5]. Both initiate chromatin 

decondensation- and modifications such as H2AX phosphorylation (a precious tool to 

monitor the DNA-repair dynamics [54]) and further amplify the damage response to prepare 

the DNA-repair [66]. ATM and ATR further target (through BRCA1) the kinases Chk1 and 

Chk2 to induce a rapid cell cycle arrest through the accelerated proteolysis of Cdc25A, which 

is required for cyclins and cyclin-dependent kinases (CDKs) to ensure cell cycle progression. 

In parallel, p53 transcription is stimulated by ATM, Chk1 and Chk2 and leads to increased 

p21 protein levels. p21 inhibits RB phosphorylation, which is required for the release of E2F 
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from RB. E2F initiates the transcription of S-phase genes and thus, following an increase of 

p21, cells arrest before entering S phase. p21, together with other proteins, contributes to a 

G2 arrest through the export of nuclear cyclin B1 and Cdc2 into cytoplasm. The cell cycle 

arrest is crucial to provide time for the repair of DNA [91].  

 

The repair of DNA-DSBs 

The repair of DNA-DSBs can occur in two ways depending on the cell cycle phase. Non-

homologous end joining (NHEJ) is the main pathway in DSB repair, where DNA-ends are 

“cleaned up and sticked together” [6,13]. It is a rapid mechanism, that can take place at any 

time of the cell cycle. NEHJ is initiated by the binding of the DSB sensors Ku70/80, which 

recruit XRCC4 and DNA-PK at the DSB-site. DNA-PK attracts the endonuclease Artemis 

to “clean up the dirty ends” and form complementary sequences, while XRCC4 bridges the 

DNA ends for ligation by ligase IV. The loss of several bases is common and therefore, 

NHEJ is an error prone mechanism [13].  

In contrast, HR replaces the whole sequence using the sister chromatid as a template [82]. 

This can only take place in the late S- and G2-phases of the cell cycle. The MRN protein 

complex cleaves the 5’ends of the DNA through its endonuclease activity. Replication 

protein A (RPA) binds the 3’ends and recruits Rad51 (also a common marker for HR in 

immunofluorescence microscopy [6]), which searches for the sister chromatid. Once found, 

the strands of the intact DNA are separated from each other forming a loop and allowing the 

Rad51 3’ DNA ends to invade the complementary strand. The DNA polymerase synthesizes 

the missing strand. The repaired strand can be either ligated to the complementary strand 

that served as a template or transferred back to the broken complementary strand, which will 

be repaired with the use of the newly synthesised strand [82]. Unrepaired DNA damage can 

lead to apoptosis, senescence or a mitotic catastrophe [91]. 

 

1.2.4. Apoptosis, senescence, and mitotic catastrophe 
 

Apoptosis 

The nomenclature of cell death has evolved from a morphological approach to a concise 

molecular description, leading to appearance of numerous forms of “programmed” cell death 
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[29,48], apoptosis being the best known and characterized. Apoptosis was first described in 

the 1970s as a morphological form of cell death distinct from necrosis. The apoptotic cell 

typically shrinks and rounds up while the chromatin condenses and is cleaved to inter-

nucleosomal fragments. In contrast, necrosis is characterized by cell and organelle swelling 

with early plasma membrane breakdown [48]. Recently, several forms of programmed cell 

death (PCD) harbouring a necrotic morphology have been identified [29]. Apoptosis requires 

energy and can be initiated in an intrinsic (mitochondrial) or extrinsic pathway. Autocrine 

or paracrine secretions activate this extrinsic pathway through ligand binding to cell death 

receptors, activating the intracellular cell death receptor complex. The latter induces caspase 

8 cleavage (a protease) which cleaves the executioner caspases (3, 6, 7) to active forms. The 

active caspases initiate key events such as phosphatidylserine-translocation (also used as a 

cytochemical marker for early apoptotic stages) into the outer plasma membrane layer to 

attract phagocytotic cells, that will “clear up” the cell debris. The executioner caspases 

further initiate the activation of endonucleases to allow fragmentation of the DNA (which 

can be detected by flow cytometry and identifies a late stage of apoptosis [62]). Also, caspase 

8 truncates the Bid protein to the pro-apoptotic t-Bid, which activates the mitochondrial 

pathway through direct interaction with the outer mitochondrial membrane (Bid being a pro-

apoptotic BH-3-domain-only protein of the Bcl-2 family) [102]. The intrinsic pathway of 

apoptosis (i.e. mitochondrial) can be further triggered by cellular stress (such as DNA 

damage, the unfolded protein response (UPR) with consecutive ER-stress, ROS) or by 

inducing p53 transcription and degradation of its antagonist MDM2. p53 initiates apoptosis 

through direct interaction with the Bcl-2 protein family. The proapoptotic Bcl-2 proteins 

have been proposed to form channels in the outer mitochondrial membrane, while the 

antiapoptotic proteins block the opening of these channels. If the proapoptotic Bcl-2 proteins 

are activated, the mitochondrial membrane potential is dissipated, and cytochrome c is 

released to the cytosol. This step is considered to be the point of no return for cell death [29] 

and cytochrome c forms, together with caspase 9, the ATP-dependent apoptosome, which 

cleaves the pro-forms of the executioner caspases into their active form.  

It appears that several cancers, among which is GB, are resistant to apoptosis after IR. Thus, 

alternative cellular responses such as senescence and mitotic catastrophe can be 

predominant.  
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Fig. 2 – Overview of the extrinsic and intrinsic apoptotic pathways. Apoptosis can be triggered extrinsically 

(A) through the death receptor or intrinsically (B) through mitochondria in response to diverse cellular stresses. 

The process is tightly regulated and results in the proteolysis of serine proteases named caspases, which activate 

endonucleases and further proteases for the breakdown of all cellular components. Among the regulators are 

the Bcl-2 proteins (not drawn), which modulate permeabilization of the mitochondrial outer membrane by 

forming channels. The release of cytochrome c through these channels into the cytoplasm is the point of no 

return and leads to activation of the executioner caspase 3, 6 and 7. Of note, caspase 8, which is activated 

through the death receptor, activates the mitochondrial apoptotic pathway too. Figure from [102] with the kind 

permission of Dr. M-A. Westhoff. 
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Senescence 

If the cell cycle arrest persists (in case of unrepairable DNA damage), the maintenance of 

cyclins and CDKs in the cytoplasm, which is mainly orchestrated by the p53-p21-RB axis, 

can induce cell senescence in both G1- and G2/M-phases of the cell cycle (see DNA damage 

response) [20,29,31]. Senescent cells have a flattened, enlarged morphology with an 

enlarged nucleus and a high level of vacuolization. The expression of lysosomal β-

galactosidase is strongly increased, and this is an important biomarker identifying senescent 

cells both in vitro and in vivo [29]. While senescent cells do not participate in the 

proliferative pool, and are metabolically active, they may play a major role through paracrine 

secretion of pro-tumorigenic cytokines and thereby induce further resistance to radiation 

[69]. On the other hand, these senescent cells can control therapy resistant clones (through 

cell-cell contacts) [102] and contribute to a successful “tumour chronification”.  

 

Mitotic catastrophe 

A highly relevant modality of cell death following IR is mitotic catastrophe [91]. It is 

suggested that the late tumour shrinkage observed clinically after IR is due to mitotic 

catastrophe, which is a delayed form of cell death [20]. The basis of mitotic catastrophe is 

the continuous cycling of the cell in the cell cycle with attempts of replication and mitosis 

despite an important amount of DNA-damage. The failure of cell cycle arrest occurs in p53 

and p21 mutant cells [40,96], but also in cells with defective cell cycle checkpoints or altered 

DNA repair [91], such as the DNA-PK axis [74]. The cells karyotype at late mitosis is often 

described as having been “massacred”, with numerous chromosomal breaks that lead to 

unequal chromosome segregation (cytokinesis failure). These cells are tetraploid and may 

either undergo mitotic death or re-enter the G1-phase of the next cycle (endocycle) and 

become octaploid after the following G2/M-phase.  Massively enlarged multi-nucleated cells 

result from this process. After several days, polyploid cells undergo either apoptosis, 

necrosis, senescence [20,91] or are eliminated by the immune system [72]. Thus, the 

experimental quantification of these polyploid cells is a conceivable readout for treatment 

efficacy.  
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1.3. Disulfiram in cancer treatment 
 

Disulfiram (Dis) has been used for decades for treating alcohol addiction by using the 

psychological principle of negative reinforcement. Dis inhibits the enzyme aldehyde 

dehydrogenase (ALDH), which leads to accumulation of acetaldehyde upon alcohol 

consumption. Acetaldehyde is suspected to bring about the typical hangover symptoms, 

which may induce a negative reinforcement related to alcohol intake, encouraging 

abstinence [42].  

Many anticancer mechanisms of Dis have been postulated. In cell culture and in vivo, Dis is 

rapidly cleaved into two molecules of Diethyldithiocarbamate (DDC), each of them 

possessing two sulfhydryl groups. Through these groups, two molecules of DDC can bind 

divalent metal such as Cu2+ and Zn2+. The Cu(DDC)2 complex has been described 

pharmacokinetically stable in culture medium and patient serum over several hours [76,85]. 

However, DDC per se (like Dis) is very unstable and is rapidly methylated or glucuronylated 

at its sulfhydryl group, becoming non-functional as a chelator [15,85].  

When orally administrated at a therapeutic dose of 250-500 mg, the attainable plasma 

concentration is approximately 1.36 µM [14]. Thus, studies using concentrations up to 1 µM 

Dis are likely to reflect the in vivo situation. Dis anticancer mechanisms for concentrations 

up to 1 µM unanimously rely on the presence of Cu2+ or Zn2+ [15,46,53,58,76,103,107]. In 

vivo treatment with Dis implicates Cu2+- [37] or Cu(DDC)2  and their preferential 

accumulation in xenografted tumours [76]. Cu(DDC)2 is thought to be the active anticancer 

metabolite in vivo and inhibits the p97-segregase by direct binding to its co-factor NPL4 

[76]. The p97 segregase is a key enzyme in protein degradation located at the proteasome´s 

upstream and extracts ubiquitinylated proteins from cellular compartments such as the 

endoplasmic reticulum (ER) and the Golgi apparatus. Protein accumulation leads to a heat-

shock-protein response and to ER stress with consecutive activation of the unfolded protein 

response (UPR). UPR is commonly seen in protein degradation deficiency induced by 

proteasome inhibitors and therefore, we may assume similar hierarchical downstream 

pathways arising from the Cu(DDC)2-induced ER-stress response, as previously described 

for proteasomal inhibition [26,109]. ER stress can result in ROS generation that triggers the 

JNK-p38 stress pathway, and this can activate intrinsic apoptosis [83]. Beside the JNK-

pathway, UPR can directly repress the expression of the antiapoptotic Bcl-2 proteins and 

thereby lower the apoptotic threshold  [53,107]. The cytosolic Ca2+ increase (from ER 
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leakage upon ER-stress) is a further trigger of mitochondrial apoptosis [83]. Of note, ROS-

scavengers are protective from cell death in proteasomal inhibition and Dis-treatment 

[14,26]. Thus, ROS seems to be a crucial mediator of the toxicity of Dis.  

While proteasomal inhibition is often highlighted in Dis-induced cell death, most 

experiments showing proteasomal inhibition through Dis are performed with concentrations 

of greater than 10 µM [17,18,37], and Skrott et al. found no evidence of proteasomal 

involvement at pharmacologically achievable Dis concentrations of up to 1 µM [76].  

Other mechanisms of Dis anticancer activity have also been reported such as NF-κB-

inhibition [99,107], the inhibition of epithelial to mesenchymal transition [35], the selective 

repression of the putative cancer stem cells expressing ALDH through ALDH-inhibition [53] 

(the intended target in the treatment of alcohol addiction) or induction of anoikis [46]. Dis 

combined with copper gluconate is currently being intensively investigated in clinical trials 

in GB as add-on to the standard therapy [63] and for patients with relapsed GB among eight 

other drugs which have shown anticancer activity in vitro against GB cells (CUSP9*) [45].  
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1.4. Aims of my work 
 

Most preclinical studies involving IR are performed under conditions with single and 

sometimes high dose IR delivery [8,21,22,49,75,92], which may not reflect the clinical 

treatment. Thus, I will investigate whether in vitro single dose radiation is a valid surrogate 

for clinical radiotherapy, which is applied in fractions, by comparing single with fractionated 

dose delivery using the endpoints of cell death, overall population growth and changes in 

cell cycle distribution. I will then further characterise the DNA-damage response dynamics 

in these two different treatment schemes through inhibition of a major DNA repair pathway. 

IR is thought to stimulate the migratory capabilities of surviving cells [104], possibly 

through the activation of NF-κB and EMT. Furthermore, cell adhesion (mediated, amongst 

other mechanisms, by NF-κB [99]) has been reported to influence survival after IR [16]. As 

Dis was reported to inhibit NF-κB and migration [99], it represents an ideal candidate to 

combine with radiotherapy. Thus, I will examine in a second part the effects of the 

combination treatment of Dis and IR on cell death, population growth, and cell cycle 

distribution using an in vitro model of fractionated IR. Before co-treatment of Dis and IR, I 

will characterize the in vitro toxicity of Dis to find a sublethal concentration that I will work 

with for the co-treatment. I will also investigate the dependency of unspecific co-factors in 

Dis-induced cell death, as the cytotoxicity of Dis has been reported to depend on the presence 

of Cu2+ or Zn2+ [15,46,53,58,76,103,107]. In a last step, I will attempt to shed light upon the 

role of NF-κB in IR-induced cell death and growth retardation, and in the combination 

treatment of Dis and IR.  
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2. MATERIALS AND METHODS 
 

2.1. Materials 

 

2.1.1. Chemicals and reagents 
 

Cell culture reagents 

DMEM high glucose, pyruvate  Life technologies, Paisley, UK 

DMEM/F12 (1:1)    Life technologies, Paisley, UK 

Fetal Calf Serum (FCS)   Life technologies, Grand Island, USA 

L-Glutamine 200 mM    Life technologies, Paisley, UK 

HEPES-Buffer 1M    Biochrom AG, Berlin, Germany 

PenStrep     Life technologies, Grand Island, USA 

(Penicillin 10.000 units/ml)                                 

(Streptomycin 10.000 µg/ml)   

Fungizone ® 250 µg/ml   Life technologies, Paisley, UK 

bFGF2 20 mM  Miltenyi Biotec, Bergisch Gladbach,  

Germany 

EGF 200 µg/ml Biomol GmbH, Hamburg, Germany 

B27 suppl. w/o Vitamin A   Life technologies, Grand Island, USA 

Trypsin 0.05% / EDTA 0.02%  Biochrom AG, Berlin, Germany  

Trypsin LE express    Life technologies, Grand Island, USA 

DMSO      Serva Electrophoresis, Heidelberg, Germany 

H2O (aqua ad injectable)   B. Braun, Melsungen, Germany 
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Ampuwa® irrigation solution  Fresenius Kabi, Bad Homburg, Germany 

 

Pharmacological reagents 

NU7026     Sigma-Aldrich, Steinheim, Germany 

NU7026     Selleck-Chem, Munich, Germany 

Tetraethylthiuram disulfide   Sigma-Aldrich, Steinheim, Germany 

TNF-α      Biochrom AG, Berlin 

 

2.1.2. Cell culture media composition 
 

Medium for U87 

DMEM 4,5 g/ml glucose, pyruvate, L-glutamine     500 ml 

PenStrep         1% 

FCS          10% 

 

Medium for Dif40/Dif35 primary cells 

DMEM 4,5 g/ml glucose, pyruvate, L-glutamine     500 ml 

PenStrep         1% 

Fungizone ® 250 µg/ml       2% 

FCS          15% 

L-glutamine 200 mM        1% 

HEPES-Buffer 1M        2,5% 

 

Medium for G40/G35 Stem-like cells 

DMEM/F12 (1:1) with L-glutamine, 15 mM Hepes    500 ml 
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PenStrep          1% 

Fungizone ® 250 µg/ml       2% 

EGF          20 µg/ml 

bFGF2          10 µg/ml  

B27 suppl. w/o Vitamin A        2% 

 

Growth factor supplemented medium was always freshly prepared before use. 

 

2.1.3. Cell lines and primary cells 
 

U87MG ATCC LGC Standard, Teddington, UK 

U87SR U87 expressing a non-degradable form of IκB-α through a retroviral vector 

leading to a constitutive sequestration of NF-κB-subunits in the cytoplasm 

[50]. 

U87SR-ev U87 expressing an empty retroviral vector used for U87SR 

G40/G35 Primary stem-like cells isolated from tumour sample through chemical and 

mechanical dissociation and cultivated in growth factor supplemented 

medium. Cells grow as spheres in suspension and express the glial stemness 

marker nestin [71]. 

Dif40/Dif35 G40/G35 cells cultured in serum supplemented medium allowing 

differentiation. Cells grow adherently and express the glial progeny marker 

GFAP [71]. 

 

The G40 and G35 tumours were kindly provided by the department of neurosurgery of the 

University Hospital Ulm after obtaining the patients´ informed written consent and the 

approval of the ethics committee (ethics committee application no. 162/10) at the medical 

faculty of the university of Ulm. 
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2.1.4. PI-staining of viable and dead cells for assessment of apoptosis and 

cell cycle distribution with FACS 
 

Propidium iodide     Sigma-Aldrich, Hamburg, Germany 

Triton X-100      Sigma-Aldrich, Hamburg, Germany 

Sodium-citrate-dihydrate    AppliChem, Darmstadt, Germany 

FACS clean      BD Bioscience, San José, USA 

FACS rinse      BD Bioscience, San José, USA 

FACS flow      BD Bioscience, San José, USA 

 

Nicoletti-buffer (stored protected from light at 4°C) 

Propidium iodide        50 µg/ml 

Triton X-100         0.4% 

Sodium citrate dihydrate       0.1% 

 

2.1.5. Determination of viable cell number with CASY® analysis 
 

CASYton solution     Roche, Mannheim, Germany 

CASYclean      Innovatis, Reutlingen, Germany 

 

2.1.6. Immunofluorescence microscopy 
 

Paraformaldehyde 37%     Pharmacy University Hospital 

Triton X-100      Sigma-Aldrich, Hamburg, Germany 

Dulbeccos PBS (1X)     Biochrom AG, Berlin, Germany 
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Vectashield® mounting medium Vector Laboratories, Burlingame, USA 

 

2.1.7. Antibodies  
 

Rabbit anti-NF-κB p65 C20     Santa Cruz Biotec, CA, USA 

Mouse anti-phospho-Histone H2AX (Ser139) Millipore, Temecula, CA, USA 

Goat anti-rabbit IgG FITC conjugated  Santa Cruz Biotec, CA, USA 

Goat anti-mouse IgG FITC conjugated  Millipore, Temecula, CA, USA  

     

2.1.8. Plasticware 
 

Tubes (15 ml, 50 ml)     Sarstedt, Nümbrecht, Germany 

Tissue culture flask T75 vented cap red  Sarstedt, Nümbrecht, Germany 

Tissue culture flask T75 vented cap green  Sarstedt, Nümbrecht, Germany 

Tissue culture flask 25ml, 12.5 cm²,   BD Falcon, Heidelberg, Germany 

blue plug seal cap 

8-Well chamber culture slides   BD Falcon, Heidelberg, Germany 

Cover slips (24x50 mm)    Menzel, Braunschweig, Germany    

Eppendorf tube 1.5 ml    Eppendorf AG, Hamburg, Germany 

Eppendorf tube 2 ml     Eppendorf AG, Hamburg, Germany 

Nunc® CryoTube® 1.5 ml Thermo Scientific, St-Leon-Rot,  

 Germany 

Cell strainer, pore size 70 µm   BD Falcon, Franklin Lakes, USA 

FACS tubes      Sarstedt, Nümbrecht, Germany 

CASY tubes      Roche, Mannheim, Germany 
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Serological pipettes 5, 10, 25 ml   Sarstedt, Nümbrecht, Germany  

Serological pipettes 2 ml    BD Falcon, Heidelberg, Germany  

Pipette tips      Sarstedt, Nümbrecht, Germany 

Combitips advanced® 5 ml    Eppendorf AG, Hamburg, Germany 

MicroTouch® nitrile gloves    Ansell, Staffordshire, UK 

Peha-soft® nitrile gloves    Hartmann, Heidenheim, Germany 

Desomedian®      Desomed AG, Freiburg, Germany 

Desomed Rapid AF     Desomed AG, Freiburg, Germany 

 

2.1.9. Equipment 
 

BD FACScalibur BD Biosciences, Heidelberg, 

 Germany 

CASY® 1 cell counter, Model DT   Innovatis, Reutlingen, Germany 

Incubator Hera cell Heraeus    Thermo, Schwerte, Germany 

Centrifuge Heraeus Varifuge Sepatech 3.0  Thermo, Schwerte, Germany 

Laminar flow hood Hera Safe KS Thermo, Langenselbold, Germany 

Waterbath Köttermann    Uetze Hänsingen, Germany 

Analytical balance BP221S    Sartorius, Göttingen, Germany 

Microscope Axiovert 25C    Carl Zeiss, Göttingen, Germany 

Microscope CK30     Olympus, Hamburg, Germany 

Fluorescence microscope AX70   Olympus, Hamburg, Germany 

Pipette 1-10 µl     Labmate, Hertforshire, Germany 

Pipette Reference 10-100 µl    Eppendorf AG, Hamburg, Germany 

Pipette 100-1000 µl     Labmate, Hertforshire, Germany 
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Handystep dispenser     Brand, Wertheim, Germany 

Pipet boy Accujet     Integra BS, Fernwald, Germany 

Neubauer haematocytometer    Optic Labor, Lancing, UK 

HWM D400 γ-IR device    HWM GmbH, Markdorf, Germany 

 

2.1.10. Software 
 

Microsoft Office 2016  Microsoft corp., Redmond, USA 

Citavi 6 Swiss academic Software GmbH,  

 Wädenswil, Switzerland 

CellQuest      BD, Franklin Lakes, USA 

Flowing Software 2.5     University of Turku, Turku, Finland 

CellF Olympus Imaging, Münster, 

 Germany                                     

Photo Shader      Ryken Studio 
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2.2. Methods 
 

2.2.1. Cell culture 
 

Culture conditions 

All cells were cultured in an incubator at 37°C temperature, 5% CO2, and 21% O2 in the dark 

at over 95% humidity in the appropriate medium. The cell culture was performed under a 

sterile bench with laminar airflow using aseptic materials. 

 

Establishing primary cultures and culture of spheres 

G40 and G35 tumour cells were obtained during a surgical resection of a primary GB after 

obtaining the patients´ written informed consent and the approval of the faculty´s ethics 

committee (ethics committee application no. 162/10). The tumour sample was immediately 

conserved in non-supplemented DMEM/F12 (1:1) on ice and processed as soon as possible. 

Briefly, the tumour extract was mechanically dissociated in ice-cold PBS and centrifugated 

at 1300 rpm for 5 minutes at room temperature. The tumour pellet was resuspended in 5 ml 

Trypsin LE and incubated for 5 minutes and further filtered through cell strainers with a pore 

size of 70 µm. The filtrate was taken into culture in stem-like cell culture medium. The 

medium was exchanged once a week and within 12 weeks, spheres could be detected. For 

the medium exchange and splitting, cells were centrifuged at 1300 rpm at room temperature 

for 5 minutes and resuspended in stem-like cell culture medium. Cells were grown in tissue 

culture flasks for suspension cells.  

 

Culture of cell lines and primary cells 

Primary differentiated cells (Dif) were generated from stem-like cells through centrifugation 

of stem-like cells at 1300 rpm at room temperature for 5 minutes and discharging the used 

medium. The cell pellet was resuspended in DMEM supplemented as mentioned above and 

the cells plated into tissue culture flasks for adherent cells. Differentiation occurred within 2 

days. Cells were passaged twice a week by removing used medium and adding 5 ml trypsin 

for 5-10 minutes at room temperature to detach. After resuspension in freshly supplemented 
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DMEM, splitting was performed depending on the confluency (  to  ). Dif cells were used 

for maximum of 12 weeks to avoid culture-induced genetic alterations [105]. Cell lines were 

cultured the same as Dif cells in DMEM supplemented as indicated above. To avoid an 

increase in passage number, the cell lines used were cryo-conserved at -80°C as described.  

 

U87 IκB-α-Superrepressor cells 

U87SR cells express a non-degradable cytoplasmic variant of IκB-α (IκB-Superrepressor) 

leading to constitutive NF-κB inhibition through cytosolic retainment of NF-κB subunits. 

The cells I used in my experiments were previously generated and cryo-conserved at -80°C. 

The exact protocol can be found in [50].  

 

Storage and of cells 

Cells were stored at -80°C in respectively DMEM/F12 w/o growth factors, supplemented 

with 10% DMSO for Stem-like-cells or DMEM supplemented with 10% FCS and 10% 

DMSO for primary Dif cells and cell lines.  

 

Seeding cells for experiments 

For all experiments, cells were seeded in 12.5cm² adherent tissue culture flasks at a density 

of 0.5x104 cells/cm². In brief, cells were trypsinised for 5-10 minutes at room temperature 

and centrifuged at 1800 rpm at 4°C temperature for 5 minutes and resuspended in fresh 

supplemented DMEM. Cells were counted using a Neubauer haematocytometer. 10 µl of the 

freshly resuspended cells were plated onto the counting chamber and the cell count was 

calculated by:  

 

  . (
10

) =
total cells counted in 4 fields 

4
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Using 4 ml medium per flask, a dilution of:   

  . (
10

) =
0.5  .  12.5  .  10

4
 

 

was performed on the stock solution. Cells were allowed to adhere overnight before starting 

experiments.  

 

2.2.2. Treating agents 
 

NU7026 and Disulfiram stock solutions were prepared in DMSO. Cells were treated at the 

research lab (Michelsberg). γ-IR was performed using a 137Cs-source (HWM D400 44Tbcq, 

2Gy/minute). The γ-IR device was located at the “Zentrum für Biomedizinische Forschung” 

(Oberer Eselsberg). Thus, samples had to be transported for treatment. The culture flasks 

were protected from light, the seal caps were closed hermetically to avoid medium leakage 

and retain a certain amount of CO2, O2, and H2O and flasks were transported by car. The 

average duration of transport and treatment was 30-60 minutes.  

 

2.2.3. Assessment of specific apoptosis and cell cycle distribution with 

FACS 
 

Cells were seeded at a density of 0.5x104/cm² in 4 ml of medium in 12.5cm² adherent tissue 

culture flasks and allow to adhere overnight. After the incubation time following treatment, 

600 µl supernatant was collected per FACS-tube (three per sample, to count detached dead 

cells), then adherent cells were collected after trypsinisation (1.5 ml) and allow to detach for 

5-10 minutes at room temperature. Detachment of cells was visualised by microscopy. Then 

1.9 ml PBS were added to dilute the trypsin-cell mixture and cells were resuspended. 500 µl 

were pipetted into each FACS-tube. The FACS tubes were centrifuged at 1800 rpm at 4°C 

for 5 minutes. The supernatant was discharged, and cells were resuspended in 100 µl 

Nicoletti-buffer and allow to incubate in the dark 10-20 minutes at room temperature 

(modified from [62]) and measured with a BD FACScalibur using the CellQuest software. 
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For apoptosis, at least 5.000 events were counted unless stated otherwise. For cell cycle 

analysis, at least 10.000 events were counted.  

The data was analysed using Flowing Software 2.5. Specific apoptosis (i.e. treatment-

induced apoptosis) was determined according to following equation previously described 

elsewhere [99]:  

 

 =   
 

 . 100 

 

 (all values are entered as [%] of measured population) 

Cell cycle analysis was carried out taking into account the polyploid nuclei as these cells 

possibly endocycle [91]. Thus, viable cells were considered being:  

viable population = absolute total cell population – absolute subG1 population 

Experiments were performed independently at least three times measuring three samples per 

condition.  

 

2.2.4. Determination of viable cell number with CASY®  
 

Cells were collected as described for FACS analysis. 300 µl of the cell trypsin PBS mixture 

were diluted in 10 ml CASY® solution and vortexed prior measurement with CASY®1 DT 

cell counter. Cell concentrations were measured (per ml). Samples were calculated as [%] 

of control (i.e. relative cell numbers). Experiments were performed independently at least 

three times measuring three samples per condition.  

 

2.2.5. Immunofluorescence microscopy 
 

Dif40 cells were seeded into 8-chamber well slides at a density of 0.5x104/cm² in 224 µl 

medium and allow to attach overnight. Cells were then treated with DMSO, 0.08, 0.16, or 

1.0 µM Dis for 24h. Then, cells were stimulated with TNF-α (a potent NF-κB activator [86]) 
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for 1h, after which medium was discharged and cells washed twice with PBS for 5 min. Cells 

were fixed in paraformaldehyde 3.7% for another 10 minutes, after which another 2 steps of 

washing with PBS were performed, and cells were permeabilized with Triton X-100 for 5 

minutes. After further two steps of washing with PBS, cells were incubated with anti-p65-

antibody o/n at 4°C temperature. The next day cells were washed again several times and 

FITC-conjugated antibody was incubated with them for 45-60 minutes at room temperature. 

After several washes with PBS, slides were covered with 1-2 drops of mounting medium 

and a cover slip and visualized at an Olympus AX70 fluorescence microscope. Experiments 

were performed twice. For each condition, at least 3 representative images were taken.  

For the kinetic analysis of γH2AX fluorescence staining, Dif35 cells were used. The 

experimental protocol was the same as for the NF-κB staining. The timeline of the γH2AX 

staining is depicted in Fig. 5.  

 

2.2.6.  Acquisition and processing of microscopy images 
 

Light and fluorescence microscopy images were acquired using the Olympus CellF software 

and further processed with Photo Shader adjusting saturation, sharpness, and 

brightness/contrast.  

 

2.2.7.  Data analysis 
 

Data analysis was carried out with Microsoft Office Excel 2016. FACS and CASY® data 

are shown as “means of”. Errors bars indicate the standard deviation. Statistical significance 

was assessed using two-sided t-test, and * indicates p < 0.05. Only significant results are 

depicted in the figures. For the clarity of the figures, p-values of the cell cycle analyses were 

not shown in the figures. They can be found in the supplementary information.  

For combination treatment with Dis and γ-IR, Bliss-analysis [9] was carried out to examine 

whether the treatment is likely to be antagonistic, additive or synergistic. Expected Bliss-

value was calculated as followed:  

= + −  .    
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E = 0-1 and corresponds to the treatment efficacy (i.e. specific apoptosis, cell number 

reduction or fraction of polyploid cells) 

Bliss-ratio B was calculated as followed:  

=  

The treatment was considered to be antagonistic if the ratio < 0.9, additive if the ratio ranged 

between 0.9 and 1.1 and synergistic if the ratio > 1.1.  
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3. RESULTS 
 

3.1. Is single dose IR biologically comparable to fractionated 

IR? 
 

While most preclinical studies involving radiosensitisers are performed with a single and 

often high radiation dose, we first investigated whether SD-IR is biologically comparable to 

FD-IR, the latter being in accordance with the clinical treatment.   

 

3.1.1.  FD-IR is less cytotoxic and cytostatic than SD-IR  
 

Fig. 3 shows the chronology of the experiment. Both treatment groups were seeded 24h prior 

IR-delivery. Cells treated with FD-IR were irradiated every 24h with a total of three fractions 

while cells treated with SD-IR received the complete dose on the first day. FACS-analysis 

to determine the sub-G1 fraction (i.e. apoptotic cells) and the cell cycle distribution as well 

as the determination of viable cell number with CASY® were carried out 120h after the first 

IR dose delivery, due to high confluency in controls and the potential artefacts related to 

cell-cell contact induced growth inhibition. 
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Fig. 3 – Chronology of the comparative treatment protocol of SD- and FD-IR. U87 and Dif40 were seeded 

24h prior first IR delivery at a density of 0.5x104/cm². SD- and FD-IR were administrated on the first day (0h) 

while fractions in FD-IR (FD) were repeated 24h and 48h after first IR delivery. Measurements were assessed 

120h after the first IR delivery for both treatment schemes.  

 

For U87 cells, we observed that SD-IR induced more specific apoptosis than FD-IR (for 3Gy 

2% vs. 0.9%; 6Gy 9% vs. 6.3%; 9Gy 20% vs. 12%; 12Gy 26% vs. 15%; all p > 0.05). The 

trend was correlated with a lower count of viable cells in SD- compared to FD-IR. 6Gy-SD 

had a significantly lower cell count compared to 6Gy-FD (p = 0.036). To further characterize 

the trend, we turned to cell cycle analysis, including polyploid events. For 6Gy and 9Gy, we 

found a significantly higher fraction of polyploid cells in SD- compared to FD-IR 

(respectively 9.6% vs. 7.7%, p = 0.004 and 22.8% vs. 14.2%, p = 0.02, see Fig. 4E). The 

same trend was observed for 12Gy (22.8% vs. 18.8% p = 0.16) but not for 3Gy (4.4% vs. 

4.3%). The increase of polyploid cells coincided with a non-significant reduction of the G1-

fraction (Fig. 4E). However, a distinct trend was not observed for the G2/M- and S-phases.  

We further noted for both IR-schemes a significant dose-dependent increase in apoptosis and 

polyploid cells (up to 9Gy-SD, and up to 12Gy-FD; see Fig. 4 and suppl. table 1) with a 

coincident reduction of cell numbers up to 9Gy (except for 3Gy vs. 6Gy, p = 0.06). It was 

further observed that there was a dose-dependent significant increase in G2/M-fraction 

(except when comparing 6Gy and 9Gy in both SD- and FD-IR).  

We repeated this comparative study with Dif40 cells, where a similar trend was seen (see 

Fig. 4 B, D, F). Overall, the differences between SD-IR and FD-IR were less marked, but 

statistically significant for 3Gy in terms of viable cell number (respectively 51.4% vs. 

61.5%; p = 0.037). For 9Gy, no differences between SD- and FD-IR were observed in terms 

of apoptosis and viable cell numbers. The cell cycle analysis also revealed no distribution 

differences, with the exception of a significantly higher G1-fraction in 6Gy-FD compared to 

6Gy-SD. As for U87, we found a significant dose-dependent increase in apoptosis and 

-24h 0h 24h 48h 72h 96h 120h

Seed SD - - - - FACS/CASY

Seed FD FD FD - - FACS/CASY
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polyploid cells and a decrease in viable cell numbers (except for 6Gy-SD vs. 9Gy-SD, in 

relative cell numbers). Taken together, Fig. 4 suggests that FD-IR can be less cytotoxic and 

cytostatic than SD-IR after 120h of treatment, and that the effects of IR are dose-dependent 

for both schemes. 
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Fig. 4 - Comparative study of SD- and FD-IR in U87 (A, C and E) and Dif40 (B, D, F) cells. Cells were 

treated as depicted in Fig. 3. Apoptosis (A and B) and cell cycle distribution (E and F) were determined by 

FACS-measurement of DNA-content in cells with PI-stained nuclei. Cell numbers (C and D) were measured 

with CASY. For apoptosis and cell numbers: black bars correspond to SD and light grey bars to FD-IR. * 
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indicates p < 0.05, only significant p-values are shown.  For E and F, bars corresponding to cell cycle phases 

are: black G1, dark grey S, light grey G2 and white polyploid cells. For clarity, p-values of cell cycle analysis 

can be found in the supplementary information. For A-E, the means of three independent experiments 

performed in triplicates are shown, error bars indicate standard deviation.  

 

3.1.2. DNA-repair is repetitively activated in FD-IR  
 

In cooperation with S. Hasslacher, we monitored γH2AX foci formation and resolution 

during SD- and FD-IR, as a surrogate for the DNA-repair dynamics.  

Fig. 5B and C show that H2AX is rapidly phosphorylated after IR-delivery, but also 

completely resolves prior to the next fractional delivery of radiation. Thus, we assumed that 

cells efficiently repair DSBs between the delivered fractions, possibly through the fast lane 

of DNA-DSB-repair, NHEJ. In other terms, we hypothesised that abrogating NHEJ may 

reverse the trend that FD-IR was less effective than SD-IR.  
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Fig. 5 – DDR is repetitively activated in FD-IR. The experiment was conceived by S. Hasslacher and 

performed by S. Hasslacher in cooperation with S. Stroh. A) time scale of the treatment with the different time 

points of γH2AX foci counting. B) representative images of the γH2AX foci formation and resolution after a 

fraction delivery, scale bar 25 µm. C) percentage of γH2AX positive cells during the experiment. Cells were 

counted as γH2AX-positive if containing at least 9 foci. A minimum of 75 cells was counted per condition. 

Percentages are the means of three independent experiments, error bars indicate standard deviation. The figure 

was published in [38] under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/deed.de 
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3.1.3. Inhibition of DNA-PKcs preferentially sensitises for FD-IR  
 

As SD- and FD-IR show distinct dynamics in the DNA-damage and -repair response, we 

hypothesised that inhibition of NHEJ through DNA-PKcs inhibitor NU7026 may also affect 

cells differentially depending on the treatment scheme and preferentially sensitise FD-IR 

treated cells, as they highly rely on DNA-repair (see Fig. 5). Thus, comparative experiments 

were repeated adding the DNA-PKcs-inhibitor NU7026 to both IR-schemes. The treatment 

chronology is depicted in Fig. 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 – Treatment chronology for comparative study of SD- and FD-IR under DNA-PKcs inhibition 

with NU7026. Dif35 cells were seeded 24h prior to the first IR at a density of 0.5x104/cm². 10 µM of NU7026 

was administrated 1h prior to the first IR delivery for both schemes. In the 5-fraction model, we repeated 

NU7026 treatment (for SD- and FD-IR 10µM) 1h prior fourth IR. Cells were collected 120h (for the 3-fraction 

model A)) and 144h  (for the  5-fraction model B)) after the first IR delivery.  

 

-24h 0h 24h 48h 72h 96h 120h 144h

A)

Seed NU - - - - FACS/CASY

SD 6 Gy - - - -

FD 2 Gy 2 Gy 2 Gy - -

B)

Seed NU - - NU - - FACS/CASY

SD 5 Gy - - - - -

FD 1 Gy 1 Gy 1 Gy 1 Gy 1 Gy
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While specific apoptosis even decreased in SD-NU treated cells compared to SD-IR (12.3% 

vs. 17.3%; p = 0.101), it slightly increased in FD-NU compared to FD-IR (10.5% vs. 8.2%; 

p = 0.49), for both in a non-significant manner (Fig. 7A). We also found a lower relative cell 

number of 16.8% in SD-NU vs. 27.4% in SD-IR (p = 0.0019; ratio SD-NU/SD-IR = 0.61) 

and 12.2% in FD-NU vs. 37.6% in FD-IR (p = 0.099; ratio FD-NU/FD-IR = 0.32). To 

elucidate why NU-treated cells were more affected by FD- than by SD-IR despite no 

significant changes in apoptosis, we investigated the cell cycle distribution and the cell 

morphology. As depicted in Fig. 7C, NU treatment induced during FD-IR a strong and 

significantly higher G2/M-arrest of 42.6% compared to 28.5% in FD-IR (p = 0.03) and 

31.05% in SD-NU (p = 0.012). The fractional increase in G2/M coincided with a G1 

decrease. Furthermore, we noted more than a doubling of polyploid cells in FD-NU 

compared to FD-IR alone (20% vs. 8.3%; p = 0.24) while a more modest increase from 

13.6% in SD-IR to 18.49% in SD-NU was observed (p = 0.174).  

A rather exciting trend was observed with regard to changes in the S-phase: for FD-NU, cells 

cycling in S-phase were nearly reduced by half compared to FD-IR alone (5.6% vs 9.8%, p 

= 0.002), while other treatment groups had around 10% of the cells cycling in S-phase (see 

Fig. 7E). The decrease of the S-phase fraction argues for a G1-arrest and further suggests 

that NU7026 preferentially sensitises FD-IR-treated cells.  

We hypothesised that increasing fractionation for a similar total dose may even increase 

these effects, thus we switched to a 5-fraction model using a comparable total dose of 5Gy. 

The chronology of the 5Gy-treatment is depicted in Fig. 6B. Briefly, the protocol was very 

similar to the 6Gy-model (Fig. 6A) for the first 48h. At 72h, 1h prior the fourth IR-delivery, 

SD- and FD-IR were re-stimulated with 10µM NU7026. Measurements were performed 

144h after the first IR delivery as a compromise between high confluency seen in the controls 

(see Fig. 8), and the effects observed in the FD-IR treated cells, so as to allow as much time 

as possible for IR to have any effects.  

In accordance to Fig. 4A, we observed a significant decrease in apoptosis in FD-IR compared 

to SD-IR (4.8% vs. 9.5%; p = 0.039, see Fig. 7B), while NU affected apoptosis as previously 

described (Fig. 7A) in a non-significant manner. We noted significant lower viable cell 

numbers in both IR-schemes treated with NU compared to IR alone with greater differences 

seen in FD-IR (36.57% for SD-IR vs. 11.38% for SD-NU, p = 0.0021, ratio SD-NU/SD-IR 

= 0.31; 43% for FD-IR vs. 8.87% for FD-NU, p = 0.0014, ratio FD-NU/FD-IR = 0.2). The 

cell cycle distribution showed a much stronger G2/M-arrest in FD-NU with 54.4% vs. 28.1% 



Results 

39 
 

in SD-NU (p = 0.0076) and 28.6% in FD-IR (p = 0.00073), and a larger fraction of polyploid 

cells in FD-NU with 32.4% vs. 25.9% in SD-NU (p = 0.13). Of particular interest was that 

FD-NU nearly completely abrogated the S-phase (only 1.33% of cells remaining) while FD-

IR and SD-NU respectively harboured 6.7% and 8% cells cycling in S-phase (respectively p 

= 0.000012 and p = 0.0065). Thus, NU7026 preferentially affects FD-IR by inducing a 

combined G1- and G2/M-arrest.  
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Fig. 7 – Comparative study of SD- and FD-IR under inhibition of DNA-PKcs with NU7026. Cells were 

treated according to Fig. 6. Apoptosis (A and B) and cell cycle distribution (E and F) were determined by 

FACS-measurement of the DNA-content in cells with PI-stained nuclei. Viable cell numbers (C and D) were 

assessed by CASY. For apoptosis and cell numbers: black bars correspond to SD and light grey bars to FD-IR. 
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* indicates p < 0.05, only significant p-values are shown.  For E and F, the bars correspond to the cell cycle 

phases and are: black G1, dark grey S, light grey G2 and white polyploid cells. For clarity, p-values of the cell 

cycle analysis can be found in the supplementary information. For A-E, the means of three independent 

experiments performed in triplicates are shown, error bars indicate standard deviation.  

 

We further analysed morphological changes in our different treatment populations in the 5-

fraction protocol. Images were taken immediately prior collection of the cells. For NU-

treated cells, we observed a lower cell density than in DMSO-treated cells, also cells did not 

appear to be as elongated as in the DMSO-treated samples. SD- and FD-IR-treated cells 

displayed a common morphology despite a slightly higher cell density seen in FD-IR (which 

corresponds to the cell number data). We observed in irradiated populations that many huge 

partially multinucleated cells were overgrown by elongated cells. However, for both SD-NU 

and FD-NU, we observed a much lower cell density with predominance in the FD-NU (again 

in line with cell number data). Cells appeared flattened and enlarged with multiple cytopodia 

instead of the elongated bipolar cells morphology seen in the controls. The nucleus was 

massively enlarged in IR-NU treated cells. Taken together, SD-NU- and FD-NU-treated 

cells harbour the typical morphological hallmarks of senescence.  
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Fig. 8 – Morphology of irradiated Dif35 cells treated with DMSO or NU7026 after 144h of treatment. 

Representative images of two independent experiments were taken before harvesting the cells for FACS and 

CASY analyses. 

 

In conclusion, our data provides evidence for distinct biological responses in SD- and FD-

IR. As fractionation is in accordance to the clinical scheduling, we performed further 

combination experiments with Dis with a FD-IR-protocol of 3x2Gy. 
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3.2. Repurposing Disulfiram for the radiotherapy of GB 
 

As I described in the introduction, Disulfiram (Dis) is of particular interest as an add-on to 

radiotherapy of GB due to its antiinvasive properties, that may tackle radiation-induced 

invasiveness. Also, we primarily hypothesized that Dis would sensitise cells for IR due to 

its impact on cell adhesion. In consequence, we were interested in the effects of Dis on cell 

death and on growth retardation in the combination treatment of Dis and IR.  

 

3.2.1. Cytotoxicity of Dis is biphasic and serum-dependent 
 

We first investigated what the optimal Dis concentration would be for combination treatment 

(i.e. establishing a sublethal concentration). As previously mentioned, several mechanisms 

have been described for Dis anticancer activity for a wide range of concentrations. As seen 

in Fig. 9A and C, Dif40 cells were treated with very low µM concentrations (0.08-1.36 µM) 

and µM-concentrations up to 10 µM in two independent experiments. Apoptosis and cell 

count were determined after 120h of treatment. We observed a biphasic cytotoxicity of Dis 

with two maximums at 0.16 µM with 43% and at 10 µM with 35% of specific apoptosis. For 

0.08 µM and 1.36 µM Dis, we found respectively 13% and 17% of specific apoptosis, while 

doses between 2-8 µM achieved a specific apoptosis rate of 1.7-11%.  

As introduced, the efficacy of Dis relies on the presence of Cu2+ in the culture medium, and 

according to Thermo Scientific from whom we purchased our DMEM, the main source of 

Cu2+ in the culture medium is the supplemented serum (FCS). Thus, we proposed that serum 

withdrawal may lower the observed cytotoxicity of Dis.  

Cells were cultured prior treatment in complete medium (15% FCS). Before the addition of 

Dis, the complete medium was discharged and replaced by normal (15% FCS) and serum-

starved (1.5% FCS) medium. Indeed, we observed (Fig. 9A and B) that despite the cellular 

stress that is induced by serum starvation, Dis did not induce significant specific apoptosis 

up to concentrations of 1.36 µM in 1.5% FCS. Similarly, it did not affect the number of 

viable cells. We noted in the serum-starved control cell cultures a higher spontaneous 

specific apoptosis and a lower relative viable cell number compared to the controls 

containing complete serum, however, these differences were not significant. We conclude 
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that for low Dis concentrations, its cytotoxicity relies on the presence of a normal or high 

serum concentration in cell culture medium. As the low µM concentrations correspond to 

achievable plasma concentrations in vivo, we then used these low concentrations for all 

future combination treatments.  
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Fig. 9 – Cytotoxicity of Dis is biphasic and depends on the serum concentration in the cell culture. Dif40 

were treated with the concentrations of Dis (indicated in µM) for 120h, either in complete medium (black bars, 

15% FCS) or in serum-starved medium (grey bars, 1.5% FCS). Specific apoptosis was assessed by FACS-

measurement of sub-G1 population in cells with PI-stained nuclei. For cells cultured in serum-starved medium, 

at least 1000 events where counted per FACS measurement. Cell numbers were measured with CASY. Shown 

are the means of three experiments performed in triplicates. * indicates p < 0.05, only significant p-values are 

shown. Fig. A and C were generated in independent experiments.  
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3.2.2. Combining Dis and IR has additive or synergistic effects on 

cytotoxicity and cytostasis 
 

Cells were seeded 24h prior to combination treatments. Dis was administrated 30 min - 1h 

prior the first 2Gy dose and cells were then re-irradiated with 2Gy 24h and 48h later as 

previously described (see Fig. 3). Harvesting of cells and measurements of apoptosis and 

cell number were performed 120h after the first 2Gy fraction. For all Dis-treated cell 

populations, we observed the typical cell morphology following treatment with Dis with 

detached, rounded up and clustered cells, even in the combination treatment.  

FACS-measurements of PI-stained nuclei in Dif40 cells revealed a significant increase of 

specific apoptosis for 0.08 µM Dis + IR and 0.16 µM Dis + IR compared to respective single 

treatment modalities as seen by Fig. 10A. (IR alone 7.5%, Dis 0.08 µM 8.5% and Dis 0.16 

µM 31% vs. 16.18% for 0.08 µM + IR and 41.34% for 0.16 µM + IR). Bliss-analysis for 

prediction of antagonism, additivity or synergism revealed a Bliss-ratio for apoptosis in 0.08 

µM + IR of 1.051 and in 0.16 µM + IR of 1.13 (see table 1) and can be considered 

respectively as additive and synergistic. The relative cell numbers for combination treatment 

revealed a significant decrease of viable cell number compared to a single treatment alone 

(see Fig. 10C; 41.9% viable cells for IR, 46% viable for Dis 0.08 µM and 14% viable for 

Dis 0.16 µM vs. 25.9% viable for 0.08 µM + IR and 8.9% viable for 0.16 µM + IR). The 

respective Bliss-ratios were 0.91 and 0.96, and thus additive.  
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Fig. 10 – The effects of combined treatment with Dis and IR. A, C, E and B, D, F show respectively, for 

Dif40 cells and Dif35 cells, specific apoptosis, cell numbers relative to control and cell cycle distribution after 

120h of treatment. Apoptosis and cell cycle distribution were determined through measurement of the DNA-

content in cells with PI-stained nuclei, while cell numbers were measured with CASY®. For Dif40 cells, the 

means of six independent experiments performed in triplicates are shown; for Dif35 cells, we show the means 
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of three independent experiments performed in triplicates. For both Dif40 and Dif35, error bars indicate the 

standard deviation. * indicates p < 0.05, only significant p-values are shown. For clarity, the p-values of the 

cell cycle analyses (E and F) can be found in the supplementary information. Red bars show the expected Bliss-

index for combination treatment regarding apoptotic or polyploid fraction and the cell number reduction.   

 

We next investigated the fraction of polyploid cells (see. Fig. 10 E) and found a significant 

increase in 0.08 µM + IR with 18% of polyploid cells compared to 9.8% polyploids for IR 

alone and 5.7% of polyploids for Dis 0.08 µM (Bliss-ratio 1.2). For 0.16 µM + IR, the Bliss-

ratio was antagonistic with 0.88 as the polyploid fraction was 14.5% while for Dis 0.16 µM 

cells we found 7.3% of polyploid cells. Taken together, we found for Dis 0.08 µM + IR a 

synergistic increase of polyploid cells while for Dis 0.16 µM + IR, specific apoptosis was 

synergistically enhanced. 

To confirm our observations, experiments were repeated using Dif35 cells. Intriguingly, we 

found no significant increase in cell death or decrease in viable cell number in combination 

treatment compared to Dis 0.16 µM alone (see Fig 10B and D). Yet, the Bliss-ratios for 

apoptosis and reduction in viable cell number in Dis 0.16 µM + IR were 0.90 and 0.91, 

respectively, and can be considered additive. Moreover, we observed more than a doubling 

of polyploid cells (8.9% and 9.6% for IR and Dis, respectively, vs. 20.58% for combination) 

with a synergistic Bliss-ratio of 1.16.  

In conclusion, combination treatment is at least additive and can be, depending on the 

therapeutic endpoint (i.e. cell number reduction, cell death, polyploid cells) and drug 

concentration, even synergistic.   

 

Table 1 – Bliss-ratios of combination treatment with Dis and γ-IR 

 

 

 

 

 

 

Dif40 Specific apoptosis Viable cell number Polyploid cells 

0.08 µM + IR 1.051107424 0.918294009 1.20069341 

0.16 µM + IR 1.13802704 0.968140851 0.88344514 

Dif35 Specific apoptosis Viable cell number Polyploid cells 

0.16 µM + IR 0.908500909 0.919087157 1.1613065 
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3.2.3. The role of NF-κB in IR and in low concentrations of Dis  
 

As introduced, NF-κB has been shown to affect cell adhesion, invasiveness and 

micrometastasis in GB and cell adhesion is assumed to provide a pro-survival signalling. 

Thus, we wondered whether NF-κB may play a role in the combination treatment of Dis and 

IR. We first evaluated whether TNF-induced nuclear NF-κB translocation is retained after a 

24h pre-treatment with Disulfiram at concentrations up to 1 µM. For 0.08 µM Dis, TNF-

stimulation induced nuclear translocation of NF-κB subunit p65 in the whole cell population 

(Fig. 11A). However, at 0.16 µM and particularly at 1 µM Dis, we observed cell clusters 

with perinuclear p65-accumulation upon stimulation with TNF (see Fig. 11 A). Thus, partial 

inhibition of p65-translocation to the nucleus upon TNF-stimulation was observed at Dis-

concentrations beyond 0.16 µM (see Fig. 11 B).  

To investigate the role of NF-κB in combination treatment, we used a retroviral IκB-

Superrepressor construct transfected in the U87 cell line. Cells were exposed to single dose 

of IR to primarily investigate the dose dependency of IR in cells lacking the canonical NF-

κB pathway. Cells were incubated for 120h after IR-delivery. We observed a significant 

decrease in specific apoptosis for 8Gy in U87-IκB-SR cells compared to U87-SRev (empty 

vector, p = 0.03) and U87 (10%, 17% and 14.9% respectively). However, this decrease was 

not accompanied by any differences in cell number. Overall, a trend of differential cytotoxic 

or cytostatic responses between U87SR, U87SR-ev and U87 was not discerned.  

In summary, we observe a functional canonical NF-κB pathway at 0.08 µM Dis (where IR 

and Dis together induce additive and synergistic effects) while the cellular response to IR is 

not relevantly altered in absence of the canonical NF-κB pathway. Thus, NF-κB is unlikely 

to play a role in the additivity and synergism seen in combination treatment.  
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Fig. 11 – The role of NF-kB in low-dose Dis treatment and in combination treatment. A) and B) 

immunofluorescent staining for p65 NF-κB subunit. Dif40 were seeded in 8-chamber slides 24h prior treatment 

and allow to adhere o/n followed by a 24h treatment with Dis at indicated concentrations. Then, they were 

stimulated for 1h with TNF-α to induce NF-κB translocation to the nucleus. Shown are representative images 

of two independent experiments. B) fraction of cells where Dis-treatment did not abolish nuclear p65 

translocation upon TNF-α-stimulation. C) specific apoptosis and cell numbers relative to control in SD-IR-

treatment in U87 IκB-SR cells (with constitutive inhibition of the canonical NF-κB-Pathway) compared to 

U87. Black bars correspond to U87, light grey to U87SR-ev (transfected with an empty vector) and dark grey 

to U87SR (transfected with a vector containing non-degradable IκB-α). Shown are the means of three 

independent experiments performed in triplicates, error bars correspond to standard deviation. * indicates p < 

0.05, only significant p-values are shown. 
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4. DISCUSSION 
 

4.1. Establishment of a preclinical model for radiotherapy 
 

4.1.1. Dose and delivery dependent effects of γ-IR 
 

In the first part of my work, I have provided evidence for distinct biological effects of 

fractionated IR with a once daily dose delivery (FD-IR) versus the single cumulated high 

dose delivery of IR (SD-IR). First, I have investigated the fractionation of one dose into three 

doses delivered on three consecutive days and found a lower rate of specific apoptosis and a 

higher number of viable cells when the total dose was delivered fractionated. Furthermore, 

the cell cycle analysis revealed a tendency towards a stronger G2/M-arrest and more 

polyploid nuclei when the dose was applied at once (SD-IR).  

Overall, this suggests that SD-IR is more effective against GB cells than FD-IR, while FD-

IR is more likely to reflect the delivery mode in the clinical treatment. Thus, 

hypofractionation of IR, which consists of delivering less fractions but higher single doses 

for a same cumulative dose than the standard treatment, has been investigated. However, the 

results of many studies were inconsistent [33]. 

Coming back to preclinical modelling, Hasslacher et al. showed that clonogenic survival 

decreased in a linear way up to the delivery of a single dose of 6Gy [38]; doses above were 

far more (exponentially) toxic than expected. Thus, single doses above 6Gy may induce 

mechanistically different or additional effects than lower doses and explains why the 

differences between SD-IR and FD-IR become much larger when the total dose increases 

[38]. This has several implications for the experimental design of preclinical studies but also 

for basic research, as many studies are performed with high doses of IR, such as 10-30Gy, 

and doses are sometimes highly variable between the experiments [8,21,22,49,75,92]. This 

could lead to the identification of clinically non-relevant targets and may partly explain the 

discrepancy between positive preclinical results and the disappointing clinical effects of 

many new treatments [7]. 
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4.1.2. The role of the DNA-damage response in chronic IR 
 

As DNA-double strand breaks are the most threatening type of DNA-damage (and in general 

of cellular damage) occurring after IR [3,13], we next analysed the damage response related 

to DSBs in both IR-schemes using the 6Gy-SD/3x2Gy-FD model. DSBs can be visualized 

through immunofluorescence staining of the in response to DSBs phosphorylated histone 

H2AX, commonly referred to γH2AX. The phosphorylation is performed by the PI3-Kinases 

ATM and DNA-PK [78], preparing chromatin and recruiting repair proteins to DSB-site for 

NHEJ and HR (i.e. amplification of the damage response [66]).  We showed a rapid onset of 

the DNA-damage response after IR while γH2AX foci had resolved by the next fraction 

delivery, suggesting that repair had been completed. Interestingly, no dose-dependency of 

γH2AX-foci formation and resolution was observed. However, γH2AX plays a crucial role 

in the inter-nucleosomal cleavage of DNA in apoptosis, producing the classic “DNA-ladder” 

seen on gel electrophoresis [59]. Thus, γH2AX formation and resolution is not a highly 

selective parameter for estimating DNA-repair and should be performed with other 

measurements such as the staining of cleaved caspase 3, to exclude the presence of apoptotic 

cells. In addition, the quantification of γH2AX represents a challenge. γH2AX can be 

quantified as mean fluorescence intensity or foci per cell (these correlate more or less with 

each other [6]) or as γH2AX positive cell when containing at least nine foci [64], making the 

results hardly comparable in the literature. Overall, the present data argues in favour of a key 

role for the DNA-repair machinery in repeated IR, meaning that FD-IR favours and selects 

different pathways from SD-IR. Thus, long-term FD-IR has been shown to constitutively 

upregulate the DNA-PK/Akt/cyclin D1 axis [75], which may provide a different response to 

further IR and in combination treatments and questions the value of some preclinical data. 

 

4.1.3. Inhibition of DNA-PKcs preferentially sensitises cells irradiated in 
fractions by inducing a potent G1-/G2/M-arrest and morphological 
hallmarks of senescence 

 

Regarding the pivotal role of DNA-repair in FD-IR and non-homologous end joining being 

the most rapid and efficient DNA-DSB-repair pathway, I used the DNA-PKcs specific 

inhibitor NU7026 to investigate a potential differential response of SD- and FD-IR. In 

addition, DNA-PK plays a key role in the radioresistance of GB [60]. We used a NU 
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concentration of 10 µM, which has been reported to achieve a reduction by 80% of DNA-

PKcs kinase activity in cell-based models [90] and which is 60 times more specific for DNA-

PKcs compared to PI3K. Furthermore, 10 µM NU7026 is inactive on the kinases ATM and 

ATR [94]. To ensure the competitive DNA-PKcs-inhibition over the longer treatment 

protocol in the 5-fraction scheme [94], cells were re-stimulated prior the fourth IR delivery.  

NU7026 preferentially affected cells irradiated in fractions, with a lower number of viable 

cells and a much stronger G2-arrest than in the SD-NU group. In FD-NU treated cells, we 

even observed a S-phase abrogation arguing for a potent G1-arrest. It appeared that 

increasing fractionation (from 3 up to 5 fractions) even exaggerated the differences seen 

between SD- and the FD-IR.  

I propose that the G1 and G2 arrest can be explained as follow: a spindle assembly 

checkpoint during mitosis usually blocks the chromosome segregation when the 

chromosomes are intensively damaged. DNA-PKcs activates this checkpoint during the 

regular cell cycle and after DNA-damage [73,74]. Thus, DNA-PKcs-inactivation may alter 

the checkpoint and allow telophase while the cytokinesis fails in the next step, as the 

chromosomes could be unequally distributed due to chromosomal breaks [91]. These heavily 

damaged cells are distributed in G2/M-phase (as they are tetraploid), but in fact, as they have 

passed the telophase, they maybe cycling or arrested in the next G1/0-phase of the cell cycle.  

Beside the massive alterations in the cell cycle distribution, I also observed (in the 5-fraction 

experiment in IR-NU treated cells) the characteristic morphology of senescent cells 

(massively enlarged and flattened [29]) with accentuation of this phenotype in the NU-FD-

IR group.  

Interestingly, NU did not sensitise the cells for IR-induced apoptosis. DNA-PK has been 

shown to participate in DNA-fragmentation during apoptosis [59] and as DNA-

fragmentation is our “readout” for apoptotic cells, we might not recognise cells that undergo 

apoptosis. Again, a measurement of caspase 3 cleavage (an alternative measure of apoptosis) 

could clarify this assumption. DNA-PK also has a pro-apoptotic role when the damage 

remains unrepairable [11], and it is conceivable that this role is compromised through 

inhibition of DNA-PKcs. Furthermore, p21 is associated with radiation-induced senescence 

[20,43] and is strongly upregulated after combined IR and NU treatment [2].  As I observed 

the morphological hallmarks of senescence in our NU-IR treated cells, I also propose a role 

for p21 and its anti-apoptotic function in our model as it was previously reported [43]. 
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Finally, it is known that p21-/- cells typically endocycle up to a 32N DNA-content or even 

more [96]. As I observed in the FACS-plots of PI-stained nuclei a DNA-content limitation 

of polyploid nuclei of 8N (octaploid), it is tempting to suppose that p21 is functional and 

relevant in our setting too (in analogy to [2]) and may explain the whole cell cycle 

distribution observed here.  

Taken together, our data shows that DNA-PK, and thereby DNA-repair via NHEJ, plays a 

crucial role in repetitive IR.  

 

4.1.4. Experimental limitations and alternatives 
 

The lack of statistical significance, especially in Fig. 4, was due to a large interexperimental 

variation of the results (for example, specific apoptosis 12Gy SD in experiment 1: 31% vs. 

18% in experiment 2). However, the observed trends were reproducible.  

Comparative studies on SD- and FD-IR are missing, and the challenge of comparing the 

treatment schemes relies on the question: measuring when and measuring what? In our 

setting, we measured apoptosis and viable cell count between 120h and 144h after the first 

IR-delivery, as a compromise between the unspecific effects related to cell-cell contacts in 

controls, induced by proliferation-dependent high density, and to allow enough time for the 

treatment to have any effect. Thus, the measurements were performed 120h after last IR-

delivery in SD- and 72h after last IR-delivery in FD-IR.  In the 5-fraction experiment, SD-

IR was measured 144h after last IR-delivery while FD-IR was measured only 48h after last 

IR-delivery. This implicates that the cumulative doses had more time to be effective in SD- 

than in FD-IR. As late cell death is a common phenomenon occurring in IR, up to 240h after 

dose delivery [1], it cannot be excluded that the differences observed in our experiments are 

related to time. Given that, supplementary samples are required, that have an earlier SD-IR 

measurement and a later FD-IR measurement, to gain a fuller picture of the underlying 

kinetics at work.  

Further and alternative experiments include:  

- Plating cells at lower density, yet, isolated cells might be less resistant, i.e. adhesion-

mediated apoptosis resistance [102], which is also an issue in clonogenic 

experiments. 
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- A long-term treatment with regular passaging of the cells, as performed in [75]. This 

can help to identify selection and resistance mechanisms, but again, a negative 

selection of cells that rely on adhesion [102] through trypsinisation inevitably occurs. 

In conclusion, our data supports distinct biological responses in SD- and FD-IR. 

Fractionation of IR leads to repetitive activation of the DNA-damage response and cells may 

highly rely on DNA-repair. This is of particular interest in modelling IR in vitro, as lots of 

preclinical studies but also basic research studies settle for single and sometimes high dose 

IR delivery (see references above). While the preclinical data has been critically reviewed 

regarding its reproducibility and predictability for clinical trials [7], I propose to use in vitro 

delivery schedules and doses that are comparable to the clinical standards. This does not 

only concern radiation, but also many drugs we investigate in cancer therapy, as I will 

discuss in the next section.  
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4.2. Repurposing Disulfiram for the radiotherapy of GB 
 

4.2.1. Chemical transformation and cytotoxicity of Dis in cancer cells 
 

In the present study, I have reported a biphasic concentration-dependent cytotoxicity of Dis. 

I observed two peaks of apoptosis: one at a low concentration of 0.16 µM and the other one 

at a high concentration of 10 µM. Intriguingly, cells had recovered at concentrations ranging 

from 2 to 8 µM. This biphasic effect seen in cell culture experiments is not uncommon 

[53,103,107]. As Dis is known to be a divalent metal chelator, and its toxicity being related 

to its chelator activity [15,19,53,58,76,85,103], I next investigated the dependency of co-

factors such as divalent metals in our model. Thus, I investigated the composition of the cell 

culture medium. According to “Thermo Scientific” from whom we purchased our DMEM 

and DMEM/F12 [87,88], the basal media formulation is not supplemented with Cu2+ or Zn2+, 

two metals which have been shown to form biologically active complexes with Dis. 

Therefore, the supplemented serum could be the main source of Cu2+ or Zn2+ in the cell 

culture.  For concentrations of 0.08-1.36 µM, which are theoretically achievable in vivo after 

administration of 250-500 mg Antabuse (Dis trade name) [14], the withdrawal of serum 

abolished the cytotoxic response to Dis. As expected from serum starvation, I found a lower 

viable cell number and more spontaneous apoptosis in the serum-starved cell culture 

compared to controls cultured in complete medium. Furthermore, we observed in primary 

stem-like cells grown in suspension (w/o FCS) no cell death or growth retardation for 

concentrations of 10 µM [57]. As these were cultured in the absence of FCS too (but growth 

factor supplemented), it confirms the assumption that serum, probably containing metals 

required for the formation of chelates with Dis, is required for the cytotoxicity of Dis.  

In our in vitro experiments, I observed a high interexperimental variability in Dis-induced 

cytotoxicity, which may be linked to the biphasic effect. So far, the biphasic effect is not 

well understood, but several observations have been published. An immediate dose-

dependent decline in cell viability after Dis treatment was observed within the first 8h. 

However, at an intermediate concentration, cells recovered in viability within 24h [103], 

suggesting an initial transient event. Furthermore, medium supplementation with Cu2+ or 

Zn2+ abolished the biphasic effect and led to a greater loss of viability than without metal 

supplementation [103,107]. Congruent with this, the cytotoxicity of Dis in cell culture has 

been attributed to a double hit [85]: the initial reaction of Dis or DDC with Cu2+, which can 
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lead to a rapid and transient burst of extracellular ROS [85]. This first hit could explain the 

significant loss of viability upon metal supplementation and the initial dose-dependent loss 

of viability without metal supplementation. The enzymatic breakdown and complex 

formation of Dis with Cu2+, i.e. whether a highly pro-oxidative intermediate metabolite is 

generated or not, also depends on the presence of a buffer in culture medium [15], which 

may explain why an acidic microenvironment enhances the cytotoxicity of Dis in cell culture 

[61].  

The second hit relies on the Cu(DDC)2 complex itself [85]. The latter does not generate any 

extracellular ROS but is highly hydrophobic. Thus, Cu(DDC)2 penetrates easily through the 

cells plasma membrane and accumulates intracellularly [12,76]. It is a very stable complex 

in vitro [85] and in vivo as it is found in patients´ serum after Dis administration and in 

tumour cells in animal models [76]. It also explains the Cu2+-accumulation seen 

intracellularly in vitro [15] and in vivo [37] after treatment with Dis. Also, a stoichiometric 

relationship between Cu2+ and Dis is possible as the equimolar application provides the 

greatest clonogenic cell kill while an imbalance of the two components is able to enhance 

clonogenic survival [67], and could thereby contribute to the biphasic effect. 

Taken together, a chemical origin (pH-dependent, stoichiometry) as well as competition 

between active and inactive metabolites or co-factors (especially as Zn2+ displays a dose-

dependent anti- or pro-oxidative characteristic [24]) occurring extra- or intracellularly are 

all conceivable mechanisms that could contribute to the biphasic effect. However, I propose 

to further investigate the anticancer mechanism of Dis from bedside to bench. The 

identification of the stable Cu(DDC)2 complex in patients´ serum [76] and the tissue analysis 

of copper and copper-complex content [37,76] were ground-breaking in the identification of 

the in vivo anticancer activity of Dis. As the majority of Dis is transformed in the liver after 

oral intake to non-chelating metabolites [12], the observed anticancer activity in vivo may 

rely on the accumulation of the Cu(DDC)2 complex in cancer cells. The Cu(DDC)2 complex 

being highly hydrophobic, it could be administered intravenously in a lipid emulsion to 

exhibit primarily anticancer activity. Yet, further chemical analyses, a toxicological profile 

and optimal dose finding are required. Interestingly, the non-chelating metabolites of Dis 

still inhibit ALDH and alcohol metabolism [12], however the rapid loss of the chelator 

activity could explain why Dis has a good safety profile.   
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In summary, Disulfiram and Cu2+ have a great potential in cancer therapy. However, I 

suggest focussing the preclinical investigations on the in vivo active principle Cu(DDC)2, so 

as to avoid artefactual toxicity generated under in vitro conditions.  

 

4.2.2. Cytotoxic vs. cytostatic: additivity and synergism in the 

combination treatment of Dis and IR 

 

I next investigated the potential role for Dis for radiotherapy. Overall, I find that IR delivered 

in fractions and Dis (single application) are additive or even synergistic on the reduction of 

viable cell number and the induction of specific apoptosis.  

Interestingly, I found for Dif40 cells in the combination treatment a synergistic increase in 

polyploid cells for 0.08 µM Dis, while apoptosis was synergistically increased for 0.16 µM 

Dis. Thus, I propose that sublethal doses of Dis (i.e. 0.08 µM) combined with IR 

preferentially led to a cytostatic effect while higher doses combined with IR were 

preferentially cytotoxic [68]. However, a kinetic artefact, where the polyploid cells undergo 

cell death after our measurements, is conceivable [68]. Analogously, I observed that for 

Dif35 cells, there was a synergistic increase in polyploid cells, while the viable cell number 

or apoptotic cells in the Dis + IR group did not significantly differ from the cells treated with 

Dis alone. A kinetic analysis of the DNA-content and a proteomic analysis (even later than 

measured in our experiments) could further clarify this question.  

 

4.2.3. Effects of the combination of Dis and IR are NF-κB-independent 
 

NF-κB has been related to radioresistance in cancer cells through modulation of the cell 

adhesion [16,99] and of the DNA-damage response [95]. Thus, I thought to investigate 

whether NF-κB-inhibition is implicated in the combination treatment using the IκB-SR 

construct. IκB-SR cells were as sensitive to IR as IκB-SR-ev (empty vector) and the U87 

control cells. For 8Gy-SD, I even observed significantly less apoptosis in IκB-SR. However, 

this reduction in apoptosis was neither correlated with a difference in the viable cell number, 

nor was a similar trend observed at other IR-doses. Thus, NF-κB might simply not play a 

role in γ-IR induced cell death and cytostasis.  
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Yet, our model has several limitations: as IκB-SR cells have been cultured in absence of the 

canonical NF-κB pathway, a selection of cells that rely on alternative anti- or pro-apoptotic 

pathways inevitably occurs [50]. A construct allowing a reversible, acute and specific NF-

κB-inhibition, such as a tetracycline-inducible vector carrying the non-degradable variant of 

IκB [110], would be feasible alternative. Furthermore, a comparative study of SD- and FD-

IR in IκB-SR cells may be of interest, as transient or repeated NF-κB activation may provide 

a differential response [30].  

As NF-κB-inhibition has been shown for Disulfiram concentrations of 20 µM [99], I 

wondered whether the concentrations I used are able to affect the TNFα-induced p65 nuclear 

translocation. The immunofluorescence staining for p65 showed a partially abrogated 

nuclear p65 translocation at 0.16 µM and 1.0 µM Dis. However, for 0.08 µM, TNFα-induced 

p65 translocation was intact. Thus, the additive effects seen for 0.08µM + IR group are 

clearly NF-κB-independent. For 0.16 µM and 1.0 µM, the protein degradation has been 

shown to be altered [76] and the inhibition of p65 nuclear translocation is thought to be 

related to a cytoplasmic IκB-α accumulation [41].  

Taken together, our data suggest that NF-κB is not a key player in the additivity of Dis and 

IR treatment, and may simply not be relevant to questions of radiation-induced cytostasis 

and cytotoxicity. However, NF-κB could play a role in IR under treatment with apoptosis 

sensitising agents [8].  

 

4.2.4. IR sensitises GB cells for Dis – mechanistic considerations and 
clinical implications 

 

As Dis alone has the biggest impact on cell death and growth, I suggest that IR sensitises the 

cells to Dis-induced toxicity. As γ-IR mainly induces oxidative stress through the radiolysis 

of cellular and extracellular water (ROS) [13], it is tempting to suppose that Dis or the Dis-

complexes interact with the cellular redox-balance during radiation. A direct impact of IR 

on Dis reactivity and complex formation is possible [12,85]. Furthermore, two intracellular 

oxidative crossroads are conceivable in vitro and in vivo too: intracellular Cu2+ -

accumulation [15,37] can catalyse, through the Fenton and Haber-Weiss reactions, the 

breakdown of H2O2 to the highly reactive OH-, which strongly damages intracellular 

proteins, nucleic acids and lipids [24]. Or, Cu(DDC)2 itself is able to induce ER-stress -
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through UPR [76], which also generates free radicals. This mechanism is also thought to 

contribute to the cytotoxic effect of proteasome inhibitors [26].  

As discussed above, cell culture artefacts must be considered. γ-IR mainly induces oxidative 

stress through the radiolysis of water [13] and Dis may also generate ROS during its 

chemical breakdown and subsequent complex formation in the extracellular medium [85]. 

Thus, the additivity could result from an extracellular ROS increase due to the combined 

Dis-induced ROS and radiolysis of water [85]. Thus, IR-delivery without medium may be 

more representative, but also compromises the delivery of drugs. A longer pre-treatment to 

allow intracellular drug uptake maybe required. I also propose to use the in vivo suspected 

active anticancer principle of Dis, Cu(DDC)2. Thus, cells could be pre-treated and irradiated 

after medium was discharged. The regular change of medium may also take into account the 

variable plasma concentrations of the drug observed in vivo. 

To investigate the role of ROS after Dis treatment, we have performed preliminary 

experiments analysing the intracellular ROS-levels using the fluorescent probe DCFDA. 

Yet, the cells systematically rounded up in the controls after incubation with DCFDA, even 

at the lowest recommended concentrations. Co-incubation with the antioxidant N-

Acetylcysteine (NAC) protected the cells. I suppose that the dye itself was highly toxic to 

our cells through oxidative stress. DCFDA is commonly used but is also considered to be a 

highly unspecific probe that oxidizes in presence of diverse redox-enzymes such as 

cytochrome c [32].  

Overall, I conclude that Disulfiram and γ-IR have a potential benefit when combined. An 

optimisation in the preclinical model to rule out cell culture artefacts as I have suggested 

may offer a better predictability and provide a concise mechanistic understanding, which 

resembles the in vivo situation. This would also permit a sequential delivery [100].  
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5. SUMMARY 
 

The aim of my thesis was to evaluate whether administration of Disulfiram, used for decades 

as an alcohol-deterrent drug under the trade name Antabuse, is a feasible therapeutic strategy 

to optimise the radiotherapy of Glioblastoma (GB). For a better predictability of my 

preclinical model, I first established a radiation protocol that would mimic the clinical 

treatment through dose fractionation. I found that fractionation reduced ionising radiation 

(IR)-associated cytotoxicity and cytostasis. It appeared that repetitive IR repetitively 

activates the Deoxyribonucleic acid (DNA)-damage response (DDR), suggesting a different 

signalling network in repetitive and single dose IR. The inhibition of the DNA-repair fast 

lane signalling non-homologous end joining (NHEJ) through inhibition of the DNA-Protein 

Kinase catalytic subunit (DNA-PKcs) particularly sensitised cells irradiated in a fractionated 

manner, pointing out the crucial role of NHEJ in fractionated IR. Interestingly, I have 

morphological evidence, that the therapeutic endpoint in DNA-PKcs inhibition may be 

senescence, and thus cytostasis. Overall, the differences observed between single high dose 

IR and fractionated IR suggest that the in vitro commonly used single high dose delivery is 

an insufficient surrogate of radiotherapy. 

Investigating the potential of Disulfiram (Dis) as an add-on to radiotherapy, I found that Dis 

can be highly effective at pharmacologically achievable concentrations. Yet, its cytotoxicity 

depends on the amount of serum in the cell culture, and shows a biphasic dose-response 

curve, which potentially relativises the preclinical predictability.  

I further found evidence of additive and synergistic effects of the combination treatment IR 

and Dis on cytotoxicity and cytostasis. While Dis anti-cancer mechanism was partly related 

to inhibition of the transcription factor “Nuclear Factor of κ-light polypeptide gene enhancer 

in B cells” (NF-κB), NF-κB neither played a role in radiosensitisation, nor in the 

combination treatment in my construct. Instead, my data suggests that IR sensitised GB cells 

for Dis, which has to be mechanistically further investigated. Overall, my results regarding 

a potential combination of Dis and IR are very encouraging.  
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7. SUPPLEMENTARY INFORMATION 
 

 

Supplementary Tables – p-values (t-test) of cell cycle analysis 

 

Table 1 – U87 SD-IR vs FD-IR 

 

 G1 S G2 Polyploid cells 
3 vs 3x1 0.56818257 0.13945842 0.11938373 0.70227414 
6 vs 3x2 0.21412666 0.65038686 0.76172632 0.00413737 
9 vs 3x3 0.08402824 0.75450681 0.98381267 0.02818483 
12 vs 3x4 0.23318977 0.75928764 0.06688368 0.16194305 
ctr vs 3 0.00601593 0.81000953 0.05352703 0.0052232 
ctr vs 3x1 0.20048202 0.08005322 0.07407095 0.01445641 
ctr vs 6 0.00218414 0.10171871 0.00530502 0.00469243 
ctr vs 3x2 0.02880524 0.08005322 0.04688113 0.00552686 
ctr vs 9 0.00199792 0.0400229 0.00761421 0.00649508 
ctr vs 3x3 0.00472239 0.02045642 0.00880393 0.00449529 
ctr vs 12 0.0064894 0.0979533 0.018628 0.0133414 
ctr vs 3x4 0.00931387 0.00984292 0.01686703 0.00914482 
3 vs 6 0.00183756 0.12292308 0.01601479 0.00517978 
6 vs 9 0.01184586 0.47742399 0.12960729 0.0164794 
9 vs 12 0.2089951 0.62757065 0.39274919 0.18425109 
3x1 vs 3x2 0.00331476 0.1287342 0.03614918 0.01347038 
3x2 vs 3x3 0.03282041 0.50204765 0.06897628 0.01146197 
3x3 vs 3x4 0.00347401 0.06379482 0.04481544 0.00697782 

 

 

Table 2 – Dif40 SD-IR vs FD-IR 

 

 G1 S G2 Polyploid cells 
3 vs 3x1 0.12534421 0.6285052 0.32018431 0.19667747 
6 vs 3x2 0.02339452 0.46529425 0.6905504 0.19588779 
9 vs 3x3 0.29376289 0.63984033 0.1235081 0.48820623 
ctr vs 3 0.03689934 0.62458826 0.01796087 0.03009231 
ctr vs 6 0.00060831 0.74258295 0.00037926 0.00197827 
ctr vs 9 9.6319E-05 0.50370994 0.00107035 0.00019089 
ctr vs 3x1 0.19206154 0.1848442 0.15539621 0.06466877 
ctr vs 3x2 0.00077644 0.41079822 0.00030086 0.00062264 
ctr vs 3x3 0.00037053 0.08430192 5.3406E-05 0.00043564 
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3 vs 6 0.00020061 0.39607158 0.00831777 0.00043845 
6 vs 9 0.0016521 0.37616681 0.09307126 0.00169005 
3x1 vs 3x2 0.00021391 0.41484459 0.00073582 0.00011733 
3x2 sv 3x3 0.00044411 0.04984904 0.00023025 0.00068595 

 

 

Table 3 – Dif35 6Gy vs 3x2Gy  under DNA-PKcs inihibition with NU7026 

 

 G1 S G2 Polyploid cells 
NU vs 6+NU 0.00159575 0.63936475 0.07032409 0.0019466 
NU vs 3x2+NU 0.00167329 0.02252524 0.01399433 0.03708567 
6 vs 3x2 0.30541955 0.229391 0.59549162 0.06109758 
6 vs 6+NU 0.08340865 0.50790213 0.04780312 0.17412423 
3x2 vs 3x2+NU 0.148218 0.00217777 0.03055542 0.24884925 
6NU vs 3x2+NU 0.10922661 0.13595981 0.01207789 0.76306627 
DMSO vs NU 0.16231229 0.1267701 0.31171052 0.09951716 
DMSO vs 6 0.0312885 0.36230939 0.14755637 0.0388074 
DMSO vs 6+NU 0.00444394 0.85589125 0.1037643 0.00163501 
DMSO vs 3x2 0.24444789 0.26669121 0.22831335 0.20651361 
DMSO vs 3x2+NU 0.00148797 0.00638575 0.02288996 0.04040333 

 

 

Table 4 – Dif35 5Gy vs 5x1Gy  under DNA-PKcs inihibition with NU7026 

 

 G1 S G2 Polyploid cells 
5 vs 5x1 0.85487426 0.03654305 0.11373336 0.6817661 
5 vs 5+NU 0.00211434 0.10923181 0.22689563 0.0256606 
5x1 vs 5x1+NU 0.03331913 1.1207E-05 0.00073798 0.09274902 
5+NU vs 5x1+NU 0.03401427 0.00653355 0.00767162 0.13294318 
DMSO vs 5 0.01217735 0.00527706 0.01117593 0.02021218 
DMSO vs 5+NU 0.00451909 0.96825743 0.04272719 0.00376212 
DMSO vs 5x1 0.06211146 0.40797713 0.00894429 0.0938075 
DMSO vs 5x1+NU 0.00244154 0.03391301 0.00046739 0.01707909 
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Table 5 – Dif40 Disulfiram + IR 

 

 G1 S G2 Polyploid cells 
DMSO vs IR 0.00051091 0.13771384 0.00011601 0.00317102 
DMSO vs 0.08 0.00028843 0.00197232 0.00060217 0.00086783 
DMSO vs 0.16 0.00033371 0.03432165 0.00407404 0.00019812 
IR vs 0.08+IR 0.0138476 0.10676841 0.7006632 0.00751733 
IR vs 0.16+IR 0.0439564 0.97594485 0.09666591 0.09926495 
0.08 vs 0.08+IR 0.00163518 0.06849295 0.00074151 0.00229498 
0.16 vs 0.16+IR 0.00157994 0.13611501 0.01508765 0.00122243 

 

 

 

Table 6 – Dif35 Disulfiram + IR 

 

 G1 S G2 Polyploid cells 
DMSO vs IR 0.01247691 0.97236384 0.02017088 0.01589708 
DMSO vs 0.16 0.14233568 0.80615886 0.26706471 0.0552912 
IR vs 0.16+IR 0.09864873 0.57812209 0.45882114 0.04921625 
0.16 vs 0.16+IR 0.00596838 0.74837517 0.03139298 0.00459795 
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