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Abstract 

The alkylating drug Temozolomide (TMZ) in combination with ionising radiation (IR) represents the 

first-line treatment in glioblastoma (GBM) therapy. While cancer treatment aims for triggering cell 

death to eliminate the tumour, cancer cells developed strategies to escape cell death: they activate 

cell survival pathways, including cellular senescence (CSEN) upon chemotherapeutic treatment. 

Over the past years in vitro and in vivo studies demonstrated that senescent cells could escape their 

senescent state and re-start proliferation, which may result in delayed tumour progression. 

Additionally, CSEN is accompanied by the senescence associated secretory phenotype (SASP), 

which includes pro-inflammatory cytokines, and drives senescence and tumorigenesis, rendering 

CSEN an unfavourable outcome of chemotherapy. A better understanding of the cellular responses 

to chemotherapy as well as strategies to eliminate senescent cells are therefore desirable. 

Here, we focused on the effect of TMZ treatment regarding CSEN of the malignant brain 

tumour GBM. The following main questions were addressed: 1) What are the kinetics of TMZ-

induced genotoxic, cytotoxic, and cytostatic effects and how are senescent cells characterised? 2) 

Which pathways are responsible for the maintenance of GBM cells in the TMZ-induced senescent 

state? 3) Which treatment options, including natural and synthetic compounds, can be used to 

reduce the load of TMZ-induced senescent cells in GBM?  

To gain insight into the cellular processes following TMZ treatment, we analysed the 

formation of DSBs over time, and the induction of early and late apoptosis/necrosis (cell death) and 

CSEN. We found a significant level of DNA double-strand breaks (DSBs) 3 d after treatment which 

persisted up to 10 d following the onset of TMZ exposure. In line with the increase in DSBs, cell 

death and predominantly CSEN were provoked 3 d following TMZ treatment and increased up to 

day 5 and 8, respectively. We then analysed TMZ-induced senescent cells and identified pathways 

essentially involved in maintaining the senescent state. The DNA damage response (DDR) factors 

ATM, ATR, CHK1, CHK2, p53 and p21 were found to be active in TMZ-induced senescent cells. For 

senescence maintenance, the ATM/ATR-CHK1-p53-p21 axis as well was a pathway involving NF-kB 

were involved, as revealed from inhibitor experiments. Since the autophagy inhibitor chloroquine 

was senolytic, we conclude that activation of autophagy is required for keeping cells in the 

senescent state. To increase cell death levels following TMZ treatment, we co-treated LN229 and 

A172 cells with IR, N-(2-chloroethyl)-N'-cyclohexyl-N-nitrosourea (CCNU, lomustine) or methadone 

(MTD) and screened for natural compounds that specifically drive senescent cells into cell death, 

while proliferating cells are unharmed. No increase in cell death levels in the senescent cell 

population was observed upon co-treatment of GBM cells with TMZ and CCNU or MTD.  



Lea C. Beltzig  Abstract 

V 

An additive effect on cell death was observed when GBM cells were first treated with TMZ and 

irradiated 3 h later, or first irradiated and treated with TMZ 6 h later. 

Screening of natural compounds for their senolytic activity identified artesunate and fisetin, 

but not curcumin, as novel senolytic agents in GBM cells in vitro under the treatment conditions 

used. In a last step we identified senescent cells in patient derived tumour samples from matched 

primary and recurrent GBM via histochemistry staining. Increased DSBs combined with increased 

levels of trimethylated lysin on histone 3 (H3K27me3) served as senescence marker. Comparison of 

primary and recurrent tumour samples showed significantly higher DSBs and H3K27me3 but 

significantly lower cell death levels in the recurrent tumour samples. These results indicate that not 

only in vitro but also in vivo senescent cells accumulate following TMZ treatment of GBM. 

Overall, the data presented in this study demonstrate that TMZ-induced CSEN is the main 

trait in GBM cells in vitro and very likely also in vivo. The identification of proteins involved in the 

TMZ-induced CSEN maintaining pathways in GBM cells might provide a reasonable support in the 

treatment of cancer. Also, the identification of novel senolytic agents and timing of the combination 

treatment with TMZ and IR in GBM cells in vitro can help to develop optimized treatment regiments 

for GBM. 
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Zusammenfassung 

Das DNA-methylierende Zytostatikum Temozolomid (TMZ) in Kombination mit ionisierender 

Strahlung (IR) ist die erste Wahl bei der Behandlung des bösartigen Hirntumors Glioblastom (GBM). 

Während die Krebsbehandlung darauf abzielt, den Zelltod spezifisch in Tumorzellen auszulösen, um 

den Tumor zu beseitigen, haben die Krebszellen Strategien entwickelt, um dem Zelltod zu 

entgehen: Sie aktivieren Zellüberlebenswege, einschließlich die zelluläre Seneszenz (engl. cellular 

senescence, (CSEN)) bei chemotherapeutischer Behandlung. In den letzten Jahren haben In-vitro- 

und In-vivo-Studien gezeigt, dass seneszente Zellen ihrem seneszenten Zustand entkommen und 

sich wieder vermehren können, was zu einer verzögerten Tumorprogression führen kann. Darüber 

hinaus wird die CSEN von einem Seneszenz-assoziierten sekretorischen Phänotyp (SASP) begleitet, 

welches die Sekretion entzündungsfördernder Zytokine beinhaltet und die Seneszenz und 

Tumorigenese fördert, was CSEN zu einem ungünstigen Ergebnis der Chemotherapie macht. Ein 

besseres Verständnis der zellulären Reaktionen auf die Chemotherapie sowie Strategien zur 

Beseitigung seneszenter Zellen sind daher wünschenswert. 

Hier haben wir uns auf die Auswirkungen der TMZ-Behandlung auf die CSEN des malignen 

Hirntumors GBM konzentriert. Die folgenden Hauptfragen wurden untersucht: 1) Wie ist die Kinetik 

der TMZ-induzierten genotoxischen, zytotoxischen und zytostatischen Effekte und wie werden 

seneszente Zellen charakterisiert? 2) Welche Signalwege sind für die Aufrechterhaltung des 

TMZ-induzierten seneszenten Zustands von GBM-Zellen verantwortlich? 3) Welche 

Behandlungsmöglichkeiten, einschließlich natürlicher und synthetischer Substanzen, können 

eingesetzt werden, um die Belastung durch TMZ-induzierte seneszente Zellen im GBM zu 

verringern?  

Um einen Einblick in die zellulären Prozesse nach einer TMZ-Behandlung zu erhalten, 

analysierten wir die Bildung von DNA-Doppelstrangbrüchen (DSBs) im Zeitverlauf sowie die 

Induktion von früher und später Apoptose/Nekrose (Zelltod) und CSEN. Drei Tage nach der 

Behandlung mit TMZ fanden wir ein signifikantes Niveau von DSBs, welches bis zu 10 Tage nach 

Beginn der TMZ-Exposition anhielt. Im Einklang mit dem Anstieg der DSBs wurden 3 Tage nach der 

TMZ-Behandlung Zelltod und vor allem CSEN ausgelöst, die bis zum 5. bzw. 8. Tag nach Beginn der 

Behandlung zunahmen. Anschließend analysierten wir TMZ-induzierte seneszente Zellen und 

identifizierten Signalwege, die wesentlich an der Aufrechterhaltung des seneszenten Zustands 

beteiligt sind. Es wurde festgestellt, dass die DNA-Schadensreaktionsfaktoren ATM, ATR, CHK1, 

CHK2, p53 und p21 in TMZ-induzierten seneszenten Zellen aktiv sind. Durch Inhibitor-Experimenten 

wurde gezeigt, dass für die Aufrechterhaltung der Seneszenz die ATM/ATR-CHK1-p53-p21-Achse 

sowie ein NF-kB-Signalweg involviert sind. 
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Da der Autophagie-Hemmer Chloroquin senolytisch wirkte, schlussfolgern wir, dass die Aktivierung 

der Autophagie wesentlich für die Aufrechterhaltung des seneszenten Zustands der Zellen ist. Um 

den Zelltod nach einer TMZ-Behandlung zu erhöhen, behandelten wir LN229- und A172-Zellen 

gleichzeitig mit IR, N-(2-Chlorethyl)-N'-cyclohexyl-N-nitrosoharnstoff (CCNU, Lomustin) oder 

Methadon (MTD) und suchten nach natürlichen Verbindungen, die seneszente Zellen spezifisch in 

den Zelltod treiben, während proliferierende Zellen unversehrt bleiben. Bei der gleichzeitigen 

Behandlung von GBM-Zellen mit TMZ und CCNU oder MTD wurde kein Anstieg des Zelltods in der 

seneszenten Zellpopulation beobachtet. Ein additiver Effekt auf den Zelltod wurde beobachtet, als 

die GBM-Zellen erst mit TMZ behandelt und 3 Stunden später bestrahlt wurden, oder erst bestrahlt 

und 6 h später mit TMZ behandelt wurden. Beim Screening von Naturstoffen auf ihre senolytische 

Aktivität unter den verwendeten Versuchsbedingungen wurden Artesunat und Fisetin, jedoch nicht 

Curcumin, als neuartige senolytische Wirkstoffe in GBM-Zellen in vitro identifiziert. 

In einem letzten Schritt identifizierten wir mittels histochemischer Färbung seneszente 

Zellen in von Patienten entnommenen Tumorproben von gematchten primären und 

rezidivierenden GBM. Erhöhte DSBs in Kombination mit erhöhten Werten von trimethyliertem Lysin 

auf Histon 3 (H3K27me3) dienten als Seneszenzmarker. Der Vergleich von primären und 

rezidivierenden GBM-Tumorproben ergab signifikant höhere DSBs und H3K27me3, aber signifikant 

niedrigere Zelltodwerte im Rezidiv. Diese Ergebnisse deuten darauf hin, dass sich nach einer TMZ-

Behandlung von GBM nicht nur in vitro, sondern auch in vivo seneszente Zellen ansammeln. 

Insgesamt zeigen die in dieser Studie präsentierten Daten, dass TMZ-induziertes CSEN das 

Hauptmerkmal in GBM-Zellen in vitro und sehr wahrscheinlich auch in vivo ist. Die Identifizierung 

von Proteinen, die an den TMZ-induzierten CSEN-Erhaltungswegen in GBM-Zellen beteiligt sind, 

könnte eine sinnvolle Unterstützung bei der Behandlung von Krebs sein. Auch die Identifizierung 

neuartiger senolytischer Wirkstoffe und die Untersuchung der zeitlichen Abfolge der 

Kombinationsbehandlung mit TMZ, IR und Senolytika an GBM-Zellen könnte dazu beitragen, 

optimierte Behandlungsschemata für die Therapie des GBM zu entwickeln.  
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1. Introduction 

Cellular senescence (CSEN) has long been an accepted and even welcome side effect of 

chemotherapy that initially aims to destroy cancerous cells. Since senescent cells do not proliferate, 

they have been categorised as not harmful for the patient. Over the past few years, however, it 

became evident that senescent cells can escape from cell cycle arrest and re-start proliferation, 

leading to a delayed progression of the tumour following treatment (Saleh et al. 2019; Le Duff et al. 

2018). Also, senescent cells secrete pro-inflammatory cytokines and interleukins, which is a 

hallmark of the senescence-associated secretory phenotype (SASP). The secretion of the SASP 

factors into healthy and cancerous tissue leads to inflammation, re-enforcement of senescence 

and, controversially, tumour progression (Faget et al. 2019). Understanding therapy induced CSEN 

in cancer and finding strategies to reduce it are desirable research goals. 

Using the glioblastoma (GBM) cell lines LN229 and A172 as an in vitro-model system, we 

analysed cellular responses of GBM to the alkylating agent temozolomide (TMZ). This study aimed 

to better understand the induction of DNA double-strand breaks (DSBs), CSEN and early and late 

apoptosis/necrosis (cell death) upon treatment with TMZ. Also, analyses of senescent cell 

populations and the screening for natural compounds that specifically drive senescent cells into cell 

death, while leaving proliferating cells unharmed, was performed to help finding additional 

treatment options.  

 

 

1.1. Brain Cancer: Glioblastoma 

1.1.1. Classification 

Brain tumours have first been discovered in 1873 and are defined as a mass or growth of abnormal 

cells in the brain (Shah and Kochar 2018). Depending on the origin of the cells causing the tumour, 

they are categorized as either primary or metastatic. While primary brain tumours have their origin 

in the brain or the direct surrounding tissue, metastatic brain tumours arise outside from the brain 

and later spread to the brain (Brain Tumors - Classifications, Symptoms, Diagnosis and Treatments 

2021; Brain tumours | Cancer Research UK 2021; nhs.uk NaN). GBM are primary brain tumours that 

originate from glial cells in the brain. 

The world health organization (WHO) further classifies tumours of the central nervous 

system into categories, families, and types. The categories depend on the origin of the tumour 

within the brain. 
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The families are differentiated by histological and immunohistochemical characteristics, as well as 

adult-type and paediatric-type. For classification of the tumour types, molecular diagnostics are 

consulted. They are subject to constant changes based on better understanding of specific tumour 

biology and increased utilisation of molecular markers.  

The GBM is classified in the category of gliomas/glioneuronal tumours and neuronal 

tumours. It is further differentiated in the family of adult-type diffuse gliomas as glioblastoma with 

either isocitrate dehydrogenase 1 (IDH1) wild-type (wt) or IDH1 mutated (mt). If the IDH1 status 

cannot be determined, GBM is characterised as not otherwise specified (Louis et al. 2021). Other 

important diagnostic markers are the promoter methylation status of the O6-methylguanine-DNA 

methyltransferase (MGMT) and the absence or presence of the phosphatase and tensin homolog 

(PTEN). A cohort study using 444 adult gliomas showed a worse outcome in GBM with IDH1 wt 

compared to IDH1 mt. MGMT promoter methylation, as well as PTEN deletion was associated with 

a better overall survival (OS) (Brito et al. 2019).  

The grades of brain tumours, characterising how severe a tumour is, are based on 

cytological atypia, mitotic activity, microvascular proliferation, and necrosis. Benign brain tumours 

are graded as low-grade 1 or 2 tumours. They are slow-growing masses that do not tend to invade 

or damage the surrounding tissue, hence overall survival is high. While grade 1 tumours do not 

spread through the body and are unlikely to recur, grade 2 tumours might reoccur as high-grade 

tumours (Gupta and Dwivedi 2017; Louis et al. 2016). Malignant brain tumours are classified as 

high-grade 3 or 4 tumours. They grow faster than benign tumours, infiltrate the surrounding tissue 

and might spread through the body, e.g., by forming metastases. By restricting nutrients, space, 

and blood flow, they damage healthy tissue. Having removed the primary tumour, recurrences are 

common, often rapid, and overall survival is poor (Gupta and Dwivedi 2017; Louis et al. 2016). GBM 

is the most invasive and most aggressive brain tumour. It has a 5-year survival rate of less than 6 % 

and a median survival of 15 months. Recurrences occur about 5 months following resection of the 

tumour (Glioblastoma Multiforme – Symptoms, Diagnosis and Treatment Options 2021; Tan et al. 

2020). It shows microvascular proliferation, many mitotic figures and is prone to necrosis 

(Wesseling et al. 1995; Jellinger 1978). Metastasis arising from GBM are rare but have been found 

in e.g., lymph nodes, lung, and pleura (Robert and Wastie 2008). Based on the beforementioned 

criteria, GBM is a grade 4 brain tumour according to the WHO classification.  

 

 

 

 

 



Lea C. Beltzig  Introduction 

3 

1.1.2. Incidences and causes 

GBM has rising incidence rates in several countries. According to the Central Brain Tumor Registry 

of the United States (CBTRUS), GBM had an incidence rate of 2.6 per 100,000 people-years between 

1990 and 1994 (Surawicz et al. 1999). Between 2005 and 2009 it increased to 3.19 and then further 

to 3.21 in the years between 2011 and 2015 (Dolecek et al. 2012; Ostrom et al. 2018). The latest 

CBRTUS report states an incidence rate of 3.23 between 2014 and 2018 (Low et al. 2022). A study 

conducted in England shows an even higher increase in GBM incidences. In the 20 years between 

1995 and 2015, the incidence rates almost doubled, from 2.4 to 5.0 per 100000 people-years 

(Philips et al. 2018). In Finland, an increase of 1.6 % was detected between 2000 and 2003 (Korja et 

al. 2019). According to the CBTRUS studies, gliomas account for about 78-81 % of malignant 

tumours, and about 54-57 % of gliomas are GBM (Surawicz et al. 1999; Dolecek et al. 2012; Ostrom 

et al. 2018; Low et al. 2022).  

Risk factors known to have an impact on cancer development have been explored for their 

involvement in GBM development. So far, no substantial evidence has been conducted that life-

style factors such as drug use, smoking and alcohol consumption are associated with GBM 

development. Also, increased usage of mobile phones does not seem to correlate with an increase 

in GBM development (Hochberg et al. 1990; Grochans et al. 2022; Brain tumour risk in relation to 

mobile telephone use: results of the INTERPHONE international case-control study 2010). Studies 

evaluating the effect of overweight and obesity on the risk of GBM development showed contrary 

results. While some studies found a correlation between a low body mass index and a lower risk, 

and obesity and a higher risk for GBM development in women, others could not demonstrate a 

connection between the two (Sergentanis et al. 2015; Wiedmann et al. 2017). Investigation of other 

environmental factors such as the exposure to pesticides on the risk of GBM development resulted 

in conflicting results. Exposure to chemicals and air pollution did not correlate with an increase in 

GBM development (Piel et al. 2019; Fallahi et al. 2017; Carles et al. 2017; Samanic et al. 2008; 

Andersen et al. 2018). 

The only known relation to an increased risk for GBM development is age, gender, and 

hereditary predisposition. A correlation between age and diagnosis with GBM was demonstrated. 

While children are only rarely diagnosed, the incidences increase in age with a peak of newly 

diagnosed GBM at 75-84 years of age and a drop thereafter. The age of diagnosis is in elderly 64 

years of age (Ostrom et al. 2013). Over the years GBM has been reported 1.12 – 2.59 times more 

often in men than in women worldwide, showing a clear gender predisposition (Grochans et al. 

2022). Also, ethnicity seems to play a role. White seem to be more prone to GBM development 

than Hispanic, while Hispanic are more often diagnosed than Black, and Black more often than Asian 
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(Grochans et al. 2022). About 5 % of gliomas are familial and about 3.5 % are caused by 

neurofibromatosis type 1 and 2, demonstrating a genetic predisposition in some cases (Wrensch et 

al. 1997; Kamihara et al. 2017; Stefanaki et al. 2012). A prevalence of GBM development following 

ionising radiation (IR) has been demonstrated in 17 out of 100 analysed subjects, although, the 

latency between IR and GBM diagnosis varied between 3 and 37 years making a direct connection 

difficult (Hodges et al. 1992). 

Overall, the studies demonstrate that even though GBM is the most common malignant 

brain tumour with increasing incidences and poor survival rates, the exact causes for GBM 

development have yet to be determined. 

 

 

1.1.3. Diagnosis 

As a primary brain tumour, GBM usually presents itself through symptoms like increased 

intracranial pressure, tissue destruction or compression of specialized regions within the brain. 

These further cause symptoms like severe headaches, seizures, unilateral weakness, personality 

changes, memory loss and others. Since they are not exclusive for brain tumours, a diagnosis is 

often difficult (Allen Perkins and Gerald Liu 2016; Hadidchi et al. 2019; Cahill et al. 2012). If a tumour 

is suspected, brain imaging is needed to confirm the diagnosis. The most used anatomical imaging 

tool is the magnetic resonance imaging (MRI) combined with computed tomography with and 

without contrast staining. To gain information about physiologic, metabolic, or functional tumour 

biology, positron emission tomography-MRI is used. These images can provide information about 

important characteristics, such as tumour cell proliferation, hypoxia and amino acid transport, 

helping to identify and treat brain tumours (Fink et al. 2015; Allen Perkins and Gerald Liu 2016). If, 

based on the imaging, a brain tumour is confirmed, a brain biopsy is taken to further specify the 

tumour classification according to the WHO using  histopathological staining procedures (Allen 

Perkins and Gerald Liu 2016).  
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1.1.4.  Treatment 

The first step in GBM treatment is surgical removal of the tumour. Usually, surgical dissection of a 

tumour aims to remove all cancerous tissue from the brain while remaining complete nerve 

function. In GBM, however, complete resection of the tumour is impossible due to its highly 

infiltrative nature. Boundaries between tumour and healthy brain tissue often cannot be separated. 

Hence, following maximum safe resection of GBM, tumour cells remain within the brain (So et al. 

2021; Seker-Polat et al. 2022). Nevertheless, surgical removal of the main tumour mass is important 

as it has been demonstrated by a significant positive correlation between longer progression free 

survival (PFS) and OS in patients with greater extend of resection (Keles et al. 1999; Stummer et al. 

2006; Hentschel and Sawaya 2003). 

Over the past years, the techniques for mapping the tumours’ location within the brain, as 

well as the surgical removal have been greatly improved, leading to more extensive resections 

(Black et al. 1999; Mukherjee and Quinones-Hinojosa 2011). Cells that have infiltrated the healthy 

brain tissue and escaped surgical removal can recolonize and form recurrent tumours. Following 

surgery, the remaining cancer cells are therefore treated with chemotherapy and ionizing radiation 

(IR). Current standard treatment following surgery for GBM includes fractionated adjuvant radio-

chemotherapy following the Stupp scheme. In this treatment schedule, patients are irradiated with 

fractionated doses of 2 Gy of γ-rays per day for 5 consecutive days per week for 6 weeks resulting 

in a total dose of 60 Gy. Concomitantly, patients receive oral administration of 75 mg TMZ per 

square meter of body surface (m2) per day each day of the 6 weeks. These first 6 weeks of treatment 

are followed by a second 6-week treatment period, in which patients receive oral administration of 

150-200 mg TMZ/m2 per day for the first 5 days of every 28-day cycle (Stupp et al. 2005).  

Although the improved treatment schedule for GBM has led to greater PFS and OS rates in 

patients (median survival without TMZ treatment was 10.2 month compared to 15 months with 

TMZ), recurrences occur in almost all GBM patients (Figure 1) and for now, no standardised 

treatment for recurrences exists (Seystahl et al. 2016). As for primary GBM tumours, the 

recurrences are usually surgically removed as best as possible. It delays symptom progression and 

improves the response to chemo- and radiotherapy. Also PFS and OS can be prolonged depending 

on the health condition of the patient (Barbagallo et al. 2008; Woernle et al. 2015). For a 

chemotherapeutic approach following surgery, nitrosoureas represent the widely accepted 

treatment option for recurrent GBM. Also, reirradiation is widely used and showing promising 

results (Seystahl et al. 2016; Minniti et al. 2021). Lately, the chloroethylating agent N-(2-

chloroethyl)-N'-cyclohexyl-N-nitrosourea (CCNU, lomustine) is starting to develop a position as 

standard of care for recurrent GBM with MGMT promoter methylation (Weller and Le Rhun 2020).  
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1.2. Temozolomide 

TMZ was first discovered in the 1980s during a project supervised by Malcolm Stevens at the Aston 

University in England (TEMOZOLOMIDE_ChemistryWorldJul09_tcm18-155909). It is a triazene 

analogue of dacarbazine, s used at this time in the treatment of Hodgkin disease and malignant 

melanoma (Stevens et al. 1984). In contrast to dacarbazine, TMZ does not have to be metabolically 

activated in the liver. Following oral administration, it is quickly absorbed in the gut (Jie et al. 2017; 

Saleem et al. 2003). Trials have been conducted to measure TMZ concentrations in plasma, spinal 

fluid, brain- and tumour tissue. In 2009, Rosso et. al. predicted TMZ concentrations via PET scan in 

combination with radio-labelled TMZ. Oral administration of 75-200 mg /m2/d TMZ led to average 

peak concentrations of 2.9-6.7 μg/mL, corresponding to 15-35 µM TMZ in the tumour, while normal 

brain tissue reached 1.8-3.7 μg/mL, corresponding to 9-19 µM TMZ (Rosso et al. 2009). A second 

study published the same year measured TMZ concentrations following oral administration of 

150 mg/m2 TMZ in plasma and the brain interstitial fluid (BIF) using a catheter implanted during 

surgical removal of the GBM tumour. In plasma, average maximum concentrations of 5.5 µg/ml, 

corresponding to 28 µM TMZ, were measured, while the average maximum concentration in BIF 

reached 0.6 µg/ml, corresponding to 3 µM TMZ (Portnow et al. 2009). The same method was used 

in a study published in 2013, where intra-tumoral TMZ concentrations were measured in rats 

following a single oral dose of 50 mg/kg TMZ. Mean intra-tumoral TMZ concentrations of 

0.59 μg/mL, corresponding to 3 µM TMZ were measured (Grossman et al. 2013).  

 

Figure 1: Exemplary MRI of re-occurring GBM.  

MRI images show GBM pre (A) and post (B) tumour resection. 18 months following surgery, the tumour re-occurs on the opposite 

hemisphere (C) showing the infiltration capacity of GBM cells. Picture taken from (Seker-Polat et al. 2022) 
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TMZ is rather stable at acidic pH, with a half-live of about 1.82 h. At pH >7, however, TMZ 

is hydrolysed to 5-(3-methyltriazen-l-yl)-imidazole-4-carboxamide (MTIC), which is stable under 

these alkaline conditions. At acidic pH <7, MTIC has a half-life of about 2 min and decomposes to 

5-aminoimidazole-4-carboxamid (AIC) and a highly reactive methyl diazonium ion, which is the 

active DNA-alkylating species (Figure 2) (Clark et al. 1995; Denny et al. 1994; Saleem et al. 2003; 

Newlands et al. 1992). This process occurs rapidly, as revealed by peak plasma concentrations 2.5 

h after oral administration of TMZ (Baker et al. 1999).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Conversion of TMZ to its active form. 

TMZ is hydrolysed to MTIC, then further reduced to AIC and a methyl diazonium ion, which is the DNA alkylating 

species. The picture was adapted  from (Clark et al. 1995) 
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1.2.1. Genotoxic effects of temozolomide 

DNA-alkylating drugs, such as TMZ and CCNU exert their genotoxicity through alkylation of DNA 

bases and the induction of cross-links, respectively, and the subsequent induction of DNA single- 

and double-strand breaks (SSBs and DSBs) (Fu et al. 2012). As monofunctional alkylating agent, TMZ 

only transfers methyl groups to the DNA. Through a chemical SN1-reaction it either methylates the 

cyclic nitrogen (N) or the extra-cyclic oxygen (O) atoms of DNA bases (Beranek 1990). It prevalently 

forms N7-methyl guanine (N7meG), and N3-methyl adenine (N3meA) adducts. while the O6-

methylguanine (O6meG) adducts are a minor fraction. It has been shown, that TMZ preferentially 

methylates guanine in guanine-rich DNA sequences, yielding about 70-75 % N7meG, 8-11 % N3meA 

and 6-8 % O6meG (Fu et al. 2012; Beranek 1990). Additionally, TMZ induces oxidative stress leading 

to oxidized bases, such as 8-Oxo-7,8-dihydroguanine (8-oxo-G) (Figure 3) (Wang et al. 2018). The 

N7meG adduct exerts its genotoxic effect through formation of apurinic-sites following 

spontaneous depurination. In contrast, N3meA, causes a genotoxic lesion itself, blocking the DNA 

polymerase and generating DSBs. This subsequently induces an S-phase blockage which, if not 

resolved, triggers the DNA damage response (DDR) and apoptosis pathways (Engelward et al. 1998). 

Additionally, the collision of replication with the base excision repair (BER) pathway, which is the 

main mechanism by which N-methylated adducts are repaired, leads to the induction of DSBs 

(Ensminger et al. 2014). The oxidised form of guanine (8-oxo-G) can mis-pair with adenine leading 

to mutations. The two major adducts N7meG and N3meA as well as 8-oxo-G are rapidly repaired 

by BER if the cell is BER competent. Since GBM is not known for mutations in BER, these DNA N-

alkylation adduct play only a minor role in the induction of cytotoxic effects by TMZ, at least in the 

therapeutic dose range (Zhang et al. 2012; Fu et al. 2012). 
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Figure 3: Molecular structures of TMZ and transformed DNA bases due to TMZ treatment. 

The monofunctional alkylating agent TMZ primarily methylates guanine at the N7 and O6 positions, as well as adenine at the N3 position. 

Oxidative damage induced by TMZ leads to formation of 8-oxo-guanine. Red indicates methylation directly by TMZ and oxidation 

through ROS induced by TMZ. 
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1.2.2. DNA damage induced by O6methylguanine 

The adduct that it is of most biological relevance in GBM treatment is O6meG. Even though it is 

generated to a much lesser extent than all other adducts, it is responsible for almost all the cytotoxic 

and cytostatic effects provoked by TMZ. O6meG is subject to direct repair via the suicide enzyme 

MGMT which restores the guanine base in a stoichiometric reaction. To this end, MGMT transfers 

the methyl group from the guanine onto a cysteine (Cys145) residue in its own active centre. Since 

the methyl-cysteine is not converted back, MGMT can act only once and is then subject to 

proteasomal degradation (Pegg et al. 1995; Xu-Welliver and Pegg 2002; Kaina et al. 2007). The 

protein expression level of MGMT varies between tumours and is highly regulated by epigenetic 

modifications, e.g., addition and removal of methyl groups at the promoter. Originally, the MGMT 

promoter is unmethylated, thus active, and MGMT is constantly expressed. Addition of a methyl 

group at the C5 position of the cytosine ring at cytosine-phosphate-guanine (CpG)- islands within 

the promoter region of MGMT leads to hypermethylation of the promoter and thus silencing of the 

gene, while de-methylation of the same leads to its (re-) activation (Illingworth and Bird 2009). 

Hence, the CpG methylation status of GBM is an important predictive and prognostic marker that 

can anticipate the efficacy of the TMZ treatment and thus the patient outcome (Weller et al. 2010; 

Weller et al. 2009). Even though it is rare, recurrent GBM tumours of TMZ treated primary GBM 

tumours can have an increased MGMT activity (Brandes et al. 2010). Also, in TMZ resistant 

xenografts, an increased MGMT expression was observed compared to the parental TMZ sensitive 

xenograft (Kitange et al. 2012). The studies propose that the MGMT gene might be regulated by 

TMZ itself, but studies performed in our lab could not confirm this hypothesis (Aasland et al. 2018; 

Christmann et al. 2011).  

  About 40 % of GBM have a hypermethylated MGMT promoter and, thus, lack the MGMT 

protein (Christmann et al. 2011; Taylor and Schiff 2015). In MGMT lacking cells, O6meG can mis-pair 

with thymine (T) instead of cytosine (C) during replication since it has a higher affinity to thymine 

than to cytosine. If not recognised and removed by the mismatch repair (MMR) system, the mis-

paired thymine is matched with adenine (A) in the next replication cycle, leading to a G-C to A-T 

transition mutation (Figure 4).  
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Figure 4: TMZ-induced transition mutations in MMR deficient cells. 

In undamaged DNA, guanine pairs with cytosine. Treatment of TMZ leads to the methylation of guanine at the O6 position. The guanine 

adduct has a higher affinity to thymine than cytosine, thus thymine is inserted opposite of guanine in the first replication cycle. In MMR 

deficient cells neither the O6meG-cytosine nor the O6meG-thymine pairing is recognised as faulty base pairing. Therefore, adenine is 

paired with thymine in the next replication cycle, leading to a G-C to A-T transition mutation. Red indicates methylation by TMZ. Blue 

indicates hydrogen bonds between the DNA bases. 
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If the cell is MMR competent, the O6meG-C and the O6meG-T pairs are recognised by MutSα and 

are excised (Duckett et al. 1996). Therefore, in a first step, either mismatch is recognized and bound 

by the MutSα complex, composed of MSH2 and MSH6. Phosphorylation of the complex ensures 

efficient binding (Christmann et al. 2002). Next, the undamaged strand needs to be identified. 

Hypotheses are currently discussed about how the MMR achieves this, but so far, the exact 

mechanisms remain unknown. However, upon recognition, the complex assembles with a second 

complex, the MutLα complex, which consist of the two proteins MLH1 and PMS2. Starting at a 

position situated 5’ from the miss pair, the complex slides in 3’ direction, stimulating exonuclease 1 

(Exo1) to degrade the single stranded DNA (ssDNA) containing the mismatch. Several hundred 

nucleotides are degraded until the mismatch is reached and excised. Replication protein A (RPA) 

protects the remaining ssDNA from degradation. Once the mismatch is removed, the MutSα 

complex dissembles from the DNA and EXO1 is no longer stimulated and needed. The RPA 

protected gap is then synthesised by the polymerase pol δ (Figure 5) (Genschel and Modrich 2003; 

Bak et al. 2014).  

CH3 

CH3 

 

Figure 5: The mis-match repair system in human cells. 
The MMR system includes three major steps. (i) Mis-match recognition by the MusSα complex. Thereafter (ii) strand separation, 
assembly of the MutLα complex and degradation of ssDNA including the mismatch by Exo1. RPA protects the ssDNA from further 

degradation. In a last step (iii), the DNA gap is closed by pol δ. The image was adapted from from (Kristiansen et al. 1981) 
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Since the O6meG adduct is still in place and still has a higher affinity to thymine than cytosine, 

thymine is re-inserted during the next replication cycle. This re-occurring mismatch is again repaired 

by the MMR system resulting in repeated futile repair cycles. It has been hypothesised that the long 

ssDNA patches caused by MMR eventually collide with replication forks and are thus converted into 

DSBs. Studies performed in our lab showed that DSBs resulting from to the O6meG adduct occur 

during the second replication cycle, indicating that the “futile MMR cycle” hypothesis is applicable 

(Quiros et al. 2010; Roos et al. 2004; Roos et al. 2007). Also, several studies proved the necessity of 

the MMR system in O6meG triggered apoptosis (D'Atri et al. 1998; Kaina et al. 1997; Hickman and 

Samson 1999). Hence, the conversion of the O6meG adduct into DSBs requires three items; Lack of 

MGMT to ensure persisting O6meG adducts, a functioning MMR system, and DNA 

replication/proliferation.  

 

 

1.2.3. Cytotoxicity induced by O6methylguanine 

Huge efforts have been made in elucidating the pathways that follow O6meG induced DSBs in 

several cell systems, including GBM. So far, it has been shown that following TMZ treatment glioma 

cells activate the DDR and subsequently undergo apoptosis, autophagy and senescence (Knizhnik 

et al. 2013; He and Kaina 2019). 

 

 

1.2.3.1. Induction of apoptosis 

Apoptosis is a form of programmed cell death with vital roles in various processes, including 

embryonic development, maturing of the immune system and normal cell turnover. In cancer 

treatment the ability to induce apoptosis e.g., through induction of DNA damage (chemotherapy or 

IR), is recognized for its great therapeutic value. Cell death by apoptosis can be detected by 

morphological changes. In brief, during the early stage of apoptosis, cells detach from their 

surrounding cells and extracellular matrix attachments and start condensing the DNA in the 

nucleus. The nucleus is then segregated into several fragments and the cell membrane is pushed 

outwards, resulting in bulges. The last step of apoptosis includes the complete segregation of the 

cell into several apoptotic bodies (Figure 6) (Häcker 2000). 
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The morphological changes during apoptosis are the result of biochemical changes within the cell. 

Those include protein cross-linking by tissue transglutaminases, protein cleavage by cysteine 

aspartyl proteases (caspases), DNA fragmentation through Ca2+- and Mg2+-dependent 

endonucleases and the expression of cell surface markers for phagocytic recognition (Hengartner 

2000; Elmore 2007). Apoptosis can be induced via two major pathways; the death receptor (DR) 

mediated and the mitochondrial pathway. They are executed via the same pathway (activation of 

caspase-3 and -7) but have different initiation pathways.  

Segregation into apoptotic bodies 

Fragmentation of the nucleus, 

formation of apoptotic bodies 

and intracellular vacuoles 

Condensation of DNA in the nucleus and 

bulging of the cell membrane 

 

Healthy cell 

Figure 6: Representation of morphological changes during apoptosis. 

Apoptotic cells condensate the DNA and then fragment the nucleus. The cell membrane is pushed outwards 

resulting in bulges. The cell then completely segregates into apoptotic bodies. The image was adapted from (Le 

et al. 2020) 
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The DR pathway relies on binding of DR ligands or cytotoxic stress, while the mitochondrial pathway 

results from signals within the cell, e.g., DNA damage or hypoxia, and the resulting stress. In GBM, 

both pathways are triggered by TMZ treatment.  

Upon DNA damage induced by TMZ, GBM activate the stress kinases ataxia telangiectasia 

mutated (ATM) and ataxia telangiectasia mutated related (ATR) (Aasland et al. 2019b). It has 

recently been shown that activated ATM phosphorylates the E3 ubiquitin ligase seven in absentia 

homolog 1 (SIAH1), thereby inhibiting its activity. In undamaged cells, SIAH1 negatively regulates 

the homeodomain interacting protein kinase 2 (HIPK2) which marks homeodomain transcription 

factors for proteasomal degradation by ubiquitination. Upon phosphorylation of SIAH1, HIPK2 

stabilizes and phosphorylates p53 at serine 46 which leads to stimulation of the Fas mediated 

apoptotic DR pathway (Figure 7) (He et al. 2019; Roos et al. 2007). In brief, the Fas ligand binds to 

the Fas receptor, leading to the recruiting of the adaptor protein FAS-associated death domain and 

pro-caspase-8. Together they form the death inducing signalling complex which induces the 

activation of caspase 8. The activated caspase-8 then cleaves and activates the executioner 

caspases that enforce apoptosis by degrading cellular components (Elmore 2007). By comparing 

p53wt with p53mt cells, it has been shown that this pathway triggering the induction of cell death 

was clearly stimulated in p53wt cells (He et al. 2019; Roos et al. 2007).  

Figure 7: Activation of the Fas induced apoptotic pathway upon DNA damage. 

In undamaged cells (left) SIAH1 continuously ubiquitinates (ub) HIPK2, which is then degraded. Upon DNA damage, ATM is activated 

and phosphorylates (p) SIAH1. The now inactive SIAH1 no longer marks HIPK2 for degradation. HIPK2 stabilizes and phosphorylates 

p53 at serin 46 (p53ser46). This leads to transcriptional activation of the fas receptor and induction of apoptosis. 
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A second pathway involved in apoptosis in glioma cells following TMZ, is the mitochondrial 

pathway. The mitochondrial pathway is mainly regulated by the B-cell lymphoma-2 (Bcl-2) protein 

family, which consists of pro-apoptotic and anti-apoptotic proteins. They regulate the 

cytochrome C release from the mitochondria. Once released, cytochrome C binds, together with 

dATP, to the cytosolic protein Apaf-1, forming of the apoptosome. The apoptosome serves as 

platform for the activation of initiator caspases which cleave and activate executioner caspases. 

They in turn carry out apoptosis by degrading cellular components. Thereby the Bcl-2 family 

regulates the induction or inhibition of apoptosis (Elmore 2007; Hengartner 2000). The role of the 

anti-apoptotic Mcl-1 protein in TMZ-induced apoptosis has been demonstrated. Following 50 µM 

TMZ treatment for 72 h, the Mcl-1 protein level was downregulated. Inhibition of Mcl-1 led to a 

significantly higher activation of caspases when cells were treated with 12.5 µM TMZ. Additionally, 

inhibition of the pro-apoptotic Bak protein led to a significant reduction in apoptosis. Inhibition of 

other pro- or anti-apoptotic Bcl-2 proteins had no effect (Gratas et al. 2014a). In U87 cells, a change 

in the Bcl-2:Bax ratio upon TMZ treatment was observed. While the Bcl-2 protein level stayed about 

the same in TMZ-treated cells, the level of the Bax protein level was increased, leading to an 

increase in the Bcl-2:Bax ration. Treatment of U87 cells with dexamethasone before the treatment 

with TMZ led to an abrogation of the increase in the Bax protein level. Concomitantly, the apoptosis 

levels were reduced. Thus, it has been proposed, that upon TMZ treatment a change in the 

Bcl-2:Bax ratio is induced that results in apoptosis. (Das et al. 2004; Ma et al. 2002). Overall, the 

beforementioned data suggest that upon TMZ treatment also Mcl-1 is downregulated in GBM cells 

to induce apoptosis via a change in the Mcl-1:Bak ratio.  

 

 

1.2.3.2. Induction of senescence 

As mentioned before, senescence is the second key response of glioma cells following TMZ 

treatment. It has long been thought to be a permanent cell cycle arrest, but recent studies 

demonstrate that senescent cells can escape their fate and re-start proliferation (Saleh et al. 2019). 

Thus, the definition of senescence is changing. There are different types of senescence, depending 

on their trigger. While oncogene-induced senescence is induced by oncogenes, age-related 

senescence is induced by telomer shortening, and DNA damage induced/therapy induced 

senescence is triggered by DNA damage occurring outside of telomeres. Depending on the type of 

senescence, cells can be arrested in either G1 or in G2/M phases of the cell cycle (Rayess et al. 2012; 

Aasland et al. 2019a). Taking together the results of several studies conducted on TMZ treated 

glioma cells, the induction of senescence appears to occur in the following way.  
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DSBs activate ATM and ATR, which phosphorylate their downstream targets checkpoint kinase 1 

and 2 (CHK1 and CHK2). In turn, activated CHK1 and CHK2 phosphorylate the cell division cycle 

phosphatase CDC25c, which then no longer de-phosphorylates CDK1. The now active CDK1 blocks 

the G2/M transition and cells are arrested in G2/M. Additionally, CHK1 and CHK2 can phosphorylate 

p53 at serine 20 and 15, both leading to an activation of p21. The activated p21 then binds the 

CDK1/cyclin B1 complex, leading to its nuclear retention and inhibition, and cells are arrested in 

G2/M (Hirose et al. 2001; Eich et al. 2013; He and Kaina 2019; Aasland et al. 2019b). Another major 

pathway leading to senescence involves the SASP. In a pathway yet to be discovered, ATR 

downregulates the inhibitor of the nuclear factor kB (NF-kB), IkB. Increased levels of NF-kB lead to 

inhibition of apoptosis and transcription of SASP factors which re-enforce senescence (Figure 8).  

 

 

 

Interestingly, inhibition of autophagy leads to a reduction in senescence and an increase in 

apoptosis. Somehow, autophagy is needed to induce senescence in GBM cells following TMZ 

treatment but the exact pathway remains unknown (Knizhnik et al. 2013). However, it has been 

demonstrated in other cell systems that the high flux of recycled amino acids and other metabolites 

provided by autophagy are subsequently used for the massive synthesis of the SASP factors that 

facilitate CSEN (Kwon et al. 2017; Young et al. 2009). The SASP is additionally regulated by GATA, 

which in turn is regulated by p62 mediated selective autophagy. Upon senescence-inducing stimuli 

the interaction of p62 and GATA4 decreases. GATA4 protein levels increase, initiate activation of 

NF-kB and subsequently transcription of genes involved in the SASP (Kang et al. 2015).  

Figure 8: Schematic of TMZ-induced senescence in GBM cells. 

Senescence is induced by several pathways starting from activation of ATM/ATR. Left: ATR phosphorylates and thereby activates CHK1, 

which phosphorylates and thereby inactivates CDC25c. CDK1, which is usually de-phosphorylated by CDC25c is now active and blocks the 

G2/M transition. Middle: ATR as well as active CHK1 phosphorylate p53 at ser20 and ser15 leading to induction of p21 and subsequent 

nuclear retention of the CDK1/cyclin B1 complex. This results in a G2/M arrest. Right: ATM reduced IkB levels by a yet unknown pathway. 

NK-kB can therefore stabilise and transcribe SASP factors that re-enforce senescence. The image was adapted from (Aasland et al. 2019b) 
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Considering the unfavourable effects of senescence during GBM treatment and the important role 

of the SASP in maintaining and reinforcing senescence, the inhibition of the formation of the SASP, 

thus the autophagic pathway poses a target for eliminating senescent cells.  

 

 

1.3. CCNU 

The chloroethylating drug CCNU is, like TMZ, an alkylating agent. It preferentially forms adducts at 

the N7 position of guanine, resulting in N7-chloroethyl-guanine and N7-hydroxyethyl-guanine. As 

for TMZ, the adduct bearing the most cytotoxic effect is at the O6 position of guanine. This adduct 

is highly unstable, thus, through intramolecular rearrangements, it quickly forms N1-O6ethano-

guanine (Figure 9) (Ludlum 1990). 

Figure 9: Molecular structures of CCNU and transformed DNA bases due to CCNU treatment. 

CCNU transfers its chloroethyl group onto the O6 or N7 positions of guanine. Following intramolecular 

rearrangements, the O6chloroethyl-guanine is converted into N1-O6-ethano-guanine. 
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The chloroethyl modified DNA bases can be recognised and repaired by the MGMT enzyme. Just 

like the repair of methylated bases following TMZ treatment, repair of chloroethylated bases 

following CCNU follows a stochiometric reaction. Therefore, MGMT transfers the chloroethyl group 

onto a cysteine residue (cys145) in its active site which leads to inactivation of MGMT and its 

proteasomal degradation (Coulter et al. 2007). In cells with CpG methylated and thus inactive 

MGMT promoter, the O6- chloroethylated DNA bases are not repaired. As mentioned before, O6-

chloroethylguanine is highly unstable and is transformed to N1-O6ethano-guanine following 

intramolecular rearrangements. The N1-O6ethano-guanine then covalently binds to a cytosine of 

the complementary DNA strand, thus generating the stable N1-guanine-N3- cytosine interstrand 

cross link (ICL) DNA lesion (Figure 10) (Ludlum 1990).  

 

 

These ICLs lead to a block of replication as well as transcription, and later, if not repaired, induce 

cell death pathways. The exact mechanisms of ICLs recognition, repair and damage response are 

still being discovered. Two pathways have been suggested to be involved in ICLs repair. One 

hypothesis considers the repair of ICLs at stalled replication forks through generation of a one-

ended DSB at the site of the ICL. During this repair mechanisms, the overhanging ssDNA could be 

recognised as DSBs and activate the DDR. A second hypothesis rests on the generation of a chicken-

foot structure which is recognised as one ended DSBs. In both cases, the repair mechanisms would 

include NER to excise the corrupted DNA base, and HR to seal the generated overhanging ssDNA 

(Nikolova et al. 2017).  

 

Figure 10: Interstrand cross link between guanine and cytosine. 

The ethyl group of the N1-O6-ethano-guanine forms and interstrand cross link (ICL) with 

the N3 of cytosine. The ICL is marked in red. 
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1.4. Methadone 

Methadone (MTD) is a long-acting synthetic opioid, that was initially developed for treatment of 

opioid addiction, and serves as a second-line treatment for pain medication (Schuckit 2016; Palat 

and Chary 2018). As highly potent µ-opioid agonist, MTD binds to the G-protein coupled µ-opioid 

receptor (MOR), which is then activated. MOR is located at the cell membrane, the cytoplasm, or 

the nucleus of a variety of cells (Stein 2016). Depending on the cell, the activation of MOR leads to 

different events. In neurons, MOR activation mediates the analgesic effects of MTD, while in 

lymphocytes and macrophages MOR activation promotes immunosuppression and inflammation 

(Siuda et al. 2017; Brejchova et al. 2020).  

The role of MTD in cancer development and cancer treatment is not clear, and contrary 

data have been provided. While some studies point towards tumour progression upon MOR 

activation, others showed the opposite. In non-small-cell lung cancer, colorectal cancer and breast 

cancer, MOR was shown to mediate tumour progression through several pathways. These include 

the phosphoinositide 3-kinases (PI3K)/Akt/STAT3 and the JNK pathways (Lennon et al. 2014; Lu et 

al. 2013). Activation of MOR was also shown to target the MAPK, COX2 and c-MYC, among others 

in hepatocellular carcinoma to promote tumour progression (Chen et al. 2019). Contrary, activation 

of MOR through morphine was shown to induce cell death and inhibit the migratory and invasion 

ability of hepatocellular carcinoma (Zhang et al. 2021). In glioblastoma cells, activation of MOR 

through MTD was proposed to improve the effectiveness of doxorubicin, thus have an anti-tumour 

effect. This hypothesis rests on the finding that the anti-apoptotic proteins XIAP and Bcl-XL were 

downregulated upon activation of MOR through MTD treatment (Friesen et al. 2014). However, a 

study conducted by Brawanski et al. demonstrated a dose-dependent effect of MTD on 

glioblastoma cells. Thus, sole MTD treatment only induced apoptosis in glioblastoma cells at 

dosages above clinically achievable concentrations. The same was shown for the combinatorial 

treatment of MTD and TMZ (Brawanski et al. 2018). Taken together, these results show that the 

effect of MOR on tumour progression and cell death is highly cell type and dose dependent.  

MTD is mostly administered orally and is absorbed quickly. Plasma peak concentrations of 

are reached within 2.5 h when administered in liquid form, and about 3 h when administered in 

tablet form. The bioavailability is in the range of 70 to 80 % (Kreutzwiser and Tawfic 2020). Plasma 

concentrations reached vary between oral and intravenous (i.v.) application an range from 

approximately 0.3 nM after oral administration to approximately 0.5 µM following i.v. application 

(Wolff et al. 1993; Meresaar et al. 1981). The MOR is located not only in the brain but also e.g., in 

the spinal cord and intestinal tract. Activation of MOR leads to a reduced release of the 

neurotransmitters in neurons, thus exerts its analgetic effect.  



Lea C. Beltzig  Introduction 

21 

However, activation of MOR also leads to hypothermia, respiratory depression and reduced 

gastrointestinal motility. Therefore, the dosing of MTD needs to be carefully evaluated. The 

tolerable daily dose for humans was reported to be 100 mg with a maximum serum level between 

0.3 and 1.3 μg/mL (Inturrisi et al. 1987; Kreutzwiser and Tawfic 2020).  

 

 

1.5. Senolytic agents 

There is increasing evidence that senescent cells can escape their senescent state and re-enter the 

cell cycle, leading to recurrent tumours month, sometimes years following treatment (Saleh et al. 

2019; Olszewska et al. 2021; Le Duff et al. 2018). Additionally, senescent cells excrete the SASP 

factors into the surrounding healthy tissue, thereby promoting inflammation and tumour 

progression. These factors may contribute to shortening of PFS and OS (Demaria et al. 2017). Thus, 

reducing the senescent cell population is of major concern. One way of doing so is by inhibiting the 

induction of senescence. Another is treatment with senolytic agents, which specifically drive 

senescent cells into cell death while leaving proliferating cell unharmed. A few senolytic agents 

have already been identified or created, including the synthetic Bcl-2 inhibitors ABT-737 and 

ABT-263, the latter also known as Navitoclax (Yosef et al. 2016; Zhu et al. 2016). Also, some natural 

and synthetic compounds have been demonstrated to deplete senescent cells (Li et al. 2019b; 

L'Hôte et al. 2021). In this study, the three natural compounds artesunate, curcumin and fisetin, as 

well as the nociceptin receptor inhibitor 1-[1-(1-Methylcyclooctyl)-4-piperidinyl]-2-[(3R)-3-

piperidinyl]-1H-benzimidazole (MCOPPB) were evaluated for their senolytic capacity in GBM.  

 

 

1.5.1. Artesunate 

Artesunate is a semisynthetic derivate of artemisinin, a natural sesquiterpene lactone extracted 

from the wormwood plant Artemisia annua (Haynes and Vonwiller 1994). In a two-step procedure 

artemisinin is first reduced to dihydroartemisinin and then further acylated to artesunate (Presser 

et al. 2017). Artesunate is highly water soluble, quickly absorbed in the gut and then hydrolysed to 

docosahexaenoic acid (Melendez et al. 1991; Nyunt and Plowe 2009). Artesunate has a long 

tradition in Chinese medicine for the treatment of malaria but nowadays its application exceeds 

this purpose (Kong and Tan 2015). There is considerable evidence that artesunate exerts anticancer 

effects in different types of cancer either as sole treatment or as adjuvant for chemotherapeutics. 
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Thus, sole artesunate treatment has proven to exert anticancer effects in colon and ovarian cancer 

(Jiang et al. 2018; McDowell et al. 2021). It also induces apoptosis in glioblastoma cells through 

sustained DSBs resulting from oxidative DNA damage (Berdelle et al. 2011). Also, a synergistic effect 

of artesunate and sorafenib was demonstrated in hepatocellular carcinoma and a sensitizing effect 

against TMZ in glioblastoma cells (Li et al. 2021; Berte et al. 2016). Hitherto, artesunate has not 

been evaluated as senolytic agent.  

The molecular targets of artesunate are versatile, depending on the evaluated cell system 

and include several mechanisms. By activating caspase-3 and -9 and mediating the cytochrome C 

release from the mitochondria into the cytosol, artesunate effectively induces apoptosis via the 

mitochondria-dependent pathway. Additionally, artesunate has been shown to induced apoptosis 

by regulation of pro- and anti-apoptotic Bcl2- proteins, including Bcl-2, Bcl-XL, Bax and Bak (Jiang et 

al. 2018; Qin et al. 2015). Various reports indicate that artesunate also induces autophagy and 

generates reactive oxygen species (ROS) (Jiang et al. 2018; Zhou et al. 2020). This effect has also 

been demonstrated in glioblastoma cells (Berdelle et al. 2011).  

 Clinical trials evaluated the safety and tolerability of artesunate. The observed adverse 

effects include leukopenia, neutropenia, and anaemia, as well as vertigo. However, those were no 

severe effects and the symptoms resolved after treatment was stopped. A dose-escalating study of 

intravenous artesunate on 3 consecutive days, showed no severe adverse effects even at the 

highest dose tested (8 mg/kg/d) (Louis Cantilena, Jr., MD, PhD 2018).  

 

 

1.5.2. Curcumin 

Curcumin is a naturally occurring polyphenol and one of the main substances found in the rhizome 

of Curcuma spp. It has a bright orange-yellow colour and is thus widely used as food colouring. Also, 

studies provided evidence for its beneficial effects. These include an increase in brain function, 

beneficial roles in the treatment of rheumatic diseases, diabetes and cancer, as well as anti-

oxidative effects (Allegra et al. 2017; Bhat et al. 2019; Ghosh et al. 2015). Hence, it is also sold as 

food supplement. Recently, its role in cancer treatment as monotherapy and as adjuvant for 

chemotherapy has been exploited. Several studies provide evidence for the anti-cancer effects of 

curcumin in a variety of cancer, e.g., breast cancer, leukaemia and colorectal cancer (Kizhakkayil et 

al. 2010; Kuo et al. 1996; Pricci et al. 2020). In a glioblastoma mouse model curcumin induced 

apoptosis and repressed tumour growth by repressing angiogenesis. Curcumin also induced 

apoptosis via ROS and downregulation of Bcl-2 in a human leukaemia cell line (He et al. 2020; Kuo 

et al. 1996). 
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These results suggest that depending on the type of cancer, curcumin might be sufficient as 

monotherapy. Curcumin might also be used as adjuvant to potentiate the chemotherapeutic effects 

of paclitaxel as has been demonstrated in a rat glioblastoma cell model (Fratantonio et al. 2019). 

The effect of curcumin on senescent cells has also been investigated. Thus, in IR-induced senescent 

human fibroblasts curcumin induced apoptosis through upregulation of the proteasomal 

degradation of the anti-apoptotic Bcl-2 proteins Bcl-XL and Mcl-1 (Li et al. 2019a). The molecular 

targets of curcumin are diverse and trigger several pathways. Known molecules regulated through 

curcumin treatment and involved in cancer development  are NF-kB, p53, PI3K, NRF2, Bcl-2 and 

Bcl-XL (Shehzad et al. 2010; Kasi et al. 2016).  

A huge obstacle in curcumin usage is its administration. Curcumin is practically insoluble in 

water. Thus, plasma concentrations reach only trace amounts even after high dose oral 

administration of native curcumin. Reports of plasma concentrations reaching up to 1.7 µM 

following an oral dose of 8 g native curcumin underline this obstacle (Liu et al. 2016). Strategies to 

overcome these limitations have been investigated. Hitherto, packing curcumin into micelles has 

proven as best strategy. A single-blind study including 23 subjects demonstrated a 185-fold better 

bioavailability of micellized curcumin compared to native curcumin. Hence, administration of 500 

mg micellar curcumin led to plasma levels of about 3.2 µM (Schiborr et al. 2014). The safety of 

native and micellar curcumin has been evaluated in feeding studies, demonstrating no adverse 

effects (Seiwert et al. 2021). Also, testing of synthetic curcumin via the Ames test, showed that this 

form of curcumin is not a mutagenic agent (Damarla et al. 2018). The German Federal Institute for 

Risk Assessment (ger. Bundesinstitut für Risikobewertung BfR) published a detailed risk assessment 

for native curcumin 2019. It specifies that a maximum of 3 mg/kg/d are an acceptable daily intake.  

 

 

1.5.3. Fisetin 

Fisetin is a polyphenol found in several fruits and vegetables, with the highest amount found in 

strawberries (Arai et al. 2000). It is investigated for its health supporting effects. Thus, fisetin has 

been demonstrated to have beneficial effects in Alzheimer’s and Parkinson’s disease and in the 

treatment of ischemic strokes (Nabavi et al. 2016; Wang et al. 2019). It also bears antioxidative 

properties (Khan et al. 2013). Recently, the role of fisetin in cancer treatment is exploited since 

several studies indicated that the anti-proliferative and apoptosis-inducing effect of fisetin 

specifically target cancer cells (Khan et al. 2008). Thus, cell death was induced in several cancer 

types, including lung-, colon-, prostate- and pancreatic cancer, as well as malignant melanoma 

(Khan et al. 2013). 
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Additionally, fisetin has been shown to target senescent cells, while leaving proliferating cells less 

affected. Hence, fisetin is a senolytic agents (Yousefzadeh et al. 2018; Zhu et al. 2017). The 

molecular targets of fisetin are versatile and differ depending on the cell line investigated. So far, 

targets of the PI3K-, mTOR and ERK/JNK-pathways have been shown to be inhibited by fisetin, while 

the NF-kB and AMPK pathways are activated (Khan et al. 2013). Like curcumin, fisetin has a low 

water solubility and thus a low bioavailability. However, data about plasma concentrations reached 

following oral administration of fisetin are lacking. In mice, a peak concentration of 2.5 µg/mL 

fisetin was reached 15 min following intraperitoneal administration of 223 mg/kg fisetin. The half-

live was about 5 minutes (Touil et al. 2011). New delivery methods, such as encapsulation in lipids, 

are being developed to circumvent this obstacle in fisetin delivery. They could also be used for local 

treatment (Renault-Mahieux et al. 2021). 

 

 

1.6. Aim of the study 

In the first part of this study, we focused on TMZ-induced geno- and cytotoxic, and cytostatic effects 

in GBM cells. The following questions were addressed: a) What is the kinetic of TMZ-induced DSBs, 

cell death and CSEN? b) How is the distribution of TMZ-induced cell death and CSEN? c) Do TMZ-

induced DSBs persist in senescent GBM cells? d) Do they trigger the DDR? e) Can DSBs in senescent 

GBM cells be repaired? f) What role does the DNA lesion O6meG play in the repair of DSBs in 

senescent GBM cells? 

Having established that CSEN is the main trait in GBM cells upon TMZ treatment 

(chapter 4.1.2), we focused on how the senescent state in GBM cells is maintained. The following 

questions were addressed: a) Does the DDR play a role in TMZ-induced senescence maintenance? 

b) What role does the mitochondrial apoptosis pathway play? c) How else is the TMZ-induced 

senescent state maintained? 

In the last part, we focused on how the load of TMZ-induced senescent GBM cells can be 

reduced. The following questions were addressed: a) Do the natural compounds curcumin and 

fisetin bear senolytic activity in GBM cells? b) Are the synthetic/semisynthetic drugs artesunate, 

MCOPPB, CCNU and MTD senolytic agents in GBM cells? c) Is IR senolytic in GBM cells? d) Does the 

combination treatment of GBM cells with TMZ and MTD or TMZ and IR increase cell death levels?
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2. Materials 

2.1. Chemicals and consumables 

If not stated otherwise, all chemicals used in this study were obtained from either Carl Roth GmbH 

& Co. KG (Karlsruhe, Germany) or from Sigma-Aldrich (Steinheim, Germany), while all plasticware, 

such as cell culture flasks and dishes, 15-, 50-ml and 1,5 ml sampling tubes, were purchased from 

Greiner BioOne GmbH (Frickenhausen, Germany), Eppendorf AG (Hamburg, Germany) or TPP 

Techno Plastic Products AG (Trasadingen, Switzerland). 

 

Table 1: List of chemicals and consumables. 

Chemical/consumable Product number Company 

3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium 

bromide (MTT)  

15655  Biomol GmbH, Germany 

Acrylamide 4K solution 40 % - 

Mix 37.5 : 1 BC 

(Acrylamide 40 %) 

A1577  
AppliChem GmbH, 

Germany 

AnnexinV-FITC (AV) 130-093-060 
Miltenyi Biotec B.V. & Co. 

KG, Germany 

Blotting membrane   Amersham Protean 0.2 µM NC 
GE Healthcare life 

Sciences, UK 

C12FDG M2888 
Marker Gene Technlogies 

Inc., USA 

C12FDG ab273642 Abcam plc., UK 

Centrifuge 15- and 50-ml falcon 

tubes 
Megafuge 1.0 

Heraeus Holding GmbH, 

Germany 

Coverslips round, 18 mm 48380-046 
VWR International, LLC, 

USA 

Coverslips square, 22 mm 94-22222 CNA scientific Inc., USA 

Diaminobenzidine - 
Lab Vision Cooperation, 

Fermont, CA, USA 

Dulbecco's Modified Eagle 

Medium (DMEM) GlutaMax 
61965059 

Gibco, Thermo Fisher 

Scientific Inc, USA 

EnVision FLEX Target Retrieval 

Solution, high pH 
S2368 Dako, Glostrup, Demnark 

Ethylenediaminetetraacetic 

acid (EDTA)  
A2937 

AppliChem GmbH, 

Germany 

Foetal calf serum (FCS) 10270106 
Gibco, Thermo Fisher 

Scientific Inc, USA 

LI-COR stripping buffer 928 - 40030 LI-COR Inc., USA 

Microscope slides 17234884 
Thermo Fisher Scientific 

Inc, USA 

peroxidase-blocking solution - Dako, Glostrup, Demnark 

Phenylmethanesulfonyl 

fluoride (PMSF) 
A0999 

AppliChem GmbH, 

Germany 

Phosphate buffered saline (PBS)  l 182-50  Merck KGaA, Germany 
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Pipette tip 1000 µl I1011-2011 
Starlap International 

GmbH, Germany 

Pipette tip 20 µl S1110-3000 
Starlap International 

GmbH, Germany 

Pipette tip 200 µl 70.760.012 
Sarstedt AG & Co. KG, 

Germany 

Potassium ferricyanide A3883 
AppliChem GmbH, 

Germany 

Potassium ferrocyanide A1867 
AppliChem GmbH, 

Germany 

Trypsin 15400054 
Gibco, Thermo Fisher 

Scientific Inc, USA 

Vectra shield H-1000 Vector Laboratories, USA 

Whatman paper 732-0591 
VWR International GmbH, 

Germany 

X-Gal AG-CC1-0003-G001 BIOMOL GmbH, Germany 

 

 

2.2. Technical Instruments 

Table 2: List of technical instruments. 

Instrument Name Company 

Blotting chamber TransBlot Cell 
BioRad Laboratories 

GmbH, Germany 

Casting Stand plus gaskets Mini-Protean Tetra Cell Casting Stand 
Bio Rad Laboratories 

GmbH, Germany 

Chamber for sodium dodecyl 

sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) and 

Western blot 

Mini Protean Tetra Cell 
BioRad Laboratories 

GmbH, Germany 

Chamber for single-cell gel 

electrophoresis (SCGE) 
Tetra Vertical Electrophoresis Cell 

Bio Rad Laboratories 

GmbH, Germany 

Clean bench NU 440-600, Class II NuAire, Inc., USA 

Clean bench EN12469, Class II 
Thermo Fisher 

Scientific Inc, USA 

Comb for SDS-Gel preparation Mini Protean Comb, 15-well 
Bio Rad Laboratories 

GmbH, Germany 

Confocal laser scanning 

microscope (LSM) 
LSM 710 

Carl Zeiss GmbH, 

Germany 

Cooling Centrifuge 1.5 ml tubes Refrigerated 5402 
Eppendorf SE, 

GErmany 

Dako Autostainer Plus Immnostainer 
Dako, Glostrup, 

Denmark 

Flow cytometer FACS Calibur 
BD Biosciences, 

Germany 

Flow cytometer FACS Canto II 
BD Biosciences, 

Germany 

Fluorescence microscope Nikon Microphot-FXA EPI-FL3 Nikon Corp., Japan 
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Freezer (-20 °C) Premium, NoFrost 
Liebherr AG, 

Szwitzerland 

Freezer (-80 °C) Forma 9000 series 
Thermo Fisher 

Scientific Inc., USA 

Freezing container Mr. Frosty 
Thermo Fisher 

Scientific Inc, USA 

Fridge (+4 °C) Premium, NoFrost 
Liebherr AG, 

Szwitzerland 

Gel electrophorese chamber for 

SCGE 
DNA SUB CEL 

Bio Rad Laboratories 

GmbH, Germany 

Gel holders for WB Mini Trans-Blot system 
Bio Rad Laboratories 

GmbH, Germany 

Glass plates for SDS-Gel 

preparation 
Mini Protean short plate 

Bio Rad Laboratories 

GmbH, Germany 

Heating block and shaker MHR 13 

Andreas Hettich 

GmbH & Co.KG, 

Germany 

Infrared imaging system Odyssey 9120 LI-COR Inc., USA 

Incubator CO2 incubator HeraCell 
Thermo Fisher 

Scientific Inc, USA 

Light microscope Axiovert 35 
Carl Zeiss GmbH, 

Germany 

Light microscope REB-01 
Discover ECHO Inc., 

USA 

Microplate reader Multiskan EX 
Thermo Fisher 

Scientific Inc, USA 

Microplate reader TriStar2 Multimode Reader LB 942 
GmbH & Co. KG, 

Germany 

Microwave Micromaxx MM 41580 Medion AG  

Power supply PowerPac HC 

BioRad Laboratories 

GmbH, Feldkirchen, 

Germany 

Rocker Certomat TC2 

B. Braun Biotech 

International GmbH, 

Sweden 

Scale > 60 g L-2200 P 
Sartorius AG, 

Germany 

Scale 0.01-60 g TE64-0CE 
Sartorius AG, 

Germany 

Scale for genotoxic substances XPR 

Mettler-Toledo 

International Inc., 

USA 

Shaking incubator MaxQ 4000 
Thermo Fisher 

Scientific Inc., USA 

Sonifier 
Branson Sonifier 

250 

Branson Ultrasonics 

Corporation, 

Danbury, USA 

Spacing plates for SDS-gel 

preparation, 1.5 mm 
Mini Protean Spacing plate 

Bio Rad Laboratories 

GmbH, Germany 

Table centrifuge Sprout 
Thermo Fisher 

Scientific Inc, USA 
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Thermal cycler  T100 
Bio Rad Laboratories 

GmbH, Germany 

Tube roller Roller mixer SRT 9 
Cole-Parmer GmbH, 

Germany 

Vortex mixer D-6013 
neoLab Migge 

GmbH, Germany 

Water bath 3044 
Köttermann GmbH, 

Germany 

Gammacell irradiator GC-2000 
Moolgard Medical 

Denmark, Denmark 

 

 

2.3. Software 

Table 3: Software list 

Software Company 

Ascent Software for Multiskan Thermo Fisher Scientific Inc, USA 

Cell quest Pro BD (Becton, Dickinson and Company) corporation, Germany 

CellA Imaging Software Olympus Soft Imaging Solutions, Germany 

Citavi Swiss Academic Software GmbH, Germany 

Comet IV Software Perceptive Instruments Ltd., UK 

ECHO Rebel Discover ECHO Inc., USA 

FACSDiva BD (Becton, Dickinson and Company) corporation, Germany 

Flowing software 2.0 Perttu Terho, Turku Biosciences, Finland 

GraphPad Prism GraphPad Software, USA 

ICE Software  Berthold Technologies, Germany 

ImageJ U.S. National Institutes of Health, USA 

ImageJ Colocalization Plug-in Pierre Bourdoncle, Institut Jacues Monod, France  

ImageJ Macro for automatic foci 

and/or colocalization count 

Edited from Wynand P. Roos, Institute for toxicology, 

University Medical Center Mainz, Germany 

MS Office Version 365 Microsoft Corporation, Germany 

Odyssey Version 3.0 LI-COR Inc., USA 

ZEISS ZEN Imaging Software 2.1 Carl Zeiss GmbH, Germany 

 

2.4. Buffers and solutions 

Table 4: List of buffers and solutions. 

Buffer/Solution Recipe 

Annexin binding buffer stock 

(10x), 

pH 7.4 

100 mM HEPES 

1.4 M NaCl 

250 µM CaCl2 

0.1 % BSA 

Blocking solution for WB 

5 % skim milk in TBS-T 

or 

5 % BSA in TBS-T 

Bradford 

0.01 % Coomassie    

4.7 % ethanol 

8.5 % H3PO4 
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Cell extraction buffer 

10 mM TRIS, pH 7.4 

2 mM Na3VO4 

100 mM NaCl 

1 % Triton-X 

1 mM EDTA 

10 % glycerol 

1 mM EGTA 

0.1 % SDS 

mM Na4P2O7 

Citric acid-Na2PO412H2O buffer, 

pH 6 

126.4 mM Na2PO412H2O 

36.85 mM Citric acid 

In ddH2O 

Electrophoresis buffer for 

alkaline comet assay, pH >13 

300 mM NaOH 

1 mM EDTA 

Electrophoresis buffer for neutral 

comet assay, pH 7.5 

90 mM TRIS 

90 mM boric acid 

2 mM EDTA 

Fixation buffer for X-gal staining 

(10x) 

20 % formaldehyde 

2 % glutaraldehyde 

In PBS 

Fixation buffer LSM Methanol:Aceton (7:3) 

FPG-buffer, pH 8 

40 mM HEPES 

0.1 M KCl 

0.5 mM EDTA 

0.2 mg/ml BSA 

Hypotonic buffer 

20 mM TRIS 

10 mM NaCl 

3 mM MgCl2 

Laemmli stock (10x) 
1.92 M glycine 

0.25 M TRIS 

LSM antibody solution 
0.3% Triton X-100 

In PBS 

Lysis buffer MTT 0.04 N HCL  

Lysis buffer 

for alkaline comet assay pH 10 

for neutral comet assay pH 7.5 

2.5M NaCl 

100 mM EDTA 

10 mM TRIS 

1% Triton X-100 

Neutralization buffer for alkaline 

comet assay, pH 7.5 
0.4 M TRIS 

PBS 

137 mM NaCl 

2.7 mM KCl 

4.3 mM Na2HPO4 

1.47 mM KH2PO4 

Ponceau S 

5 % Acetic acid 

0.1 % Ponceau 

In ddH2O 
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SDS-Gel 

  

 2x 1.5 mm Gel 

Ingredient stacking separating 

 5 % 7.5 % 10 % 15 % 

Tris 1.5 M pH 

8.8 
- 5 ml 5 ml 5 ml 

Tris 1.5 M pH 

6.8 
1 ml - - - 

Acrylamide 

(40 %) 
0.98 ml 3.750 ml 5 ml 7.5 ml 

ddH2O 5.7 ml 10.88 ml 9.67 ml 7.12 ml 

Temed 

(10 %) 
20 µl 120 µl 80 µl 80 µl 

SDS (20 %) 80 µl 100 µl 100 µl 100 µl 

APS 

(100 ng/ml) 
60 µl 150 µl 150 µl 200 µl 

SDS-PAGE running buffer 
Laemmli stock 1x 

0.1 % SDS 

Staining solution for X-gal 

staining, pH 6 

100 mM Na2PO412H2O 

30 mM Citric acid 

125 mM NaCl 

1.7 mM MgCl2 

4.5 mM Potassium ferricyanide 

4.5 mM Potassium ferrocyanide 

0.31 % X-gal 

In ddH2O 

Tris buffered saline (TBS) (10x), 

pH 7.6 

200 mM Tris 

1.5 M NaCl 

TRIS buffer pH 8.8 and 6.8 1.5 M TRIS 

Western blot blotting buffer 
Laemmlie stock 1x 

Methanol 20 % 

Western blot washing buffer, pH 

7.5 

(TBS-T) 

1x TBS 

0.1 % Tween-20 

 

2.5. Antibodies 

Table 5: List of primary antibodies. 

Primary antibodies Product number Host Company 

53BP1 MAB3802 Mouse EMD Millipore Corp., USA 

ATM pS1981 (10H11.E12) 4526 Mouse 
Cell Signalging Technology 

Corporation, UK 

ATR pThr1998 PA5-77873 Rabbit Invitrogen AG, USA 

Bcl-W (31H4) 2724S Rabbit 
Cell Signalging Technology 

Corporation, UK 

Bcl-XL 2764T Rabbit 
Cell Signalging Technology 

Corporation, UK 
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CHK1 pS345  2341 Rabbit 
Cell Signalging Technology 

Corporation, UK 

CHK2 pTyr68 2661 Rabbit 
Cell Signalging Technology 

Corporation, UK 

H3K27me3 (C36B11) 9733S Rabbit 
Cell Signalging Technology 

Corporation, UK 

H3K27me3 9718S - 
Cell Signalging Technology 

Corporation, UK 

HSP90 (F-8) Sc-13119 Mouse Santa Cruz Biotechnology Inc., USA 

MGMT (9-Max) inhouse production Rabbit 
Prof. Dr. Bernd Kaina (inhouse 

production) 

P21 Waf1/Cip1 (12D1) 2947S Rabbit 
Cell Signalging Technology 

Corporation, UK 

p53 (DO-1) Sc-126 Mouse Santa Cruz Biotechnology Inc., USA 

p53 pS15 9284S Rabbit 
Cell Signalging Technology 

Corporation, UK 

p53 pSer46 558245 Mouse BD Pharmingen 

Rad51 ab63801 Rabbit Abcam plc., UK 

TRF1 ab10579 Mouse Abcam plc., UK 

yH2AX pS139 (20E3) 9718S Rabbit 
Cell Signalging Technology 

Corporation, UK 

yH2AX pS139 (JBW301) 05-636 Mouse EMD Millipore Corp., USA 

yH2AX pS139 9718S - Dako, Glostrup, Denmark 

 

Table 6: List of secondary antibodies. 

Secondary antibodies Product number Host Company 

Anti-goat-Alexa Fluor 488 A11078 Rabbit Invitrogen AG, USA 

Anti-mouse-Alexa Fluor 488 A11017 Goat Invitrogen AG, USA 

Anti-mouse-IRDye 680RD 925-68072 Donkey LI-COR Inc., USA 

Anti-mouse-IRDye 800cw 926-32212 Donkey LI-COR Inc., USA 

Anti-Rabbit-Alexa Fluor 488 ab150077 Goat Abcam plc., UK 

Anti-rabbit-Cy3 ab97075 Goat Abcam plc., UK 

Anti-Rabbit-IRDye 680RD 926-68073 Donkey LI-COR Inc., USA 

Anti-rabbit-IRDye 800cw 926-32213 Donkey LI-COR Inc., USA 

 

2.6. Dyes and kits 

Table 7: List of dyes. 

Dye Product number Company 

Prestained Pageruler 26616 Thermo Fisher Scientific Inc, USA 

Propidium iodide (PI) 81845 Sigma-Aldrich Corporation, USA 

Spectra Multicolor Broad Range Protein 

Ladder 
26634 Thermo Fisher Scientific Inc, USA 

TO-PRO™-3 Iodide (642/661) T3605 Invitrogen AG, USA 

TUNEL Assay Kit – HRP-DAB ab206386 Abcam plc., UK 
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3. Methods 

3.1. Cells and cell culture 

The human glioblastoma cell lines LN229 (Research resource identifier (RRID): CVCL_0393) and 

A172 (RRID: CVCL_0131) were obtained from the American Type Culture Collection (ATCC). The 

MGMT positive cell line LN229-MGMT-c12 was previously generated by our group through stable 

transfection with a pSV2MGMT vector and a pSV2neo plasmid for selection (Knizhnik et al. 2013; 

Roos et al. 2007). The MGMT inducible cell line LN229-MGMTindc12 was kindly provided by Prof. 

Monica Hegi (Neuroscience Research Center and Neurosurgery, Lausanne University Hospital and 

University of Lausanne, Switzerland), the human diploid telomerase-immortalized primary 

fibroblast cell line VH10T was kindly provided by Prof. L. Mullenders (Department of Toxicogenetics, 

Leiden University Medical Centre, the Netherlands). The cellular characteristics are summarised in 

Table 8. To induce the expression of MGMT in the LN229-MGMTindc12 cell line, the cells were treated 

with 100 ng/ml of doxycycline. 

 

Table 8: Cell line characteristics. 

Cell line LN229 
LN229-

MGMT-c12 

LN229-

MGMTingc12 
A172 VH10T 

Cell type GBM fibroblast 

Tissue Brain foreskin 

Organism homo sapiens 

Sex female male male 

Features 

p53 + (mutated but functional) + + 

PTEN + + + - / 

p16 - - - + / 

p14 - - - + / 

MGMT - + inducible - + 

Doubling time ~27 h ~ 42 h / 

 

All cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) GlutaMax, supplemented 

with 10 % foetal calf serum (FCS), and were kept in a 5 % CO2 humidified atmosphere at 37 °C. To 

maintain the cell culture, cells were cultivated in T-25 cell culture flasks containing 5 ml of medium. 

They were routinely passaged to avoid confluency and were kept in culture for no longer than 4 

months. Depending on the experiment, the cells were seeded into either 10- or 5 cm cell culture 

dishes or 6-, 12-, 24-, or 96-well plates. It was taken care to maintain sustained proliferation 

throughout the experiment or until proliferation was interrupted by the treatment. Thus, for short-

term experiments which did not exceed 2 d, cells were treated at about 70 % confluency, while for 

long-term experiments, cell were treated at about 50 % confluency.  
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For cryopreservation, cells of one 10 cm dish were collected by trypsinization, resuspended in 7.5 % 

dimethyl sulfoxide (DMSO) in FCS and transferred into 4 cryo tubes. Cells were then frozen over 

night at -80 °C in a passive-freeze container, reducing the temperature by -1 °C per hour.  The next 

day, they were transferred into the gas phase above liquid nitrogen for long term storage. To reduce 

cell death during thawing, DMEM GlutaMax medium supplemented with 10 % FCS was pre-heated 

to 37 °C and the frozen cells were resuspended until fully thawed. The cells were then centrifuged 

and resuspended in the pre-heated medium. For each cryo tube, the cells were split into two cell 

culture flasks.  

All cell culture work was performed under sterile conditions while routinely tested for 

mycoplasma to ensure cell culture quality and safety.  

 

 

3.2. Drugs and treatments 

All drugs and compounds were prepared and stored according to the manufacturer’s 

recommendation. To avoid thaw-freezing-cycles, aliquoted were prepared and every aliquot was 

used no more than 3 times. To ensure that the cells were in a proliferating phase when treated, 

they were seeded 2 d prior to treatment and visually checked for confluency. When senescent cells 

were treated, the old medium was removed, and the cells were treated in fresh medium.  

 

 

3.2.1. Temozolomide 

The drug used to induce senescence was TMZ, which was kindly provided by Prof. Geoff Margison 

(University of Manchester, UK). For long-term storage, TMZ was dissolved in DMSO to create a 150 

mM stock and then stored at -80 °C. Each aliquot was used only once. Immediately before 

treatment, the stock solution was further diluted in sterile double-distilled water (ddH2O) to create 

a 15 mM solution which was then administered to the medium to reach the final desired working 

concentration.  
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3.2.2. Natural and small molecule compounds 

The natural compounds curcumin and fisetin, as well as the curcumin- and water-micelles were 

used no longer than 3 d following preparation and were stored in the dark. While ethanol dissolved 

curcumin, fisetin, artesunate and all inhibitors were stored at -20 °C, micelles were stored at 4 °C. 

For cytotoxicity and senolytic testing, proliferating and senescent cells were treated for 2 d with the 

respective compound. The exact concentrations used for treatment can be found in the results. All 

used components are listed in Table 9. 

 

Table 9: List of natural and small molecule compounds. 

Compound CAS number Product number Company 

ABT-263 (Navitoclax) 923564-51-6 S1001 Selleck Chemicals LLC, USA 

ABT-737 852808-04-9 S1002 Selleck Chemicals LLC, USA 

AZD1390 (ATM inhibitor) 2089288-03-7 HY-109566 Hycultec GmbH, Germany 

BV-6 1001600-56-1 S7597 Selleck Chemicals LLC, USA 

Artesunate 88495-63-0   

CHK2 inhibitor II 516480-79-8 C3742 Sigma-Aldrich Corporation, 

USA 

Chloroquine 54-05-7 S6999 Selleck Chemicals LLC, USA 

Curcumin (native) 458-37-7 08511 Sigma-Aldrich Corporation, 

USA 

Curcumin (micelles) - EW0124/5 NovaSol A/S, India 

Fisetin 528-48-3 Ab142429 Abcam plc., UK 

KU0060648 KU0060648 S8045 Selleck Chemicals LLC, USA 

MCOPPB trihydrochloride 108147-88-1 PZ0159 Sigma Aldrich Chemie GmbH 

NF-kB inhibitor III 380623-76-7 481411 Sigma Aldrich Chemie GmbH 

Pifithrin-a 63208-82-2 S2929 Selleck Chemicals LLC, USA 

Pifithrin-µ 64984-31-2 S2930 Selleck Chemicals LLC, USA 

PX866  502632-66-8 13055 Cell Signaling Technology 

Inc., USA 

Ri1 415713-60-9 1885 Axon Medchem BV, The 

Netherlands 

UC2288 1394011-91-6 5328130001 Merck KGaA, Germany 

UCN-01 112953-11-4 U6508 Sigma Aldrich Chemie GmbH 

Veliparib 912444-00-9 A 861695 Axon Medchem BV, The 

Netherlands 

VE-821 (ATR inhibitor) 1232410-49-9 HY-14731 Hycultec GmbH, Germany 

Water micelles - EWO0105/7/80/

W 

NovaSol A/S, India 

3-Methyladenine 5142-23-4 189490 Merck KGaA, Germany 
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3.2.3. Ionizing radiation 

To induce additional DNA damage, IR was used. Therefore, cells were irradiated with γ-rays at 

different doses, reaching from 2 to 10 Gy, using the Gammacell irradiator 2000 (GCi). For 

transportation, the cell culture dishes were sealed to reduce risk of contamination. To exclude 

effects from temperature changes during transportation to and from the GCi, control samples were 

transported along irradiated samples.  

 

 

3.3. Quantification of apoptosis 

During apoptosis, the membrane of the cells is bulged outward, making access to 

phosphatidylserine (PS), usually located at the cytoplasmic side of the membrane. The method used 

in this study to measure early apoptosis and late apoptosis/necrosis takes advantage of this 

mechanism by binding an fluorochrome-coupled annexin molecule to the outward bulged PS in a 

calcium dependent manner, thus identifying apoptotic cells.  

To differentiate the early apoptotic from the late apoptotic/necrotic fraction, the DNA 

intercalator propidium iodide (PI) was added. Since during late apoptosis and necrosis, the cell 

membrane becomes permeable, PI can enter the cell and intercalate the DNA, staining only late 

apoptotic/necrotic cells. Hence, during flowcytometric analysis, living cells appear as unstained 

population, while early apoptotic cells show up as annexin positive but not DNA-intercalated 

(AV+/PI-), late apoptotic/necrotic cells as double-stained (AV+/PI+) populations (Vermes et al. 1995). 

To quantify early and late apoptosis/necrosis, the cells were treated and incubated according to 

the experiment. Since apoptotic/necrotic cells detach from the plate and accumulate in the 

medium, the supernatant was collected. The adherent cells were detached from the plate by 

trypsinization, pooled with the supernatant and then centrifuged at 1000 rounds per minute (rpm) 

for 5 min. The resulting cell pellets were resuspended in 50 µl annexin binding buffer, containing 

2.5 µl AV. Following an incubation time of 15 min at room temperature (RT), the cells were 

transferred onto ice and 10 µl of a 50 µg/ml PI solution were added. Samples were kept in the dark 

after the addition of annexin-FITC until measurement.  Depending on the experimental setup, 

measurements were executed using either the BD FACS Calibur or FACSCanto II flow cytometer, as 

well as the Cell quest pro or FACS Diva software. After measuring, the data were assessed using the 

Flowing Software 2. An untreated, stained control sample was used to determine the optimal gate 

parameters for a correct cell selection (for exemplary pictures see supplemental Supplemental figure 

S1). 
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3.4. Quantification of senescent cells 

The senescent state has several widely accepted identification markers, one of which is the 

upregulation of the senescence associated β-galactosidase (SA-β-gal), which catalyses the 

hydrolysis of β-galactosidases. Thus, an upregulation can be detected via the β-galactose derivates 

5-Dodecanoylaminofluorescein-di-β-D-galactopyranoside (C12FDG) or 5-Bromo-4-chloro-3-

indoxyl-β-D-galactopyranoside (X-Gal). While cleavage of X-Gal forms an intensely blue product that 

can be detected by light microscopy, the cleavage of C12FDG produces a fluorescent product that 

can be detected using the UV-vis channel of the flow cytometer (Burn 2012; Haugland and Johnson 

1993).  

To determine the senescent population following treatment and incubation of the cells via 

C12FDG, the endogenous β-gal activity had to be inhibited. Therefore, the supernatant was 

removed, and cells were incubated with fresh medium containing 300 µM chloroquine (Clq) for 30 

min in the incubator. Thereafter, 33 µM C12FDG were added to the medium and the cells were 

incubated for an additional 90 min in the incubator. The cells were then washed with cold 

phosphate buffered saline (PBS), collected by trypsinization, and centrifuged for 5 min at 6000 rpm 

at 4 °C.  

For analysis, the resulting cell pellets were resuspended in an adequate amount of PBS and 

stored on ice until measurement. The samples were kept in the dark from the addition of Clq until 

analysis using the BD FACS calibur or FACSCanto II flow cytometer and the Cell quest pro or FACS 

Diva software, respectively. A stained, untreated control sample served as standard to determine 

the optimal gating parameters and to ensure correct determination of the senescent population in 

the treated samples (for exemplary pictures see supplemental Supplemental figure S1).  

While for the analysis via C12FDG living cells can be measured, the analysis via X-gal staining 

requires cell fixation prior to the X-gal treatment and measurement. To achieve that, the prepared 

cells were washed with PBS twice, then fixed in 1x fixation buffer for 5 min at RT. Residual fixation 

buffer was removed by washing fixed cells three times with PBS. For staining, the PBS was removed, 

and the cells were incubated with the staining solution in the incubator under CO2 exclusion over-

night but for between at least 12 h and maximal 16 h. Longer incubation periods might lead to a 

staining of cells by endogenous β-gal activity. Pictures of the un-/stained cells were taken using the 

ECHO Rebel light microscope system and cell numbers were counted using the ImageJ software. 
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3.5. Immunofluorescence 

To identify structures within the cell, high resolution microscopes are necessary. In this study, DNA 

damage and telomers were detected using a laser scanning microscope (LSM). Therefore, coverslips 

were pre-incubated in diethyl ether for 20 min, washed in decreasing concentrations of ethanol in 

ddH2O (100 %, 70 %, 0 %) and then incubated in 1 M hydrogen chloride for further 20 min. The 

cover slips were stored in 70 % ethanol in ddH2O. Before seeding, one coverslip per 24-well plate, 

or two to four coverslips per 5 cm dish were placed in the well/dish and air dried before the medium 

and cells were added. For staining, treated and incubated cells were washed with PBS twice, then 

dehydrated and permeabilized in a methanol and acetone buffer (7:3) for 6 min at -20 °C and fixed 

in 4 % paraformaldehyde (PFA) for 10 min at RT. The residual PFA was removed by washing the cells 

once with cold PBS. The cells were re-hydrated for 5 min with cold PBS three times (15 min total). 

Prior to the primary antibody incubation, the fixed cells were blocked with 3 % bovine serum 

albumin (BSA) in PBS over night at 4 °C. Primary antibodies were administered in 0.3 % Triton X-100 

in PBS over-night at 4 °C, after which cells were washed three times with cold PBS. Incubation of 

the secondary antibody occurred in 0.3 % Triton X-100 in PBS for 1 h at RT in the dark. After three 

additional 5 min washing steps to remove residual secondary antibody, cells were stained with TO-

PRO™-3 Iodide, mounted onto microscope slides using Vectashield, and sealed with clear nail 

polish. 

Upon DNA damage, the histone 2AX surrounding the DSBs is phosphorylated (=γH2AX) by 

ATM or ATR and 53BP1 is recruited to the site of damage. This accumulation of γH2AX and 53BP1 

results in the appearance of foci following binding of fluorescent antibodies (Kuo and Yang 2008). 

Pictures of one plane per cell were taken for γH2AX or 53BP1 staining. Telomers were detected via 

the telomeric repeat-binding factor 1 (Trf1), which is part of the shelterin complex, coating the 

telomers (Liu et al. 2004). Detection of Trf1 by a single plane per cell showed to be insufficient, thus, 

z-stacks (overlay of >5 planes) were taken for telomer staining. Both pictures and z-stacks were 

taken using the Carl Zeiss ZEN program and cells were analysed using the ImageJ software with a 

colocalization plug-in. Foci of γH2AX, 53BP1 and Trf1, as well as colocalizations of γH2AX and Trf1 

were quantified using a macro for ImageJ (for coding see supplemental material). 
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3.6. Preparation of cell lysates 

For the protein analysis by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

and Western blot, the cells need to be lysed. Therefore, the cells were washed with PBS, detached 

from the plate, and incubated in cell-extraction buffer for 30 min on ice with 10 min vortex intervals. 

Lysates were then sonicated three times for 10 pulses each at a duty cycle of 40 % and an output 

control of 4 using the Branson Sonifier 250. To separate the proteins from the cell debris, lysates 

were centrifuged at 14,000 rpm for 15 min at 4 °C, and the supernatant was collected without 

disturbing the pellet. Parts from the lysates were analysed for their protein concentration using 

Bradford analysis, the rest was mixed with RotiLoad and boiled at 90-95°C for 5-10 min to reduce 

disulphide bridges and denature the proteins. Cell lysates were stored in aliquots at -20 °C.  

 

 

3.7. Determination of protein concentrations by Bradford  

The colorimetric quantification of protein concentrations was developed by Marion Bradford in 

1976 and is based on the absorbance shift of the Coomassie brilliant blue G-250 (Coomassie) dye 

from 465 nm to 595 nm upon binding to a protein (Bradford 1976). In brief, the Coomassie dye is 

stored in a cationic state having an absorbance maximum of 465 nm, thus having a brownish colour. 

When combined with a protein, the Coomassie dye donates a free electron to the protein’s amino 

group. The protein’s carboxyl group is thereby exposed and noncovalently binds to the dye’s non-

polar region by Van der Waals force. Thus, the blue anionic sulfonate of the dye is stabilized and 

the absorption maximum shifts to 595 nm, resulting in a blue colour (Ninfa et al. 2010). The higher 

the blue ratio within the sample, the more protein the sample contains.  For quantification of 

protein concentrations in the samples, a standard curve reaching from 4.5 µg/ml to 45 µg/ml BSA 

was prepared in ddH2O. Water without BSA served as blank. Lysates for protein analysis were 

diluted 1:2 in ddH2O. Then 10 µl of undiluted standard and 10 µl of diluted sample were added to 

200 µl Bradford solution in a 96 well plate. Samples were mixed briefly and incubated for 15 min in 

the dark at RT. Absorption was measured at 595 nm, each sample was assessed in triplets. 
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3.8. SDS-PAGE and Western Blot analysis 

 A widely used technique to analyse proteins within cell populations is the SDS-PAGE combined with 

Western blot. During the SDS-PAGE, denatured proteins are separated on basis of their molecular 

mass using an electrical current. Therefore, their intrinsic charge needs to be removed. To achieve 

that, SDS is included in the SDS-PAGE buffer. Since SDS is negatively charged it masks the intrinsic 

charge of the protein upon binding. Additionally, the basic pH of the buffer reduced positive 

charges. About one SDS molecule binds per two amino acids, thus, all proteins are negatively 

charged in proportion to their molecular weight. Upon application of a constant electrical field the 

proteins migrate through the acrylamide matrix towards the anode, with small molecules migrating 

faster than large ones, thereby separating the proteins according to their molecular mass. 

For gel casting, the Mini-Protean gel casters were assembled according to the 

manufacturer. The stacking gel was prepared according to the table in the material part (Table 4), 

filled between the spacer- and short plates and overlayed with 100 % isopropanol. Following 

polymerisation, the isopropanol was discarded, the stacking gel prepared according to Table 4, and 

poured on top of the separation gel. A 15-well comb was applied for each gel to form pockets for 

protein loading. The cast gels were stored in a humidified atmosphere at 4 °C overnight before 

usage but for no longer than one week. Right before usage, the comb was removed, and the ladder 

and 30-100 µg of protein per sample were loaded onto the gel. The SDS-PAGE was run at 70 V until 

the samples had passed the collection gel and then at 120 V until the end. Before protein detection, 

proteins were transferred onto an Amersham Protean 0.2 µM NC blotting membrane. During this 

method the negatively charged proteins are being transferred onto the blotting membrane using 

an electrical current. To avoid over-heating, pre-chilled (4 °C) blotting buffer was used. Before 

assembling of the Mini-Protean blotting chamber according to the manufacturer, the blotting 

membrane was soaked in pre-chilled blotting buffer for 30 min. The proteins were then transferred 

onto the membrane with an 80 mA current over-night at 4 °C. 

Western blot analysis is based on antibody binding to the protein of interest. To reduce 

unspecific background staining, the membranes were blocked in either 5 % skim milk or BSA, each 

prepared in TBS-T. The blocking solutions were removed by three washing steps with TBS-T for 

5 min each (total of 15 min). They were then incubated in the respective primary antibody over-

night at 4 °C. Excessive primary antibodies were removed by three 5 min washing steps in TBS-T. 

The secondary antibodies were then prepared in TBS-T without supplement and incubated for 1 h 

at RT. The proteins were detected using the Odyssey infrared imaging system following washing of 

the membranes for 3x 5 min.  
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For detection of phosphorylated and total protein, membranes were stripped using the LI-COR 

stripping buffer according to the manufacturer’s instructions and re-incubated with the respective 

antibodies following the mentioned protocol. 

 

 

3.9. Comet Assay 

The comet assay is a single cell gel electrophorese (SCGE), allowing the measurement of DNA 

damage, e.g., single- and double strand breaks (SSBs and DSBs, respectively), oxidative damage and 

a-basic sites among others. In principle, the mobility of DNA fragments in an electrical field is 

measured. While the supercoiled DNA is unable to move through the polymer structure, smaller 

fragments and loose DNA ends are pulled out, forming the comet tail. Depending on the pH-value 

of the lysis- and electrophoresis-buffer different DNA damages can be detected. While the neutral 

comet assay primarily detects SSBs, the alkaline conditions are necessary to cleave the hydrogen 

bonds between the base pairs of double stranded DNA, and therefore detects SSBs and DSBs. 

Additionally, the alkaline comet assay can detect DNA damage, that themselves do not induce 

strand breaks but are converted into such at the alkaline pH of the SCGE, e.g., AP-sites. 

Furthermore, oxidative damage, e.g., 8-oxo-guanine, can be detected using a modified version of 

the alkaline comet assay by adding the formamidopyrimidine glycosylase (FPG) (Collins et al. 1997; 

Klaude et al. 1996). 

In this study, the neutral comet assay, as well as the alkaline comet assay, modified with 

the FPG were used and performed with the technical assistance of Anna Frumkina from the Institute 

of Toxicology of the University Medical Center Mainz. Therefore, microscope slides were covered 

in 1.5 % agarose and dried overnight, lysis buffer was pre-chilled at 4 °C for at least 1 h and low 

melting point (LMP) agarose was pre-heated to 37 °C for preparation. For the comet assay itself, 

cells treated and incubated according to the experiment, were washed in PBS, and collected by 

trypsinization. They were then resuspended in PBS, mixed with 0.5 % LMP agarose and spread onto 

the agarose-covered microscope slides that were then covered with a coverslip. The agarose was 

let polymerize for 5 min at 4 °C after which the coverslips were removed and cells were lysed in the 

pre-chilled alkaline or neutral lysis buffer, depending on the comet assay, for 50 min. For the FPG 

modified alkaline comet assay, microscope slides were then incubated for 5 min at RT in FPG-buffer, 

after which 50 µl of a 1 µg/ml FPG solution were added to each slide. They were immediately 

covered with a coverslip and incubated for 45 min at 37 °C.  
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From all slides (neutral or alkaline, with or without FPG) coverslips were removed and slides 

were transferred into the electrophoresis chamber, where they were covered in alkaline or neutral 

electrophoresis buffer, depending on the comet assay, and incubated for 20 min at 4 °C for 

denaturation. The SCGE was run at 25 V for the neutral, and 300 mA for the alkaline comet assay 

for 15 min at 4 °C. For the alkaline comet assays, slides were then neutralized by washing three 

times for 5 min each in neutralization buffer. All slides, irrespective of the comet assay, were 

washed briefly in ddH2O, incubated for 5 min in 100 % ethanol, and airdried for at least 2 h at RT. 

Immediately before analysis, 50 µl of a 50 µg/ml PI solution were spread onto each slide and a 

coverslip was applied onto each slide. For each sample, at least 50 cells were analysed using a 

fluorescence microscope and the Comet IV Software. The amount of DNA damage was expressed 

as the tail fluorescence intensity in relation to the head fluorescence intensity in percent, which is 

calculated by the formular: 

 𝑡𝑎𝑖𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 [%] = 𝑇𝑎𝑖𝑙 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦ℎ𝑒𝑎𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑥 100 

 

 

3.10.  MTT assay 

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay. Like the Bradford assay it is a colorimetric measurement, based on the metabolic 

conversion of MTT. Upon cleavage by a mitochondrial reductase, the yellow MTT is converted into 

an insolubilized blue formazan (Vistica et al. 1991). This colorimetric change can be measured at 

570 nm using a microplate reader. To assess the viability, cells were seeded in 96-well plates and 

treated and incubated according to the experiment. The medium was then exchanged for 100 µl 

phenol red free DMEM including 0.5 mg/ml MMT. Following an incubation time of 2-3 h at RT, the 

MTT solution was removed, and formazan was solubilized by addition of 100 µl of a 0.04 N HCL in 

propanol. To ensure full solubilization, the plate was shaken at 200 rpm for 10 min. Cell viability 

was thereafter analysed using a microplate reader at 570 nm. All samples were measured in 

triplicates.  
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3.11. Immunohistochemistry and TUNEL staining 

The patient derived primary and recurrent GBM tumour samples were resected by the Department 

of Neurosurgery from the University Medical Center Mainz. The tissue sections were kindly 

provided by Prof. Dr. Clemens Sommer and the immunohistochemistry staining and the terminal 

deoxynucleotidyl transferase (TdT), dUTP nick end labelling (TUNEL) were kindly performed by 

Dr. Petra Leukel from the Institute of Neuropathology from the University Medical Center Mainz. 

Matched primary and recurrent tumour samples of ten patients were included.  

The tumour samples were routinely formalin-fixed, and paraffin embedded immediately 

after resection. The immunohistochemistry staining and TUNEL assay were performed on 4 µm 

thick de-waxed tissue sections. For the immunohistochemistry staining, the antigen retrieval was 

performed using the FLEX Target Retrieval Solution with high pH. To block the endogenous 

peroxidase the sections were treated with a peroxidase-blocking solution. The γH2AX and 

H3K27me3 staining was performed in an automated immunostainer using the γH2AX and the 

H3K27me3 primary antibodies in a 1:500 and 1:200 dilution, respectively. Using the universal 

immune-enzyme polymer method (Nichirei Biosciences, Tokyo, Japan), the immunoreactivity was 

thereafter visualised, and the sections were developed in diaminobenzidine. 

For the detection of apoptotic cells in the tumour sections, the TUNEL Assay Kit -

horseradish peroxidase (HRP) - diaminobenzidine (DAB) from Abcam was used according to the 

manufacturer. In brief, the de-waxed tissue was treated with proteinase K, permeabilised with H2O2 

and then equilibrated. The labelling was performed with the TdT, and the sections were then 

blocked and further incubated with a conjugation solution. Visualisation was performed by DAB-

HRP and methylene green. 

For each tumour slide, ten sections were evaluated by light microscopy at a 100-fold 

magnification. The quantification of γH2AX, H3K27me3 and TUNEL positive cells was performed 

using the ImageJ software.  

 

3.12. Patients and ethic statement 

For the evaluation of yH2AX, H3K27me3 and TUNEL positive cells in GBM tumour samples, human 

material was used. The usage of these samples occurred in agreement with the declaration of 

Helsinki in the use of human material for research. The written informed consent of all patients or 

their legal guardians for the "scientific use of tumour tissue not required for histopathological 

diagnosis" was obtained in the admission contract of the University Medical Center Mainz.  
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This was in accordance with the ethics committee of Rhineland-Palatinate and the approval of the 

local ethics committee (No. 2020-15261). 

 

3.13.  Statistical analysis 

All graphs were built, and statistics were performed using the GraphPad Prism software. 

Significance levels were calculated using the unpaired t-test and Welch’s correction. All 

experiments were performed at least three times, if not stated otherwise.  
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4. Results 

Despite all efforts, GBM still poses a threat to human life. The classical Stupp-schema for GBM 

treatment, consisting of maximum safe resection of the tumour followed by TMZ treatment 

concomitantly with IR, prolongs PFS and OS, but survival rates are still low, under 10 %, and the 

disease progresses rapidly, leading to the death of the patient within 15 months on average. Thus, 

a better understanding of cellular responses to TMZ is desirable to improve treatment schedules 

for GBM patients. 

To get a better understanding of the mode of action of TMZ in GBM cells, we determined 

the kinetics of DSBs induction, early and late apoptosis/necrosis (cell death) and CSEN. 

Furthermore, we analysed senescent cells and identified pathways involved in CSEN maintenance. 

Next, we evaluated the treatment with IR or CCNU administered together with TMZ and screened 

for senolytic agents using three natural compounds, and a nociceptin receptor inhibitor, previously 

shown to bear senolytic activity.  

 

 

4.1. Evaluation of TMZ-induced DSBs and DDR 

We previously demonstrated that the induction of TMZ-induced DSBs is dose-dependent. We 

observed a linear correlation between the TMZ concentration in the medium and the number of 

DSBs and level of cell death and CSEN (Stratenwerth et al. 2021). To further investigate TMZ-

induced DNA damage and cell responses, we analysed TMZ-induced DSBs as well as cell death and 

CSEN kinetics. Since the lesion responsible for cytotoxic and genotoxic effects of TMZ, O6meG, is 

repaired by MGMT, cell lines deficient for MGMT were used in the following series of experiments. 

To ensure no expression of MGMT in the LN229 and A172 cell lines, we performed western blot 

analyses. As shown in Figure 11 neither the LN229 nor the A172 cell line expressed MGMT. The 

MGMT expressing cell line LN229-MGMTindc12 served as positive control. 

 

 

Figure 11: Western blot analysis of the MGMT protein expression. 

The protein level of MGMT in proliferating LN229, A172 and LN229-MGMTc12 was detected by western blot analysis with subsequent 

immunostaining. For each lysate, 50 µg protein were loaded onto a 15 % polyacrylamide gel. Pictures are representative for one 

experiment. HSP90 served as loading control. 
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4.1.1. Kinetics of TMZ-induced DSBs  

To analyse the kinetics of DSBs following TMZ treatment, LN229 cells in the exponential growth 

phase were treated with 20 µM TMZ for 2-120 h and fixed thereafter. DSBs were assessed using 

γH2AX and 53BP1 immunofluorescence staining. Antibody binding was detected by LSM and 

quantified using the ImageJ software. The foci in the green channel represent antibody binding to 

γH2AX, while the red channel detected 53BP1 antibody binding. The merged picture shows an 

overlap of both, γH2AX and 53BP1 foci. Colocalized foci appear in yellow (Figure 12).  

 

Foci within the nuclei, which were stained with ToPro3, were quantified using a macro for the 

ImageJ software with an installed colocalization plugin (for macro code see supplement). Hereafter, 

all foci were quantified using this method. As shown in Figure 13A, TMZ treated cells showed a 

significantly higher number of γH2AX foci than the untreated proliferating control cell populations 

(designated as CON) starting at 48 h following treatment, while 53BP foci arose later and were first 

detected 72 h after the onset of treatment. Both, the number of γH2AX and 53BP1 foci stayed 

significantly higher than the control level up to 120 h post treatment.  

O6meG is a minor adduct induced by TMZ, accounting for about 7 % of the lesions induced 

in the DNA. In higher quantity, N- and other O-alkylation lesions do occur, which are repaired via 

BER and the ALKBH-2 protein. It has recently been proposed that simultaneous repair of different 

alkylated DNA adducts in proximity can lead to early DSB induction without replication (Fuchs et al. 

2021).  

53BP1 

 

γH2AX 

 

Merge 

 

LN229 

 

A172 

 

Figure 12: Representative images of γH2AX and 53BP1 foci detected via LSM in one nucleus. 

LN229 cells were treated with 20 µM TMZ for 72 hrs. γH2AX and 53BP1 foci were stained by immunofluorescence and detected via 
LSM. The green channel represents γH2AX foci, the red channel 53BP1 foci. Overlaps between both foci are indicated in the merged 
picture and appear yellow. Pictures represent one plane from each nucleus and were taken using 64x magnification objective with 

immersion oil. 
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We were thus interested in the early induction of DSBs in our cell system. Both, LN229 and A172 

cells treated with 50 µM TMZ showed a significant increase in γH2AX foci 2 h following treatment. 

Six h after treatment the amount of γH2AX foci returned to the control levels (designated as CON) 

in both cell lines (Figure 13B).  

 

 

 

 

A 

B 

Figure 13: Kinetics of TMZ-induced DSBs. 

LN229 and A172 cells were treated with (A) 20 µM or (B) 50 µM TMZ for the indicated time points.  γH2AX and 53BP1 were stained 

using immunofluorescence and foci were detected via LSM Untreated proliferating cells served as control (CON). The data are given 

with the mean ± SEM of one representative experiment. *p<0.05, **p<0.01, ****p<0.0001. 
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4.1.2. Cell death and senescence induced by TMZ treatment 

As previously demonstrated, the unrepaired DNA damage O6meG can lead to cell death and CSEN 

in a dose-dependent manner (Stratenwerth et al. 2021). To get a better understanding of TMZ-

induced cell responses, we analysed the kinetics of TMZ-induced cell death and CSEN following TMZ 

treatment. To this end, LN229 and A172 cells were treated with 50 µM TMZ and harvested at the 

indicated time points. Apoptotic and senescent cells were stained by AV/PI and C12FDG, 

respectively, and positively stained cells were detected by flow cytometry. Evaluation of the flow 

cytometry data was performed using the flowing software 2.0. As shown in Figure 14, cell death and 

CSEN both increased with time. While significantly higher levels of CSEN were first detected 3 d 

(72 h) following treatment, cell death increased later and was first significantly increased 4 d (96 h) 

post treatment. Also, cell death levels reached about 20-30 % after 10 d (240 h) of TMZ treatment, 

while CSEN levels increased up to 80 %. These results clearly demonstrate that the cell survival 

mechanisms based in the induction of CSEN is the main trait induced in GMB cells following TMZ 

treatment. 

C D 

B A 

Figure 14: Kinetics of cell death and senescence. 
Treatment of LN229 and A172 cells with 50 µM TMZ leads to a time-dependent increase in cell death (A and C) and CSEN (B, D), starting 

at 96 h and 72 h post treatment, respectively. Cell death and CSEN were detected by AV/PI and C12FDG staining, respectively. Untreated 

proliferating cells (0 h) served as control. The data is given with the mean ± SEM for three representative experiments. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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4.2. Characteristics of senescent cells 

Senescent cells were shown to be able to escape their senescent state and start proliferating again 

(Saleh et al. 2019; Olszewska et al. 2021). It has therefore been hypothesized that these senescent 

cells lead to recurrences of GBM tumours (Demaria et al. 2017). A better understanding of CSEN 

could lead to treatment options reducing senescent cells in GBM patients, thus leading to a better 

patient outcome. Here, we used different methods to identify senescent cells, including 

morphology and detection of SA-β-gal. We then characterised senescent cells by identifying active 

pathways, analysing DSBs repair and ROS levels. 

 

 

4.2.1. Morphological characteristics 

Our previous results showed high amounts of senescent cells 8-10 d following TMZ treatment. 

Morphological analysis of TMZ treated LN229 and A172 cell populations and staining with X-gal, a 

substrate that turns into a blue dye when processed by SA-β-gal, were performed to confirm these 

results. As shown in Figure 15A, TMZ treated LN229 and A172 cells display a flat, enlarged 

morphology, typical for senescence, and are positively stained with X-gal, indicating the presence 

of SA-β-gal. Contrary, untreated proliferating cells were smaller and unstained. An overview of the 

cell populations clearly demonstrated a high number of senescent cells following TMZ treatment 

for 8 d (Figure 15B). Quantification of positively stained cells using a light microscope and the ImageJ 

software confirmed the increasing number of senescent cells over time, reaching about 80 % after 

8 d (Figure 15C).  
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These results show that treatment of LN229 and A172 cells with 50 µM TMZ for 8 d is sufficient to 

produce a high percentage of senescent cells. Therefore, this treatment schedule was further used 

to generate a senescent cell population. Additionally, western blot analysis was used to detect 

γH2AX. This and all following neutral comet assays to detect DSBs were performed with support of 

the technical assistance from Anna Frumkina. In Figure 16A and B, the quantification of γH2AX and 

53BP1 foci clearly show the presence of DSBs in senescent LN229 and A172 cells, while the 

proliferating control population (PRO) showed basal levels of DSBs. This was confirmed by elevated 

γH2AX protein levels in the senescent cell populations observed in the western blots (Figure 16C 

and D). 

A B 
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LN229 

PRO CSEN PRO CSEN 

LN229 
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C 

Figure 15: Morphological and bio-molecular characteristics of senescent cells. 

(A) Senescent cells (CSEN) display enlarged, flat morphology and are stained blue, while proliferating cells (PRO) are smaller and 

unstained. Pictures were taken with 20x magnification objective, measuring bars display 140 µm. (B) Microscopical analysis of LN229 

and A172 cell populations 8 d following 50 µM TMZ treatment show high number of X-gal-stained cells. Pictures were taken with 10x 

magnification objective, measuring bars display 270 µm. (C) Quantification of X-gal-stained cells confirms high number of senescent cells 

measured by flow cytometry. The data is given with the mean ± SEM for one representative experiment. 
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Also, the high tail intensities in senescent cells detected with the comet assay confirmed the 

presence of DSBs in the senescent cell populations (Figure 16E and F).  
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Figure 16: DSBs are present in senescent LN229 and A172 cells. 

Senescent (CSEN) LN229 and A172 cells display a high number of DSBs compared to their proliferating (PRO) counterpart. (A and B) 

DSBs were detected by γH2AX and 53BP1 immunofluorescence staining, assessed by LSM. The data is given with the mean ± SEM for 

one representative experiment. (C and D) γH2AX protein levels were detected by western blot analysis with subsequent 

immunostaining. From each lysate, 50 µg protein were loaded onto a 15 % polyacrylamide gel. Pictures are representative for one 

experiment. HSP90 served as loading control. (E, F) DSBs were detected by elevated tail intensities in the neutral comet assay. Data are 

mean ± SEM for ≥ three independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 



Lea C. Beltzig  Results 

51 

During replicative senescence, DSBs occur at telomers due to telomer shortening, resulting in ATM 

recruitment and phosphorylation of histone 2AX (Arnoult and Karlseder 2015; Di d'Adda Fagagna 

2008). To check whether this happens in the case of TMZ-induced senescence, we co-stained γH2AX 

with the Trf1. As part of the telomere's shelterin nucleoprotein complex, Trf1 is present at telomers 

throughout the cell cycle and is therefore a potent telomer marker (Liu et al. 2004). By merging the 

channels for γH2AX, shown in red, and Trf1, shown in green, co-localized foci appear in yellow. 

Visual analysis of the pictures shows the lack of co-localized foci (Figure 17A). The quantification of 

co-localizations between γH2AX and Trf1 foci in senescent LN229 and A172 cells showed no 

overlapping foci, demonstrating, that DSBs in TMZ-induced senescent LN229 and A172 cells occur 

mainly outside of telomers (Figure 17B).  

Trf1 γH2AX Merge 

LN229 

A172 

Figure 17: Representative images and quantitative analysis of γH2AX and Trf1 staining. 

Senescent LN229 and A172 cells were co-stained for γH2AX and 53BP1 using immunofluorescence staining, detected by LSM. 
(A) Representative pictures. The red channel represents γH2AX foci, the green channel Trf1 staining (= telomers). The merged pictures 

identify overlapping γH2AX and Trf1 foci by yellow staining. The pictures represent one plane from each nucleus and were taken using 

a 64x magnification objective with immersion oil. (B) The number of γH2AX and Trf1 foci, as well as co-localisations were quantified 

using the ImageJ. Proliferating cells served as control (PRO). The data is given with the mean ± SEM for one representative experiment. 

****p<0.0001. 
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4.2.2. Analysis of the DDR in senescent cells 

The presence of DSBs in the senescent LN229 and A172 cell populations leads to the hypothesis 

that in senescent cells the DDR is permanently activated. To provide support for this hypothesis, 

we analysed the activation of the DDR factors ATM, ATR, CHK1, CHK2, p53 and p21 in senescent 

cells. In western blots of lysates obtained from proliferating and TMZ-induced senescent LN229 and 

A172 cell populations were compared. In line with the high number of DSBs in senescent cells 

shown earlier, we observed activation of the DDR. The active DDR was verified by phosphorylation 

of ATM at Ser1981 and ATR at Thr1989, CHK1 at Ser345 and CHK2 at Thr68, as well as 

phosphorylation of p53 at Ser15 and Ser46, and induction of p21 (Figure 18A-D). It is important to 

note that despite a mutation in the p53 gene in LN229 cells, the protein was still stabilized, 

phosphorylated, and able to transactivate p21 expression following TMZ treatment, hence p53 is 

functionally wild-type (Figure 18C and D). Comparing the activation of ATM and CHK2 in both cell 

lines, it is obvious that the activation was more prominent in LN229 cells (Figure 18A and B). Since 

senescence is a pro-survival pathway, we were wondering whether or not antiapoptotic pathways 

were active in order to to prevent cell death. Western blot analysis of Bcl-2 and Bcl-XL showed 

different regulation patterns in LN229 and A172 cells. While in LN229 Bcl-2 was highly upregulated, 

Bcl-XL showed only a slight induction. In A172 cells on the other hand, Bcl-XL was highly upregulated, 

while Bcl-2 was even downregulated (Figure 18E and F). This data indicates that upon TMZ 

reatment, glioblastoma cells activate the DDR as well as anti-apoptotic pathways in order to 

circumvent cell death.  

 

Figure 18: Active DDR in senescent LN229 and A172 cells. 
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Senescent LN229 and A172 cells display high protein levels of 

the DDR, as well was apoptosis regulation. Lysates of 

proliferating (PRO) and senescent (CSEN) LN229 and A172 

cells were subject to western blot analysis. (A and B) From 

each lysate, 100 µg protein were loaded onto a 7.5 % 

polyacrylamide gel. (C-F) From each lysate, 50 µg protein 

were loaded onto a 10 % polyacrylamide gel. Pictures are 

representative for one experiment. 
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4.2.3. Assessment of DNA damage repair in senescent cells 

Although DSBs are still present in the senescent LN229 and A172 cell populations, an active DDR 

give reason to believe that additional DNA damage is recognised by the DDR which cannot be 

repaired in CSEN cells. To check this hypothesis, we irradiated proliferating and senescent LN229 

and A172 cells with 6 Gy of γ-rays and measured the occurring DSBs by the neutral comet assay. If 

senescent cells repair the additional DNA damage, the tail intensities are expected to be reduced 

within a few hours. Indeed, a significant increase in DSBs immediately after irradiation (0.25 h) of 

proliferating and senescent cells was observed by high tail intensities. These decreased significantly 

after 3 h and even further after 6 h post-exposure, which indicates a repair of DSBs (Figure 19). 

Obviously, CSEN cells are capable of DSBs repair.  

B A 

C D 

Figure 19: Active DNA repair in proliferating and senescent cells. 

Proliferating (PRO) and senescent (CSEN) LN229 and A172 cells were irradiated with 6 Gy or left untreated as control. DSBs were detected 

by comet assay immediately after irradiation (0.25 h), 3 h and 6 h later. Senescent LN229 (B) and A172 (D) show the same level of DSBs 

repair than their proliferating counterparts (A and C, respectively). The data is given with the mean ± SEM for three representative 

experiments.  p<0.0001. 
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These findings lead, however, to the question, why senescent cells display high numbers of DSBs. 

One could hypothesize that persisting O6meG adducts hinder DNA repair, hence leading to 

persisting DSBs. To verify this theory, we treated used the LN229-MGMTindc12 cell line kindly 

provided by Prof. Monika E. Hegi from the Neuroscience Research Center and Neurosurgery of the 

Lausanne University Hospital and University of Lausanne, Switzerland. This cell line is naturally 

MGMT deficient. Upon treatment with doxycycline (dox), however, expression of MGMT is induced. 

Making use of this tet-on system, we treated LN229-MGMTindc12 cells with 50 µM TMZ for 8 d to 

induce high levels of senescence. We then induced MGMT expression in this population by dox 

treatment and measured DSBs by neutral comet assay 2 d later. Interestingly, expression of MGMT 

in senescent LN229 cells led indeed to a reduction in the tail intensity, hence reduced DSBs (Figure 

20). This result indicates that at least a sub-fraction of unrepaired DSBs in senescent LN229 and 

A172 cells result from persisting O6meG adducts in the DNA. Further analysis, e.g., through the 

determination of γH2AX and 53BP1 foci before and after MGMT expression should be performed 

to confirm these results. 

 

 

 

 

Figure 20: MGMT expression in senescent cells leads to DSBs repair. 

MGMT expression was induced in senescent (CSEN) LN229-MGMTindc12 cells via 100 ng/ml 

dox treatment. A significant reduction in the tail intensity measured using the neutral comet 

assay and was detected 2 d later. Proliferating cells served as control (PRO). The data are 

given with the mean ± SEM of one representative experiment. **p<0.01. 
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4.2.4. Detection of ROS in senescent cells 

ROS contributing to senescence lead to DSBs and activate cell death. They have long been 

associated with chemotherapy (Conklin 2004; Nair et al. 2015). Since TMZ treatment causes the 

induction of cell death and senescence, and senescent cells show high levels of DSBs, we measured 

ROS levels in proliferating and senescent LN229 and A172 cell populations. This was done via DCF 

detection in the flow cytometer. Additionally, we measured oxidative DNA damage by an FPG-

modified alkaline comet assay with the help of the technical assistance of Anna Frumkina. Our 

results demonstrate an increase of ROS levels in senescent LN229 and A172 cells compared to 

proliferating cells (Figure 21A and B). Also, oxidative DNA damage increased significantly (Figure 21C 

and D), leading to the conclusion that senescent cells have increased ROS damage. Whether high 

ROS levels results directly from TMZ treatment or indirectly from DNA damage caused by TMZ is 

yet to be determined. 

 

A 

C D 

B 

Figure 21: ROS and oxidative DNA damage in senescent cells. 

Senescent (CSEN) LN229 and A172 cells show increased levels of ROS and oxidative DNA damage. (A, B) ROS was measured 

using DCF detection in the flow cytometer. (C and D) oxidative DNA damage was quantified in an FPG modified alkaline 

comet assay. Proliferating cells served as control (PRO). The data is given with the mean ± SEM for three representative 

experiments. **p<0.01, ***p<0.001, ****p<0.0001. 
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4.3. Identification of senescence maintaining pathways 

In the past years, efforts to identify pathways that lead to cell death and senescence following TMZ 

treatment have shown that the activated DDR is mandatory to induce several pathways in GBM 

following TMZ treatment, including cell death, autophagy, and senescence. Additional studies 

demonstrated that the autophagic pathway is necessary to induce senescence in GBM cells 

(Knizhnik et al. 2013; Aasland et al. 2019a; He et al. 2019; Kanzawa et al. 2004; Sharma and Almasan 

2021). Also, the anti- and pro-apoptotic Bcl2 family proteins have been proven to be involved in 

TMZ-induced senescence and apoptosis (Gratas et al. 2014a; Fan et al. 2020; Yosef et al. 2016; Choi 

et al. 2018). But still little is known about the maintenance of senescence. Understanding the 

molecular processes of senescence maintenance might help to improve GBM treatment. This led 

us to conduct further research. Thus, we inhibited know factors involved in senescence induction 

to assess if they are required for senescence maintenance. 

 

 

4.3.1. Regulation of apoptosis 

First, we inhibited two pro-apoptotic factors of the Bcl-2 family in senescent LN229 and A172 cells 

with the known senolytic agent ABT-737, a small molecule drug that specifically inhibits Bcl-2 and 

Bcl-xL (Yosef et al. 2016; Fan et al. 2020). Microscopic analysis of proliferating LN229 and A172 cells 

treated with 2.5 µM ABT-737 for 48 h had no indication of cell death, while senescent cells treated 

with the same concentration and time showed a reduction in cell density and signs of cell death 

(Figure 22). Therefore, we chose 48 h as the duration for the treatment with ABT-737 for the 

following experiments. 
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Figure 22: Microscopic analysis of the senolytic effect of ABT-737. 

Proliferating (PRO) and senescent (CSEN) LN229 and A172 cells were treated with 2.5 µM ABT-737 for 48 h or kept untreated as 

control. Pictures were taken using a light microscope with an 20x objective and are representative for one experiment. Measuring 

bars (bottom right in each picture) refer to 100 µm. 
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The MTT assays display a dose-dependent reduction in viability of proliferating and senescent 

LN229 cells, with a higher viability reduction in the senescent cell population following treatment 

with ABT-737 (Figure 23A and B). To prove that the reduction in cell viability resulted from specific 

cell death of senescent cells, we measured CSEN as well as the cell death levels before and after 

treatment of senescent LN229 and A172 cells. This measurement was performed using 2.5 µM 

ABT-737 and cell death and CSEN was detected via C12FDG, and AV/PI staining that was measured 

by flow cytometry and quantified using the flowing software 2.0. A significant reduction in CSEN 

with a concomitant increase of cell death was detected (Figure 23C and D). Since treatment with 

ABT-737 for 48 h already showed strong effects in the MTT assay which was confirmed in the 

C12FDG and AV/PI assays, the 48-h duration was chosen for treatment with all other inhibitors 

thereafter. 

A B 

C D 

Figure 23: ABT-737 reduces CSEN in GBM cells. 

Proliferating (PRO) and senescent (CSEN) LN229 and A172 cells were treated with the indicated concentrations of ABT-737 for 48 h. (A, B) 

MTT assay shows dose-dependent reduction in proliferating and senescent LN229 andA172 cells, with senescent cells reacting stronger than 

proliferating cells. (C and D) Treatment of senescent LN229 and A172 cells with ABT-737 at a concentration non-toxic on proliferating cells 

(2.5 µM) leads to a significant reduction in senescence, while concomitantly apoptosis increases significantly. Cell death and senescence 

were quantified by measurement of AV/PI staining. The data is given with the mean ± SEM for three representative experiments. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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To confirm the results and to prove that the assay for the identification of senescence maintaining 

players was working, we inhibited Bcl-2 and Bcl-XL with ABT-263 (navitoclax), which is already in 

clinical use for the treatment of leukaemia. Also, navitoclax is currently under investigation for GBM 

treatment (Guerra et al. 2019; Lasica and Anderson 2021; Karpel-Massler et al. 2017).  Interestingly, 

inhibition of Bcl-2 and Bcl-XL with 2.5 µM navitoclax, a concentration non-toxic on proliferating cells, 

led to a significant reduction in CSEN in LN229 cells while only a minor reduction in A172 cells was 

observed. Cell death through apoptosis increased in both cell lines (Figure 24).  

 

 

Having shown that the experimental setup is reasonable for detecting senescence and senolysis, 

we further analysed the role of apoptosis in senescence maintenance by inhibiting the apoptosis 

inhibitors cIAP1/2 and XIAP with BV6, a smac mimetic and cIAP1/2, XIAP antagonist 

(Vanlangenakker et al. 2011; Varfolomeev et al. 2009). As shown in Figure 25, inhibition of cAIP1/2 

and XIAP by 2.5 µM BV6 lead to a significant reduction in CSEN levels in both, LN229 and A172 cell 

lines. At the same time, cell death levels increased significantly, but more so in LN229 than in A172 

cells. No significant increase in cell death was observed when proliferating cells were treated with 

the same concentration of BV6. In conclusion, glioblastoma cells seem to regulate anti-apoptotic 

factors upon TMZ treatment to circumvent cell death and increase survival.  

 

 

 

 

Figure 24: Navitoclax reduces senescence in LN229 but not A172 cells. 

Treatment of senescent (CSEN) LN229 and A172 cells with 2.5 µM ABT 263 (Navitoclax) for 48 h led to a significant reduction of 

senescence levels in LN229 but not A172 cells. Concomitantly, cell death increased significantly in both cell lines. Senescent and dead 

cells were quantified by C12FDG and AV/PI staining, respectively. Proliferating cell served as control (PRO). The data is given with the 

mean ± SEM for three representative experiments.  *p<0.05, **p<0.01, ***p<0.001. 
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4.3.2. Role of the DDR 

Our previous results revealed the presence of DNA damage in form of DSBs and oxidative DNA 

damage as well as an activated DDR in senescent glioblastoma cells treated with TMZ. It is known 

that the DDR is necessary to induce CSEN (Aasland et al. 2019a), which led us to further investigate 

the role of the DDR in senescence maintenance. To this end, we inhibited major DDR players such 

as ATM (using 10 µM AZD1390), ATR (using 10 µM VE-821), CHK1 and 2 (using 50 nM UCN-01 and 

10 µM CHK2 inhibitor II hydrate, respectively), p53 (using 10 µM pifithrin-α to inhibit the p53-

dependent transactivation of p53-responsive genes and 10 µM pifithrin-µ to reduce the affinity of 

p53 to Bcl-XL and Bcl-2) and p21 (using 5 µM UC2288). In all experiments, inhibitor concentrations 

non-toxic on proliferating cells were used. As shown in Figure 26, a significant reduction in the CSEN 

level was observed following treatment with ATM and ATR inhibitors in LN229 cells. Simultaneously, 

cell death levels increased significantly. The results were confirmed using the A172 cell line. 

 

Figure 25: Inhibition of cIAP1/2 and XAIP reduces senescence. 

LN229 and A172 cells were treated with 2.5 µM BV6 for 48 h. A significant reduction in CSEN and induction in cell death was observed in 

both cell lines. C12FDG and AV/PI staining were used for quantification of senescence and cell death, respectively. Proliferating cells 

served as control (PRO). The data is given with the mean ± SEM for three representative experiments. **p<0.01, ***p<0.001, 

****p<0.0001. 
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Following the DDR further downstream, we next targeted CHK1 and CHK2, p53 and p21 in 

senescent LN229 cells. No significant reduction in CSEN levels were observed upon inhibition of 

those DDR players. Interestingly, cell death levels still increased in CHK1 and p21 inhibited CSEN cell 

populations and following inhibition of p53 with either pifithrin-α or pifithrin-µ, while no induction 

of cell death was measured following inhibition of CHK2 (Figure 27). Since no reduction in 

senescence levels were observed, we conclude that these DDR factors do not play a role in 

senescence maintenance. The experiment was not repeated in A172 cells. 

 

 

 

Figure 26: ATM and ATR are necessary for senescence maintenance. 

LN229 and A172 cells were treated with inhibitors for ATM (AZD1390) and ATR (VE821) in concentrations non-toxic on proliferating 

cells (10 µM) for 2 d. CSEN and cell death were quantified using C12FDG and AV/PI staining, respectively, measured by flowcytometry. 

Proliferating cell served as control (PRO). The data is given with the mean ± SEM for three representative experiments. *p<0.05. 
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Beside the classic DDR, a pathway involving NF-kB has been shown to be activated by TMZ and to 

be necessary for senescence induction (Aasland et al. 2019a). NF-kB has long been known for its 

apoptosis inhibiting functions (van Antwerp et al. 1996). Being a transcription factor, it regulates 

the transcription of several proteins involved in the inhibition of apoptosis, including Bcl-XL and 

cIAP1 and 2 (Naugler and Karin 2008; Karin and Lin 2002). To analyse the role of NF-kB in senescence 

maintenance in GBM cells, we inhibited NF-kB in senescent LN229 cells though treatment with 

10 µM of the NF-kB inhibitor III. Interestingly, cell death levels increased significantly following 

treatment, without a reduction in CSEN levels (Figure 28). The missing reduction in CSEN levels 

following inhibition of NF-kB indicates that it is not necessary to maintain the senescent state in 

LN229 cells. The experiments were not repeated using A172 cells. 

 

 

 

 

 

 

 

 

 

Figure 27: Inhibition of DDR in senescent GMB cells. 

Senescent LN229 cells were treated with inhibitors of CHK1 (UCN-01, 50 nM), CHK2 (CHK2 inhibitor II hydrate, 10 µM), p53 (pifithrin-α 

and -µ, 10 µM each) and p21 (UC2288, 5 µM) in concentrations non-toxic on proliferating cells for 2 d. CSEN was measured by C12FDG 

staining and cell death levels by AV/PI staining using the flowcytometry. Proliferating cell served as control (PRO). The data is given with 

the mean ± SEM for three representative experiments. *p<0.05. 
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4.3.3. Role of DNA repair 

We have now shown that senescent LN229 and A172 cells display a higher level of DSBs than their 

proliferating counterparts although they are able to perform DNA damage repair. Next, we analysed 

if DNA repair is active in senescent cells to circumvent cell death and thus maintain senescence. A 

major DNA repair enzyme is Rad51, which is needed for homologous recombination (HR) repair of 

DSBs, occurring mainly in S and G2 phases of the cell cycle (Budke et al. 2012). Since senescent cells 

are arrested in G2, HR might still be active. Another major player of DNA repair is poly [ADP-ribose] 

polymerase 1 (PARP1). Different from Rad51, PARP1 participates in several DNA repair 

mechanisms, such as NER, non-homologous end joining (NHEJ), HR and the MMR (Pascal 2018). 

Since senescence is a pro-survival mechanism, active DNA repair might be necessary to stay alive in 

the senescent state. To see whether inhibition of either of these pathways might trigger cell death 

in senescent cells, we inhibited Rad51 using 5 µM Ri1, and PARP1 using 10 µM veliparib. As 

indicated in Figure 29, inhibition of Rad51 or veliparib in non-toxic concentrations had an effect only 

through an increase in cell death while senescence levels stayed stable. These results suggest that 

the DNA damage repair mechanisms mediated through Rad51, or PARP1 are not required for 

senescence maintenance.  

 

 

Figure 28: Role of NF-kB in senescence maintenance. 

Senescent LN229 cells were treated for 2 d with 10 µM of the NF-kB inhibitor III. Cell death and senescence levels were quantified by 

AV/PI and C12FDG staining, respectively, measured by flowcytometry. Proliferating cell served as control (PRO). The data is given with 

the mean ± SEM for three representative experiments ****p<0.0001. 
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Another important repair enzyme involved especially in the repair of O6meG is MGMT. In GBM 

therapy with TMZ, MGMT promoter methylation is an important prognostic marker. 

Hypermethylation of the MGMT promoter leads to silencing of the MGMT gene, and this correlates 

with a better curative outcome. Contrary, unmethylated MGMT promoter leads to MGMT 

expression, which corelates with a shorter overall and progression free survival, as high MGMT 

levels lead to repair of the cytotoxic lesion O6meG. Hence, little to no formation of DSBs occurs and 

TMZ cannot conduct its cytotoxicity. It has been shown that in recurrent GBM tumours following 

TMZ treatment MGMT promoter methylation is lower, thus MGMT expression is upregulated 

compared to the primary tumours (Christmann et al. 2010). This leads to the hypothesis that TMZ 

treatment might lead to de-methylation of hypermethylated MGMT promoters, hence an 

activation of MGMT expression in MGMT negative GBM.  

Figure 29: DNA repair mechanisms are not involved in senescence maintenance. 

Senescent LN229 and A172 cells were treated with inhibitors of DSBs repair namely, Rad51 (Ri1, 5 µM) and PARP1 (veliparib, 10 µM) 

Proliferating cell served as control (PRO). Cell death and senescence levels were quantified using flowcytometric analysis of AV/PI and 

C12FDG staining. The data is given with the mean ± SEM for three representative experiments. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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If that is the case, the question remains if expression of MGMT following TMZ treatment and the 

resulting repair of O6meG interferes with the cytotoxic effect of TMZ. In cooperation with Prof. 

Monika E. Hegi we used the LN229-MGMTindc12 cell line described above (chapter 4.2.3) to answer 

this question. Therefore, we treated LN229-MGMTindc12 cells with 50 µM TMZ at day 0 and with 

dox 1-7 d later in 24 h intervals. Cell death and CSEN levels were measured 5 d and 8 d following 

TMZ treatment, respectively. Beforehand, western blot analysis confirmed stable MGMT 

expression in proliferating and senescent dox treated LN229-MGMTindc12 cells (Figure 30A). 

As shown in Figure 30B, induction of cell death was significantly reduced 5 d following TMZ 

treatment, when MGMT was expressed within 1 or 2 d following TMZ treatment. Thereafter, no 

significant difference was observed. The results were similar when CSEN was measured 8 d 

following TMZ treatment. If MGMT was induced up to 3 d following TMZ treatment, CSEN levels 

were significantly lower at day 8 compared to only TMZ treated LN229-MGMTindc12 cells. 

Expression of MGMT 4 d following TMZ treatment also resulted in a lower CSEN induction measured 

at day 8, although not at a significant level. Thereafter, no difference in CSEN levels independent of 

MGMT expression was observed (Figure 30C). When senescent LN229-MGMTindc12 cells were 

treated with dox to induce MGMT expression, no difference in CSEN and cell death levels were 

observed 2 d later (Figure 30D). These results suggest that repair of O6meG by MGMT after the 

induction of DSBs (which occur starting at 2-3 d following TMZ treatment) does not lead to a 

reduction in cell death or CSEN levels. Overall, the data revealed that O6meG mediated DSBs 

formation is necessary for the induction of senescence and cell death, however, O6meG does not 

participate in senescence maintenance.  
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Figure 30: Induction of MGMT following TMZ treatment. 

MGMT was induced in dox controlled LN229-MGMTindc12 cells by 100 ng/ml dox treatment. (A) Western bot analysis of MGMT 

expression in proliferating and senescent cells. Pictures are representative for one experiment; LN229 served as negative control. For 

each lysate 50 µg protein were loaded onto a 10% polyacrylamide gel. (B, C) LN229-MGMTindc12 were treated with 50 µM TMZ at day 

0. Dox treatment followed 1-7 d thereafter in 24 h intervals. Cell death (B) and CSEN (C) were measured 5 and 8 d following TMZ 

treatment, respectively. Proliferating cells served as negative control (0/0), TMZ treated cells without dox treatment as positive control 

(5/0 for cell death and 8/0 for CSEN). (D) Senescent LN229-MGMTindc12 cells were treated with dox for 2 d. Cell death and CSEN were 

measured by AV/PI and C12FDG staining, respectively. The data is given with the mean ± SEM for three representative experiments. 

*p<0.05, ***p<0.001, ****p<0.0001. 
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4.3.4. Role of autophagy 

Besides cell death and senescence, autophagy is induced in cells following treatment with DNA 

damaging agents, which was shown for GBM cells upon TMZ treatment (Knizhnik et al. 2013; 

Kanzawa et al. 2004; Katayama et al. 2007). Autophagy is a mechanism to control cellular 

homeostasis and it has recently been demonstrated to be associated with the induction of 

senescence (Knizhnik et al. 2013; Kanzawa et al. 2004; Katayama et al. 2007). Also, autophagy 

supports cell survival by eliminating dysfunctional organelles and turnover DNA damage repair 

proteins (Zhang et al. 2015). To see whether autophagy contributes to senescence maintenance, 

we either inhibited the fusion of the autophagosome and the lysosome using 20 µM chloroquine 

(Clq), or by blocking the autophagosome formation using 5 µM 3-methyladenine (3-MeA). Upon 

treatment of LN229 and A172 senescent cell populations with Clq, senescence was significantly 

reduced, while cell death increased simultaneously. The effect was greater in LN229 than in A172 

cells. Similarly, treatment with 3-MeA led to a significant reduction in senescence, while cell death 

increased. Like Clq treatment, the effect was greater in LN229 cells (Figure 31).  
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In our senescent glioblastoma cell system high levels of ROS were detected. It has been 

demonstrated that when high levels of ROS are present in the cell, autophagy can be induced 

through the PI3K pathway, leading to CSEN (Kma and Baruah 2022; Gao 2019). Autophagy on the 

other hand has been shown to be necessary for the SASP which reinforces CSEN (Kwon et al. 2017; 

Young et al. 2009). Hence, it can be hypothesised that the high ROS levels in our cell system activate 

autophagy though the PI3K axis to maintain the CSEN state. To test this supposition, we inhibited 

PI3K in our senescent LN229 and A172 cell populations through treatment with PX-866, a 

wortmannin derivative that is under investigation in clinical trials for the treatment of recurrent 

glioblastoma (Bowles et al. 2016; Hotte et al. 2019; Pitz et al. 2015).  

Figure 31: Autophagy maintains senescence in LN229 and A172 cells. 

Senescent LN229 and A172 cells were treated with two individual inhibitors of autophagy (Clq, 20 µM and 3-MeA, 5 µM) for 2 d. Cell 

death was quantified by AV/PI staining; CSEN by C12FDG staining in the flow cytometer. Proliferating cell served as control (PRO). The 

data is given with the mean ± SEM for three representative experiments. **p<0.01, ****p<0.0001. 
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Of note, treatment of GBM patients with TMZ with PX-866 alone and concomitantly with TMZ 

showed promising results (Harder et al. 2019; Koul et al. 2010). Interestingly, we observed that 

treatment of senescent LN229 and A172 cells with 1 µM of PX-866 resulted in a significant reduction 

in the CSEN levels in LN229 cells. Concomitantly, cell death increased in LN229 cells. There was no 

effect of PX-866 on A172 cells: The CSEN and cell death levels remained unaffected (Figure 32).  

 

 

 

4.4. Screening for improved treatment options 

In persuasion for a better outcome of GBM therapy, chemotherapeutics and other treatment 

options are often combined. Thus, for primary GBM treatment, TMZ is combined with IR according 

to the Stupp-protocol that is currently used in the clinical setup (Catarina Fernandes et al. 2017). In 

other treatment schedules, several chemotherapeutics are combined. This applies for TMZ and 

CCNU, which are administered in some protocols concomitantly (Herrlinger et al. 2019). Combined 

treatment regimens either aim to gain higher toxicity on tumour cells directly, or indirectly, e.g., 

though inhibition of cell survival pathways and DNA repair. Following sole TMZ treatment, GBM 

cells mainly enter the survival pathway of senescence. Treatment schedules that increase cell death 

levels are thus urgently needed. Here, we addressed the question whether the combination of IR, 

CCNU or methadone with TMZ leads to an increase in TMZ-induced cell death. 

 

 

Figure 32: Effect of PI3K inhibition in senescent GBM cells. 

Senescent LN229 and A172 cells were treated with 1 µM of the PI3K inhibitor PX-866 for 2 d. Cell death and senescence levels were 

quantified using AV/PI and C12FDG staining measured by flow cytometry. Proliferating cell served as control (PRO). The data is given with 

the mean ± SEM for three representative experiments. **p<0.01. 
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4.4.1. Combinatorial treatment of TMZ and IR 

Within the clinical setup, GBM patients are treated with TMZ and IR the same time. Since IR induces 

DSBs, as does TMZ, this treatment might lead to more severe DNA damage, resulting in higher cell 

death levels. To investigate this possibility, LN229 cells were either pre-treated with TMZ before IR 

or pre-irradiated before TMZ treatment. A dose-response curve measured 3 d after irradiation, 

demonstrated a linear increase in cell death upon rising doses of IR. Doses < 4 Gy were insufficient 

to induce significant levels of cell death in GBM cells (Figure 33).  

 

Thus, LN229 cell were treated with 20 µM TMZ for 3 h and irradiated with 6 Gy thereafter or were 

irradiated with 6 Gy for 6 h and subsequently treated with 20 µM TMZ. Cell death and CSEN levels 

were quantified 5 d and 8 d later, respectively. As shown in Figure 34A, cell death levels increased 

significantly following pre- or post-irradiation of TMZ treatment, compared to IR alone, but only 

pre-irradiation had a significant effect, compared to sole TMZ treatment. Although, post-irradiation 

also led to an increase in cell death. Senescence levels, shown in Figure 34B, increased significantly 

in both, pre- and post-irradiated LN229 cells, compared to either TMZ or IR treatment alone. The 

addition of the cell death levels of sole TMZ and sole IR treatment indicate the expected cell death 

values if the combined treatment of TMZ and IR has an additional effect. Indeed, comparing added 

and measured levels of cell death, no significant difference was observed (Figure 34C). The same 

was true for CSEN; no significant difference was detected, although the measured senescence levels 

were slightly lower than expected based on the added sole senescence level (Figure 34D).  

Figure 33: Dose-response of IR. 

Proliferating cells were irradiated with rising dosages of γ-rays or left untreated as 

control (CON). Cell death, evaluated by AV/PI staining, was measured 3 d following 

irradiation. The data is given with the mean ± SEM for three representative 

experiments. *p<0.05, **p<0.01. 
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Figure 34: RT has an additive effect on TMZ treatment. 

LN229 cells were either pre-treated with 20 µM TMZ for 3 h and then irradiated with 6 Gy or were pre-irradiated with 6 Gy for 6 h and 

then treated with 20 µM TMZ. Untreated proliferating (PRO) and sole TMZ and sole IR served as control. Cell death (A) and CSEN (B) 

were quantified via AV/PI 5d and C12FDG staining 8 d later, respectively. (C and D) Comparison of the added values of sole TMZ treatment 

and sole IR (added) to the measured values of combinatorial TMZ and IR treatment, The data is given with the mean ± SEM for three 

representative experiments.  *p<0.05, **p<0.01, ***p<0.001. 
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4.4.2. Effect of IR on TMZ-induced senescent cells 

According to the Stupp protocol, the combination of TMZ and IR is repeated for 6 weeks. We 

demonstrated previously that TMZ-induced senescence begins approximately one week following 

TMZ treatment. It is thus likely that senescent cells are treated with TMZ and IR. It is known that 

for TMZ-induced cytotoxicity DNA replication is necessary and results obtained in our lab show no 

induction of cell death when TMZ-induced senescent cells were treated with TMZ. However, IR 

induces DSBs independent of replication. Thus, IR-induced DSBs could still be cytotoxic to senescent 

cells. To see the effect of IR on TMZ-induced senescent cells, we irradiated a senescent LN229 cell 

population with dosages between 2 Gy and 10 Gy, representing sublethal and lethal dosages (Figure 

35A), and measured cell death and senescence levels 2 d later. Following IR of senescent LN229 

cells, a slight reduction in senescence levels was observed, while cell death levels increased slightly. 

The reduction was, however, not significant (Figure 35B). No reduction in CSEN levels was observed 

when 2 Gy were applied, indicating that at least a low dose of radiation cannot kill senescent cells. 

 

These results demonstrate that the outcome of the addition of IR to TMZ treatment is time 

dependent. A beneficial effect of IR was seen when LN229 cell were treated with TMZ and IR 

concomitantly, while no effect was seen when TMZ-induced senescent cells were irradiated. These 

results should be verified in vivo. Also, the cytotoxic effect of the combinatorial treatment on the 

healthy tissue should be evaluated. Nevertheless, our results suggest that in the clinical setup a 

higher toxicity on proliferating GBM cells can be gained if TMZ and IR treatments are combined 

while irradiation of TMZ-induced senescent cells has no beneficial effect. 

Figure 35: Effect of IR on senescent LN229 cells. 

Proliferating and senescent cells were irradiated with rising dosages of γ-rays or left untreated as control (PRO). (A) Cell death, evaluated 

by AV/PI staining and CSEN, evaluated by C12FDG staining were measured by flowcytometry 2d following irradiation.  The data is given 

with the mean ± SEM for three representative experiments. *p<0.05, **p<0.01. 
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4.4.3. Combinatorial treatment of TMZ and CCNU 

CCNU is part of the PCV schedule, a combination of the three alkylating agents procarbazine, CCNU 

and vincristine that is currently used for low grade glioma (LGG) and recurrent GBM, among others 

(Mehta et al. 2014). In 2006 a clinical phase I study demonstrated the beneficial effects of the 

addition of CCNU to TMZ treatment in GBM (Tafuto et al. 2006). To our best knowledge, for primary 

GBM treatment, CCNU is mainly given concomitantly with TMZ, resulting in higher toxicity not only 

for the tumour, but also for the patient, causing more severe side effects (Herrlinger et al. 2019). 

Here, we assessed the effect of CCNU on senescent GBM cells to see, whether the drug bears 

senolytic activity. The data presented in Figure 36 show that CCNU does not have senolytic activity 

which is evident by the missing reduction in CSEN. Of note, a slight increase in cell death was 

observed in the A172 cells which could be due to the cytotoxicity of CCNU on proliferating cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: CCNU has no senolytic activity in GBM. 

Senescent LN229 and A172 cells were treated with 10 µM CCNU and senescence and cell death levels were quantified by AV/PI and 

C12FDG staining 2d later. Proliferating cell served as control (PRO). The data is given with the mean ± SEM for three representative 

experiments. 
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4.4.4. Combinatorial treatment of TMZ and methadone 

Methadone (MTD) is a µ-opioid receptor (MOR) agonist commonly known for its use in pain control 

and heroin substitution. It gained attention as an adjuvant for GBM chemotherapy (Brawanski et 

al. 2018). Recently, it has been shown that MTD induces apoptosis in leukaemia cells (Kua et al. 

2019; Friesen et al. 2013). Promising results were obtained by combinatorial treatment of MTD with 

doxorubicin in GBM cell lines, where MTD increased apoptosis levels induced by doxorubicin 

(Friesen et al. 2014). It is important to note that in GBM treatment, TMZ and not doxorubicin is the 

main chemotherapeutic used in the clinic (Stupp et al. 2005). Having in mind the above-mentioned 

studies, we evaluated the geno- and cytotoxicity of MTD on GBM cells and human fibroblasts, 

analysed if combinatorial treatment of MTD with TMZ had beneficial effects and the senolytic 

activity of MTD. 

 

 

4.4.4.1. Cyto- and genotoxicity of MTD 

First, the cyto-and genotoxicity of MTD was assessed. Therefore, LN229 and A172 cells were treated 

with increasing concentrations of MTD, and cell death levels were measured 3 d later. In LN229 and 

VH10T cells cell death increased exponentially, while in A172 cells cell death stayed stable up to 

20 µg/mL and then increased immediately to 60 %. In the LN229 and A172 cell lines, MTD levels 

were cytotoxic at >20 µg/mL, while the human fibroblast cell line VH10T tolerated concentrations 

up to 40 µg/mL (Figure 37). The results indicate, that MTD bears a higher cytotoxic activity in cancer 

than in non-cancer cells, although at concentrations well above the plasma levels achieved within 

patients which reach about 24 ng/ml and 0.6 µg/ml following an i.v. administration of 25 and 10 mg 

MTD, respectively (Inturrisi and Verebely 1972; Volavka et al. 1978).  
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Activation of MOR by MTD can reduce the anti-apoptotic proteins XIAP and Bcl-XL (Friesen et al. 

2014). Since treatment of GBM cells with MTD led to an induction of cell death, we were wondering 

if the apoptotic pathway was mediated by activation of MOR. Western blot analysis of LN229, A172 

and VH10T cells showed expression of the receptor in all cell lines (Figure 38A). Additionally, 

previous Western blots demonstrated the expression of the anti-apoptotic factors Bcl-XL and Bcl-2 

in proliferating LN229 and A172 cells (chapter 4.2.2). The induction of cell death following MTD 

treatment might thus be initiated through the MOR-mediated downregulation of these anti-

apoptotic proteins. To assess this hypothesis, we pre-treated LN229 and A172 cells with naloxone 

(Nalx), a MOR antagonist, 30 min before treatment with 50 µg/mL MTD.  

Figure 37: Cytotoxicity of MTD increases with dose. 

The GBM cell lines LN229 and A172 and the human 

fibroblast cell line VH10T were treated with rising 

concentrations of MTD for 3 d or left untreated as 

control (0 h). Early apoptosis (apoptosis) and late 

apoptosis/necrosis (necrosis) were measured by AV/PI 

staining. The data is given with the mean ± SEM for 

three representative experiments. n.d.=not detectable. 

**p<0.01, ***py0.001, ****p<0.0001 
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Cell death levels were measured 3 d later. Treatment of LN229 and A172 cells with 200 µM Nalx 

alone was not cytotoxic, while treatment with 50 µg/mL MTD resulted again in about 20 % and 90 

% cell death in LN229 and A172 cells, respectively. Pre-treatment with Nalx had no effect on cell 

death levels, indicating that the induction of cell death by MTD is not mediated by the MOR (Figure 

38B).  

 

 

Since MTD was cytotoxic, we were wondering if it also bears genotoxic effects. To assess this 

possibility, we quantified the amount of DSBs in LN229 cells before and after MTD treatment with 

non-cytotoxic (10 µg/L) and cytotoxic (30 µg/mL) concentrations. The neutral comet assay analysis, 

performed with the support of the technical assistance of Anna Frumkina, showed no induction of 

DSBs following treatment of MTD for 24 h (Figure 39A and B). The results were confirmed by γH2AX 

immunofluorescence staining measured by LSM.  

A 
VH10T LN229 A172 

MOR-1 

HSP90 

B 

Figure 38: Role of MOR in MTD induced cell death. 

(A) Cell lysates of proliferating LN229 and A172 cells were subject to western blot analysis. For each lysate, 30 µg of protein were loaded 

onto a 10 % polyacrylamide gel. The picture is representative for one experiment. (B) LN229 and A172 cells were pre-treated with 

200 µM naloxone (Nalx) for 30 min, followed by treatment with 50 µg/mL MTD. Early apoptosis (apoptosis) and late apoptosis/necrosis 

(necrosis) were measured by AV/PI staining in the flow cytometer 3 d later. Proliferating (PRO) cells served as control. The data is given 

with the mean ± SEM for three representative experiments. 
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Quantification of foci showed no significant increase in γH2AX foci 24 h following a non-cytotoxic 

(20 µg/mL) and cytotoxic (40 µg/mL) treatment with MTD (Figure 39C and D). The results show that 

MTD is cytotoxic at concentrations too high to be reached within a patient (which under standard 

dosing is about 0.6 µg/ml) and that even at this dose level it does not bear genotoxic activity.  

 

A 

10 µg/mL MTD 30 µg/mL MTD PRO 

B 

PRO 20 µg/mL MTD 40 µg/mL MTD 

C 
D 

Figure 39: MTD does not induce DSBs. 

LN229 cells were treated with non-cytotoxic and cytotoxic concentrations of MTD. DSBs were measured by Comet assay and yH2AY foci 

quantification. (A) Exemplary images of comet assay in LN229 cells. (B) Evaluation of comet assay tail intensity in control (PRO) and 

following MTD treatment in non-cytotoxic (10 µg/mL) and cytotoxic (30 µg/mL) concentrations of LN229 cells. (C) Exemplary pictures of 

γH2AX (green) and ToPro3 (blue) immunofluorescence staining in LN229 cells, taken with a 64x magnification objective using immersion 

oil. (D) Quantification of γH2AX foci in control (PRO) and following MTD treatment in non-cytotoxic (20 µg/mL) and cytotoxic (40 µg/ml) 

concentrations of LN229 cells. (B, C) Pictures are representative from one experiment. (B, D) The data is given with the mean ± SEM for 

three representative experiments. 
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4.4.4.2. Influence of MTD on TMZ-induced cell death and 

senescence  

As mentioned before, simultaneous treatment with MTD and doxorubicin led to increased cell 

death levels in GBM cell lines compared to sole doxorubicin treatment (Friesen et al. 2014). Since 

TMZ and not doxorubicin is the state of the art chemotherapeutic for GBM treatment, we 

investigated the influence of MTD on TMZ-induced cell death. Therefore, LN229 and A172 cells 

were treated with 25 µM TMZ and post-treated with non-toxic concentrations of MTD (MTD 

1=5 µg/mL and MTD 2=20 µg/mL) 3 h later. Cell death is a late response to TMZ, starting at day 3 

and reaching a plateau at day 5 following treatment. Hence, 5 d were chosen as the timepoint to 

investigate the effect of MTD on TMZ-induced cell death. Proliferating cells served as control. As 

shown in Figure 40A and C, the addition of a low dose of MTD (5 µg/mL) had no effect, neither in 

LN229 nor in A172 cells, while the additional treatment of 20 µg/mL MTD 3 h following TMZ led to 

a significant increase of cell death in both cell lines compared to sole TMZ-induced cell death. It is 

important to note that in both cell lines, the observed effect of the combined treatment was slightly 

lower than the reference (expected) value obtained by addition of the sole TMZ- and MTD-induced 

cell death levels (Figure 40 B and D). The data clearly demonstrates that the simultaneous treatment 

of TMZ with MTD in low concentrations that might be reached within a patient has no cytotoxic 

effect on GBM cells. The addition of higher MTD doses showed a less than additive effect, and such 

high concentrations are not reached within the patient. Hence, we conclude that MTD is not suited 

as adjuvant for enhancing the curative effect of TMZ in GBM treatment. 
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As shown above (chapter 4.1.2), following TMZ treatment, cell death through apoptosis is a minor 

cellular response. The main proportion of the cell population activates cell survival pathways and 

finally enters the senescent state. Since the addition of MTD to the TMZ treatment resulted in an 

increase in cell death, the same could be true for the induction of senescence. 

A B 

C D 

Figure 40: Effects of MTD on TMZ-induced cell death. 

LN229 and A172 cells were treated with 25 µM TMZ followed by 5 µg/mL (MTD 1) and 20 µg/mL (MTD 2) MTD treatment 3 h later. Cell 

death levels (apoptosis and necrosis) were measured by annexin/PI staining in the flow cytometer 5 d following the addition of TMZ to 

the medium. Proliferating cell served as control (PRO). (A and C) Measured levels of apoptosis and necrosis in LN229 (A) and A172 (C) 

cells. (B and D) Comparison of added cell death values of sole TMZ and sole MTD treatments (Expected) with the measured cell death 

levels of combined treatment from A and C (Observed). The data is given with the mean ± SEM for three representative experiments. 

*p<0.05, ***p<0.001, ****p<0.0001. 
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To test this hypothesis, LN229 cells were treated with 50 µM TMZ, followed by 5 µg/mL (MTD 1) 

and 20 µg/mL (MTD 2) MTD 3 h later. Senescence levels were measured by C12FDG staining with 

the flow cytometer 8d later. As shown in Figure 41A and CSEN levels remained constant, despite 

the addition of MTD to TMZ treatment. Thus, MTD does not interfere with the induction of 

senescence by TMZ. 

MTD has been shown to downregulate XIAP and Bcl-XL (Friesen et al. 2014). Senescent 

LN229 cells display high levels of Bcl-XL (chapter 4.2.2), and we also demonstrated that inhibition of 

XIAP1 in senescent LN229 cells leads to a reduction in the CSEN levels (chapter 4.3.1). Thus, even 

though MTD does not reduce CSEN when used as adjuvant, the possibility remains that MTD kills 

senescent cells. To elucidate this possibility, senescent LN229 cells were treated with 5 µg/mL and 

20 µg/mL MTD, and CSEN levels were measured 2 d later by C12FDG staining and flow cytometry. 

While 5 µg/mL MTD had no impact on CSEN levels, a significant reduction was measured following 

20 µg/mL (Figure 41B). These results indicate that although MTD does not bear cyto- or genotoxic 

activity, it is not suitable as adjuvant for TMZ treatment or as a senolytic agent following TMZ 

therapy. It is, however, beneficial as pain medication, and no adverse effects were observed at 

these low treatment concentrations. 

A B 

Figure 41: Effect of MTD on TMZ-induced senescence. 

(A) LN229 cells were either treated with 50 µM TMZ alone or simultaneously with 5 µg/mL (MTD 1) or 20 µg/mL (MTD 2) MTD for 8 d. 

Proliferating cell served as control (PRO). (B) Senescent LN229 cells were treated with 5 µg/mL (MTD 1) or 20 µg/mL (MTD 2) MTD for 

2 d. Senescence was quantified via C12FDG staining, measured in the flow cytometer. The data is given with the mean ± SEM for three 

representative experiments. *p<0.05 
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4.5. Identification of senolytic agents 

Targeting pathways inducing or maintaining the senescent state is not the only option to eliminate 

senescent cells. Lately, more focus is laid on senolytic agents - compounds that specifically drive 

senescent cells into cell death, without affecting proliferating cells. They include synthetic as well 

as natural compounds. A few have already been identified in other cell systems including GBM. 

Here, we evaluated known senolytic agents for their senolytic activity in GBM and identified new 

options for eliminating senescent GBM cells.  

 

4.5.1. MCOPPB 

The nociceptin receptor FQ opioid receptor selective ligand MCOPPB has recently been identified 

as a possible senolytic agent in a library screen of pharmacologically active compounds (Raffaele et 

al. 2022). A subsequent study demonstrated that MCOPPB specifically kills doxorubicin-induced 

senescent hepatocellular carcinoma cells in vitro and reduced senescent cells in vivo in a mouse 

model (Raffaele et al. 2022). Thus, we considered the possibility that MCOPPB might also kill TMZ-

induced senescent GBM cells. Treatment of proliferating LN229 cells with 1 µM MCOPPB led to a 

slight increase in cell death. Treatment of senescent LN229 cells led to a slight reduction in CSEN 

while senescence was reduced significantly in A172 cells. Interestingly, also cell death levels were 

reduced in both cell lines; slightly in the LN229 and significantly in the A172 cells (Figure 42). These 

data indicate that MCOPPB reduces both, the TMZ-induced cytotoxic and cytostatic effects in GBM 

cells. Since no increase in cell death was observed upon reduction in CSEN, MCOPPB does not bear 

senolytic activity in our GBM cell model. 

Figure 42: Effect of MCOPPB on senescent GBM cells. 

Senescent LN229 and A172 cells were treated with 1 µM MCOPPB for 2 d. Proliferating cells (PRO) served as control. AV/PI and C12FDG 

positive cells were quantified by flow cytometer measurement for cell death and senescence evaluation, respectively. The data is given 

with the mean ± SEM for three representative experiments. *p<0.05, **p<0.01. 
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4.5.2. Artesunate 

Artesunate is a semisynthetic derivative of artemisinin, a phytochemical found in Artemisia annua. 

It is widely used in the traditional Chinese medicine, mostly to treat malaria (Klayman 1985; Zhao 

et al. 1986). Starting in the 1990s, artemisinin and its derivatives, including artesunate, were 

evaluated as to their cytotoxic properties on cancer cells and found to be efficient apoptosis and 

autophagy inducing (Jiang et al. 2018). Since then, numerous studies have been performed on anti-

cancer effects of artesunate but as to our best knowledge, no efforts have yet been made to identify 

the effect of artesunate on senescent (cancer) cells (Qin et al. 2015; Berdelle et al. 2011; Wei et al. 

2020). Artesunate has been shown to regulate genes involved in DDR and DNA repair, regulation of 

apoptosis and proliferation, as well as oncogenes, tumour suppressor genes and genes coding for 

cytokines (Efferth et al. 2003). This background data led us to evaluate the senolytic effect of 

artesunate on GBM cells. As shown in Figure 43, treatment of senescent LN229 cell with 15 µM 

artesunate, which was non-toxic on proliferating cells, significantly reduced CSEN while increasing 

cell death. In A172 cells, the CSEN level was reduced not significantly, although cell death levels 

increased significantly. This indicates that artesunate has senolytic activity in the LN229 but not the 

A172 cell line.  

Artesunate plasma peak concentrations within malaria patients reach 2.19 - 11.57 mM 

when given intravenously (Batty et al. 1996). Here, we demonstrate that 15 µM artesunate, which 

is well below the levels reached within patients, is already sufficient to induce cells death in 

senescent LN229 and A172 cells, and to reduce senescence in LN229 cells. It is important to note 

that the human fibroblast cell line VH10T showed no induction of cell death at this concentration 

(Supplemental figure S2). Artesunate can therefore be considered as a senolytic agent. 

 

Figure 43: Senolytic effect of artesunate on GBM cells. 

Senescent LN229 and a172 cells were treated with 15 µM artesunate for 2 d. Cell death and CSEN levels were quantified by positive 

annexin/VPI and C12FDG staining in the flow cytometer, respectively. Proliferating cells (PRO) served as control. The data is given with 

the mean ± SEM for three representative experiments. *p<0.05, **p<0.01. 
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4.5.3. Curcumin 

Another phytochemical arising from the traditional Chinese medicine is curcumin, the principle 

curcuminoid responsible for the yellow colour in curcuma longa, also known as turmeric. Due to its 

colouring properties, it is widely used as food colouring and in cosmetics. It is widely sold as herbal 

food additive because of its beneficial roles in diabetes, several brain disorders, such as Alzheimer’s 

disease and its anti-inflammatory effects (Bhat et al. 2019; Ghosh et al. 2015). It is supposed to have 

beneficial effect on health due to its anti-oxidative, anti-inflammatory, and anti-cancer effects (He 

et al. 2020; Kocaadam and Şanlier 2017). However, little is known abouts its cyto- and genotoxic 

effects. Considering the widespread usage of curcumin, analysis of these effects is essential. Thus, 

we assessed the dose-dependent induction of cell death and DNA damage following curcumin 

treatment and compared short-term vs long-term exposure. In a subsequent series of experiments, 

we also evaluated whether curcumin bears senolytic activity. Due to its low solubility in water, 

curcumin was either dissolved in ethanol (Cur-E) or packed into micelles (Cur-M) to be administered 

in aqueous solution. 

 

4.5.3.1. Cyto- and genotoxic effects of curcumin 

The effect of Cur-E and Cur-M on the cell viability was studied previously in our laboratory using 

the MTT assay, and showed a dose dependent decrease, stating at 5 µM 72 h post treatment. No 

difference between Cur-E and Cur-M was detected. Here, we confirmed these results by detection 

of cell death in LN229, A172 and VH10T cells 48 h following treatment. As shown in Figure 44, cell 

death was induced by curcumin starting at 20 µM in LN229 and A72 cells. No significant difference 

was observed between Cur-E and Cur-M in inducing apoptosis. Contrary, cell death in VH10T cells 

was induced at 20 µM when dissolved in ethanol, while curcumin packed in micelles started to be 

cytotoxic at 30 µM. Thereafter, no difference was observed between Cur-M and Cur-E induced cell 

death levels (Figure 44).  
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Figure 44: Curcumin induces cell death dose-dependently. 

LN229, A172 and VH10T cells were treated with rising concentrations of curcumin dissolved in ethanol (Cur-E) or packed into 

micelles (Cur-M) for 2 d. Micelles packed with isotonic water (Water-M) served as control for cytotoxicity of micelles. Untreated 

cells served as control (0.0 µM curcumin). Cell death levels were quantified by AV/PI staining. The data is given with the mean ± 

SEM for three representative experiments. *p<0.05, **p<0.01. 
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Like the induction of cell death, DSBs were induced in a dose-dependent manner starting at 10 µM, 

measured by the neutral comet assay. No difference between Cur-E and Cur-M treated cells was 

observes. Interestingly, DSBs occurred as early as 1 h following treatment and were still present at 

24 h post treatment (Figure 45). This and all following neutral comet assays were performed 

supported by the technical assistance of Anna Frumkina.  

 

 

Since curcumin was present in the medium throughout the experiment, the possibility remained 

that DSBs were not persisting, rather than being induced over and over. To assess this hypothesis, 

LN229 cells were treated with 40 µM Cur-E or 40 µM Cur-M for 1 h to induce high levels of DSBs. 

Thereafter the medium was renewed and DSBs were quantified immediately (0 h repair time) and 

in 1 h intervals for 4 h by comet assay. Tail intensity decreased significantly 1 h following removal 

of curcumin from the medium and was further reduced thereafter.  

Figure 45: Induction of DSBs following curcumin treatment. 

Proliferating LN229 cells were treated with the indicated concentrations of Cur-M and Cur-E for 1 h or 24 h or were left untreated as 

control (PRO). Water micelles served as control for micelle toxicity. The data was obtained through the neutral comet assay and is 

given with the mean ± SEM for three independent experiments. *p<0.05 ***p<0.001, ****p<0.0001. 
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At 4 h after the medium change Cur-E treated cells reached tail intensity levels of the control, while 

in Cur-M treated cells DSBs were at the level of the water micelle treated cells. These results show 

that DSBs induced by curcumin are repaired within 4 h after the onset of curcumin treatment (Figure 

46A). This finding led us to believe that short term treatment might also lead to a reduced level of 

cell death. Thus, we treated LN229 and A172 cells with 40 µM Cur-E or 40 µM Cur-M not 

permanently but for 1 h and evaluated cell death levels 48 h later. As shown in Figure 46B, short-

term treatment of LN229, A172 and VH10T cells did not lead to induction of cell death. These results 

lead to the conclusion that curcumin must be present permanently to exert cytotoxic effects.  

 

 

B 

A 

Figure 46: Effects of short-term treatment with curcumin. 

Proliferating LN229 cells were treated with 40 µM of Cur-M or 40 µM of Cur-E for 1 h or were left untreated as control (PRO). Water 

micelles served as control for micelle toxicity. (A) The repair of DSBs was assessed by the comet assay  in LN229 cells (B) Cell death levels 

in LN229, A172 and VH10T cells were measured 2 d following treatment with curcumin. The data is given with the mean ± SEM for three 

representative experiments. *p<0.05 ***p<0.001, ****p<0.0001. 
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4.5.3.2. Effect of curcumin on TMZ-induced senescence 

The previous experiments demonstrated the cytotoxic effects of long-term curcumin treatment on 

proliferating GBM cells. In a subsequent series of experiments, we assessed the effect of curcumin 

on senescent GBM cells. First, the cell viability of senescent and proliferating LN229 cells was 

compared via MTT assay following increasing concentrations of curcumin. Interestingly, while in 

proliferating cells cell viability was significantly reduced starting at 10 µM curcumin, independent 

of administration, senescent cells were unaffected. Even at high concentrations of 40 µM curcumin, 

senescent cells did not display reduced cell viability (Figure 47A). These results were confirmed by 

evaluation of CSEN and cell death levels in senescent LN229 cells before and after curcumin 

treatment. While proliferating cells displayed a slight increase in cell death following 10 µM 

curcumin treatment, senescent cells showed a reduction in cell death and an increase in the 

senescence levels (Figure 47B). This indicates that curcumin is not a senolytic compound in our GBM 

cells.  
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Figure 47: Effect of curcumin on senescent GBM cells. 

Proliferating and senescent LN229 cells were treated with Cur-E and Cur-M and evaluated 2 d later. (A) Cell viability of proliferating and 

senescent LN229 cells following exposure to increasing concentrations of curcumin was measured by MTT assay. (B) Senescent LN229 cells 

were treated with 10 µM curcumin and cell death and CSEN levels were observed by AV/PI and C12FDG staining, respectively in the flow 

cytometer. The data is given with the mean ± SEM for three representative experiments. 
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4.5.3.3.  Fisetin 

Fisetin is a bioactive polyphenolic flavonoid that is found in many fruits e.g., strawberries, apples 

and persimmon, vegetables e.g., onions, and trees and flowers from the fabaceae family (Arai et al. 

2000). Like curcumin, it serves as a yellow colouring agent. It has been shown in various studies to 

have a brought range of targets including the PI3K/AKT pathway, BCL-XL and NF-kB. Inhibition of 

those targets by fisetin results in its anti-inflammatory and anti-cancer effects (Khan et al. 2008; 

Afroze et al. 2022). Additionally, fisetin acts as antioxidant, hypoglycaemic agent (Grynkiewicz and 

Demchuk 2019). Recently, fisetin has been shown to be a senolytic agent in HUVECs and to reduce 

replication-induced senescent cells in a mouse model (Zhu et al. 2017; Yousefzadeh et al. 2018). 

This prompted us to investigate its senolytic activity in GBM cells. Due to its low solubility in water, 

in our experiments fisetin was dissolved in ethanol. As shown in Figure 48, treatment of senescent 

LN229 and A172 cells with 20 µM fisetin resulted in a significant reduction in the CSEN level in 

LN229 cells. In A172 cells, CSEN reduction was also observes, which was, however, statistically not 

significant. Concomitantly, cell death levels increased significantly in LN229 cells and again non-

significantly in A172 cells. Proliferating cells treated with 20 µM fisetin displayed no induction of 

cell death. Thus, we conclude that fisetin acts as senolytic agent in TMZ-induced senescent GBM 

cells.  
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Figure 48: Senolytic activity of fisetin. 

Senescent and proliferating LN229 and A172 cells were treated with 20 µM fisetin, dissolved in ethanol, for 2 d. Cell death and CSEN 

levels were assessed by AV/PI and C12FDG staining, respectively, in the flow cytometer. The data is given with the mean ± SEM for 

three representative experiments. *p<0.05 ***p<0.001. 
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4.6. In situ analysis of senescence markers 

Our experiments demonstrated that following TMZ treatment, GBM cell mainly enter senescence 

and that cell death is only a minor trait (chapter 4.1.2). We also showed high numbers of DSBs in 

senescent LN229 and A172 cells. Another marker for senescence is tri-methylated lysin at histone 3 

(H3K27me3). Our group recently showed that following TMZ treatment, senescent LN229 and A172 

cells display high levels of H3K27me3. In the clinical setup, recurrent GBM tumours usually occur 

following treatment of primary GBM. One possible cause for the origin of recurrent tumours are 

senescent cells that overcome their senescent state and re-enter the cell cycle. To test this 

hypothesis, we stained patient derived matched primary and recurrent GBM tissue samples for 

senescent markers, namely γH2AX and H3K27me3, as well as apoptosis. The samples were kindly 

provided by Prof. Dr. Clemens Sommer and stained by Dr. Petra Leukel from the Institute of 

Neuropathology of the University Medical Center Mainz. 

Visual analysis of primary tumours indicated low levels of γH2AX and H3K27me3 positive 

cells. In contrast, recurrent tumours displayed higher levels of DSBs and senescence. Contrary, the 

TUNEL assay indicated a high level of apoptosis in primary GBM tumours, while recurrent tumours 

were stained less for apoptosis (Figure 49).  

 

Quantitative evaluation of the microscopy pictures and comparison of overall primary and 

recurrent tumours confirmed the visual analysis. The CSEN marker H3K27me3 was increased in 

recurrent tissue. Significantly more γH2AX positive cells were present in the recurrent samples, 

indicating more DSBs. 
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Figure 49: Exemplary pictures of primary and recurrent patient derived GBM tumour samples 

Exemplary pictures of primary and recurrent GBM tissue stained for yH2AX, indicating DSBs and H3K27me3, indicating 

senescence. TUNEL assay staining indicates apoptosis. Pictures were taken using a 100-fold magnification objective and 

immersion oil. The measuring bar indicates 200 µM. The samples were kindly provided and stained by Prof. Dr. Clemens 

Sommer and Dr. Petra Leukel. 
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Despite the high amount of DNA damage, significantly less cells stained positive for apoptosis in the 

recurrent tissues. (Figure 50A). This study included matched samples from 10 patients thus, tissue 

samples from more patients must be evaluated to confirm the results. Individual comparison of 

matched pairs showed that in all but one recurrent tumour the yH2AX level was increased 

compared to the primary tumour. For apoptosis and H3K27me3 all except two recurrent tumours 

showed lower levels than their primary match (Figure 50B). These results indicate that senescent 

GBM cells accumulate in brain tissue following treatment with TMZ and IR. The methylation status 

of the MGMT promotor for each tumour sample was evaluated; the tumour samples included five 

MGMT-promotor unmethylated and two MGMT-promotor methylated tumours. For one sample, 

the methylation status is unknown (Supplemental table S1). The methylations status did not 

correlate with the samples that showed different results in the yH2AX, TUNNEL and H3K27me3 

staining. 
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Figure 50: In situ analysis of senescence and apoptosis markers. 

Levels of DSBs, indicated by yH2AX staining, apoptosis, detected by TUNNEL assay and senescence, indicated by H3K27me3 were 

evaluated in primary and recurrent GBM tissue of 10 patients. (A) Overall percentage of yH2AX and H3K27me positive as well as 

apoptotic cells, quantified from 10 sections per tumour slice from 10 tumour samples. (B) Comparison of the percentage of yH2AX and 

H3K27me positive as well as apoptotic cells from 10 sections per tumour in matched primary and recurrent tumour samples. **p<0.01 

***p<0.001. 
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5. Discussion 

With about 40 % of all malignant brain tumours GBM is the most common one. The incidence rate 

is rising in several countries, reaching up to 5/100,000 people (Surawicz et al. 1999; Dolecek et al. 

2012; Ostrom et al. 2018; Low et al. 2022; Philips et al. 2018). Until 2005, the standard of care for 

GBM was maximum safe resection combined with the alkylating agent TMZ. Since then IR was an 

additional treatment option, since administered concomitantly with TMZ, resulting in improved PFS 

and OS (Stupp et al. 2005). Although death rates are decreasing, GBM patients still have a low 

survival rate. Less than 6 % of all patients survive beyond 5 years following diagnosis, while the 

median survival is about 15 months. One cause for the poor prognosis are recurrent tumours 

occurring about 5 months following resection of the primary tumour (Glioblastoma Multiforme – 

Symptoms, Diagnosis and Treatment Options 2021; Tan et al. 2020; Korja et al. 2019). The rapid 

appearance of recurrencies is thought to result from drug and radiation resistant tumour stem cells 

(Safari and Khoshnevisan 2015; Frosina 2009). It has also been hypothesised that recurrences may 

arise from senescent cells that escaped their senescent state and re-entered the cell cycle (Saleh et 

al. 2019; Olszewska et al. 2021; Le Duff et al. 2018). The low therapy response of GBM underlines 

the importance of a better understanding of molecular mechanisms of TMZ treatment as well as 

the identification of improved treatment schedules and strategies to reduce CSEN. Here, we 

analysed the kinetics of DSBs formation, as well as the induction of early and late apoptosis/necrosis 

(cell death) and CSEN following TMZ treatment. We further analysed the senescent cell population 

and identified senescence maintaining proteins and pathways. To find improved treatment options 

for GBM, we co-treated GBM cell in vitro with TMZ and CCNU or IR and screened for senolytic 

agents.  

In the clinical setup, TMZ is given daily in low doses to reduce side-effects. Hence, TMZ 

concentration levels in the tumour are low, reaching about 3-35 µM [1–3]. In the present work, 

however, cells were treated with 50 µM TMZ to analyse the CSEN and cell death levels, or with 20 

µM to evaluate combinatorial treatment options. The question arises if the results obtained with 

high concentrations used in vitro can be transferred to the in vivo situation, where the TMZ 

concentration is much lower, and if the low concentrations reached within the patient are sufficient 

to induce the cytotoxic and cytostatic effects seen with higher TMZ concentration in vitro. We 

previously analysed the kinetics of TMZ-induced formation of O6meG, DSBs, and the resulting cell 

responses, e.g., cell death and CSEN. The results show a linear dose-response with no threshold 

detected for the induction of cell death and CSEN (Stratenwerth et al. 2021). Additionally, daily 

treatment of LN229 and A172 cells with low doses of TMZ (5 µM), mimicking the clinical setup, 

resulted in an additive induction of cell death and CSEN equal to a single dose of 25 µM TMZ (Beltzig 
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et al. 2021). Based on these studies, we infer that it is justified to use experimental treatment 

concentrations of 50 µM and 20 µM TMZ. TMZ exerts its genotoxic und cytotoxic effects through 

methylation of guanine at the O6 position (O6meG). This adduct is quickly repaired by MGMT. If not 

repaired by MGMT, the adduct in converted into DSBs through futile MMR cycles that collide with 

replication (Quiros et al. 2010). To analyse the cytotoxic effects by TMZ, we used the MGMT 

deficient and MMR competent GBM cell lines LN229 and A172 and treated with TMZ when they 

were in the exponential growth phase. 

 

5.1. Senescence is the main trait induced by TMZ  

Analysis of TMZ-induced cell death and CSEN kinetics revealed an onset of CSEN parallel to the 

onset of cell death. In LN229 and A172 cells, significant levels of CSEN were detected 3 d following 

treatment. Cell death levels were significantly increasing starting at day 4. Both, CSEN and cell death 

increased up to 8 d and stayed stable thereafter. However, CSEN was the major response induced 

by TMZ since it occurred at a ~ 4-fold higher level than cell death (chapter 4.1.2). This was visually 

verified by detecting an enlarged, flat morphology and positive staining for SA-β-gal (Figure 15). The 

high number of senescent cells combined with the reporting of senescent cells escaping their cell 

cycle arrest may provide a possible explanation for the low response rate of patients to TMZ 

treatment as well as the high number of recurrences in GBM.  

 Cell death and CSEN are basic cellular processes. It is thus to be expected that these 

processes are not only induced in GBM cells in vitro but also relevant for the in vivo clinical setup. 

Therefore, in collaboration with Prof. Dr. Clemens Sommer and Dr. Petra Leukel from the Institute 

of Neuropathology of the University Medical Center Mainz, we stained patient derived GBM 

tumour samples for senescence markers and cell death (chapter 4.6). Primary and recurrent 

tumours were evaluated. Since GBM is a heterogenic tumour, different tumour sections for each 

tumour were evaluated. Quantification of DSBs harbouring cells showed a significant increase in 

the recurrent tumour. Simultaneously, cell death levels were significantly reduced. These results 

hint towards an accumulation of senescent cells in the recurrent tumour. An increase in 

trimethylated H3K27 (H3K27me3) in the recurrent tumour further strengthens these results (Figure 

50A). Matched tumour samples of 10 patients were evaluated in total. To identify differences 

between the individual patients, we compared DSBs harbouring cells, cell death and the amount of 

H3K27me3 for the matched tumour samples. Interestingly, 9/10 samples showed an increase in 

DSBs, while 8 /10 had decreased cell death levels. H3K27me3 was highly increased in 3/10 samples 

and slightly increased in 3/10 samples, while 1/10 showed no change, 1/10 a slight reduction, and 

a 1/10 a high reduction (Figure 50B).  
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Although only 10 samples were evaluated, these results provide hints towards an accumulation of 

senescent cells in GBM tumours following TMZ treatment.  

 

5.2. Evaluation of DSBs following TMZ treatment 

An increase above the control level of DSBs was detected in LN229 cells as early as 3 d following 

TMZ treatment (Figure 13). LN229 cells have a doubling time of 24-27 h (Weller et al. 1998). The 

finding that DSBs occur first about 72 h following addition of TMZ to the cell culture medium are in 

line with the hypothesis that TMZ-induced DSBs occur after the second cell cycle when the repair 

of O6meG by the MMR system eventually collides with replication forks (Quiros et al. 2010). It has 

recently been proposed, that DSBs can be induced independently from replication through 

simultaneous repair of base adducts in proximity (Fuchs et al. 2021). During BER as well as MMR, 

ssDNA is formed as an intermediate (Christmann et al. 2003). Therefore, it could be possible for 

DSBs to occur if ssDNA segments are in proximity on opposite DNA strands. To investigate this 

hypothesis, we measured DSBs induction 2, 4 and 6 h following TMZ treatment (4.1.1). Indeed, a 

significant increase in DSBs was observed 2 and 4 h following TMZ treatment in LN229 and A172 

cells, respectively. However, these DSBs were repaired, and DSBs returned to control levels after 6 

h (Figure 13). The short peak of DSBs detected 2 h following treatment could result from 

simultaneous repair of N- and O-alkylation by BER and procession by MMR in proximity. However, 

even though γH2AX detection showed a significant increase, only about 6-8 DSBs were detected, 

which is significantly lower than the 20 DSBs measured 48-72 h following treatment. Also, these 

DSBs were repaired within 3-4 h. Therefore, we conclude that DSBs that are induced early following 

TMZ treatment are irrelevant in TMZ-induced cytotoxicity. 

 It has been reported, that DSBs occurring in telomers that are not repaired can trigger drug-

induced senescence (Fumagalli et al. 2012). Also, during replicative senescence, DSBs occur at 

telomers due to telomer shortening (Di d'Adda Fagagna 2008; Arnoult and Karlseder 2015). To see 

if TMZ induces DSBs at telomers, which are accompanied with senescence, we colocalised γH2AX 

and the Trf1 which is part of the telomer shelterin complex (Liu et al. 2004). Quantification of 

colocalization revealed that TMZ-induced DSBs do not occur significantly in telomers but rather 

randomly in the genome (Figure 17). Thus, TMZ-induced senescence differs from telomer-

shortening induced replicative senescence (Di d'Adda Fagagna 2008; Arnoult and Karlseder 2015). 

 

 

 



Lea C. Beltzig  Discussion 

95 

5.3. Senescent cells show an active DNA damage response 

Active DSBs in senescent cells should constantly trigger the DNA damage response (DDR). Indeed, 

western blot analysis of the senescent LN229 and A172 cell populations revealed increased ATM 

and ATR phosphorylation, as well as CHK1 and CHK2 activation. Additionally, the p53 protein level 

was increased and p53 was phosphorylated at serine 15 and serine 46, indicating its activation. This 

was confirmed by the upregulation of p21, a downstream target of p53 (Figure 18). An active DDR 

indicates that DSBs in senescent cells can be repaired. By irradiating senescent cells and evaluating 

DSBs immediately after IR, 3 and 6 h later, we evaluated this hypothesis. A dosage of 6 Gy was 

sufficient to induce additional DSBs in senescent LN229 and A172 cells, as proven by neutral comet 

assay. A significant reduction was seen 3 h later. After an additional 3 h, the amount of DSBs 

returned to basic levels in both cell lines (Figure 19). These results clearly demonstrate that 

senescent cells are capable of DSBs repair.  

In view of these findings, the question arises why senescent cell harbour persisting DSBs 

following TMZ treatment if they are capable of DNA repair. We previously demonstrated that 

O6meG adducts are still present 24 h after treatment with TMZ (Stratenwerth et al. 2021). This 

indicates that in MGMT lacking cells, O6meG lesions are not repaired and persist in senescent cells. 

We were therefore wondering if residual O6meG adducts are the source of persisting DSBs, and if 

these had an impact on CSEN and cell death levels. In collaboration with Prof. Monica Hegi 

(Neuroscience Research Center and Neurosurgery, Lausanne University Hospital and University of 

Lausanne, Switzerland), we used an MGMT inducible cell line (LN229-MGMTindc12) to express 

MGMT at the desired timepoints to clarify these questions. Western blot analysis confirmed the 

stable induction of MGMT in proliferating and senescent cells following dox treatment. Comparison 

of tail intensities of senescent LN229-MGMTindc12 before and after dox treatment showed a 

significant reduction in the tail intensity following dox treatment (Figure 20). This data is based on 

one experiment and should be repeated to be confirmed. Still, the data indicate the DSBs repair 

upon MGMT expression. These results demonstrate that residual O6meG adducts could be 

responsible for persisting DSBs in senescent cells. Interestingly, dox-mediated induction of MGMT 

expression in CSEN cells did not result in a reduction of the CSEN level. Although the amount of 

DSBs following dox-treatment was significantly lower than before the expression of MGMT, it was 

significantly higher than in the proliferating control. The reduction in DSBs might not have been 

enough to reduce the CSEN level. It could also mean that persisting DSBs and the resulting 

constantly active DDR are not required to maintain the senescent state. To clarify this question, we 

analysed the necessity of the DDR players in maintaining the senescent state.  
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5.4. An active DNA damage response is necessary to maintain 

senescence 

The ATM/ATR-CHK1/CHK2-p53 axis has been shown to be required for the induction of CSEN 

following TMZ treatment (Aasland et al. 2019a). To elucidate if this signalling axis also played a role 

in senescence maintenance, we inhibited either one of the players involved in this pathway, namely 

ATM, ATR, CHK1, CHK2, p53 and p21 in senescent LN229 cells (chapter 4.3.2). Quantification of 

CSEN and cell death levels before and 2 d after inhibition were compared. It was taken care to use 

the inhibitors in concentrations that were non-toxic on proliferating cells. Inhibition of ATM or ATR 

led to a significant reduction in CSEN levels, which was joined by an increase in cell death levels. 

The results were confirmed in A172 cells. Next, we inhibited CHK1 and CHK2, as well as p53 and 

p21 in senescent LN229 cells. No reduction in CSEN levels was observed by either one, although cell 

death levels increased significantly upon CHK1, p53 and p21 inhibition. The reduction of CSEN upon 

ATM and ATR inhibition is in line with the activation of ATM and ATR following TMZ treatment. This 

concurs with the persisting DSBs and the hypothesis that sustained activation of the DDR is 

necessary to maintain the senescent state. The same results have been observed in HeLa cells, 

where substantial cell death was induced by ATM inhibition in senescent cells (Nair et al. 2015). 

Also, a screening study for kinase inhibitors that ameliorate CSEN also identified ATM inhibition to 

be sufficient to reduce CSEN levels in replicative, as well as genotoxic stress induced senescent 

human fibroblasts (Kang et al. 2017). Obviously, ATM and ATR are essential for senescence 

maintenance. How they participate in senescence maintenance remains unclear. It has been 

demonstrated that persistent ATM signalling is required to provoke the senescence-associated 

secretory phenotype (SAPS) (Rodier et al. 2009). Since senescent cells secrete the SAS-proteins, 

which has been shown to re-enforce CSEN, a reduced SASP could lead to reduced CSEN (Faget et 

al. 2019). During induction of senescence, ATM and ATR activate downstream the CHK1 and CHK2-

p53-p21 axis resulting in the G2/M arrest. We observed no reduction in CSEN upon inhibition of 

these downstream players. However, a significant increase in cell death levels was observed upon 

inhibition of CHK1, p53 and p21. This cannot result from cell death of remaining proliferating cells 

within the cell culture because concentrations non-toxic on proliferating cells were used. Also, 

senescence levels reach about 80 % after 8 d. The remaining proliferating cells are not enough to 

induce such a high increase in cell death. A possible explanation could be that dying senescent cells 

are still positively stained for SA-β-gal and AV or AV and PI. In this case, the ATM/ATR-CHK1-p53-

p21 axis would be involved in senescence maintenance. An additional experiment, measuring the 

oxylipin dihomo-15d-prostaglandin J2 as marker for senescent cell death should be performed to 

prove this theory (Wiley et al. 2021). 
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An alternative explanation for the missing reduction in CSEN following inhibition of CHK1 and CHK2 

are the overlapping downstream pathways of these proteins. Both, CHK1 and CHK2 can 

phosphorylate p53 at serine 15, and both can directly act on CDC25c. Inhibition of either one might 

not be sufficient to see an effect because either one could compensate the inhibition of the other 

one. This would also explain the lack of CSEN reduction upon p53 or p21 inhibition, since CHK1 or 

CHK2 could directly act on CDC25c. Also, Wee1 could be involved, which has been shown to induce 

G2/M arrests in GBM through inactivation of the CDK1/cyclin B complex via CHK1 activation 

(O'Connell 1997).  

Another pathway involved in the induction of senescence independent of the CHK1/2-p53-

p21 axis is the ATM-p62-NF-kB pathway. It has been demonstrated in human fibroblasts that upon 

DNA damage, ATM blocks p62 dependent specific degradation of GATA4. The stabilized GATA4 

activates NF-kB leading to senescence (Kang et al. 2015). Additionally, NF-kB has previously been 

shown to be essential for senescence induction (Aasland et al. 2019a). Inhibition of NF-kB in 

senescent GBM cells led to a significant induction of cell death, although no reduction in CSEN levels 

was observed. Again, this increase in cell death cannot be explained by cell death of remaining 

proliferating cells within the cell culture, but rather through cell death of senescent cells that still 

stain positively for SA-β-gal. Like the inhibition of CHK1, p53 and p21, an additional experiment, 

measuring the oxylipin dihomo-15d-prostaglandin J2 as marker for senescent cell death should 

clarify this question.  

 

5.5. Senescence is maintained by inhibition of the intrinsic apoptotic 

pathway 

Apoptosis and senescence are not only regulated by the DDR, but also through the mitochondrial 

pathway, involving the Bcl-2 family proteins. It has been proposed that the ration of the anti-

apoptotic Bcl-2 and the pro-apoptotic Bax proteins is important in the regulation of apoptosis; if 

the ratio is towards Bax, apoptosis is induced (Das et al. 2004; Ma et al. 2002). Thus, upregulation 

of Bcl-2 is expected in case of maintenance of the senescence state. To verify if this is true in our 

cell system, we measured the Bcl-2 level in senescent LN229 and A172 cells. Interestingly, the 

senescent LN229 and A172 cells expressed different Bcl-2 protein patterns. In the LN229 cells, the 

Bcl-2 protein expression was indeed enhanced. Contrary, in A172 cells, Bcl-2 expression was 

reduced (Figure 18). A recent study demonstrated, that not only the Bcl-2:Bax ratio, but also the 

Mcl-1:Bak ratio is important to determine the cell fate by apoptosis (Gratas et al. 2014b). It might 

be that in A172 cells, not Bcl-2 but Mcl-1 is upregulated to prevent apoptosis.  
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Further analysis should be performed to check this possibility. To evaluate the role of Bcl-2 in the 

maintenance of GBM senescence, we treated senescent LN229 cells with ABT-737 and ABT-263 

(navitoclax). Both are potent inhibitors for Bcl-2 and Bcl-XL (Zhu et al. 2016). Upon treatment with 

either inhibitor, a significant reduction in CSEN was observed, concomitantly with a significant 

increase in cell death. These results were confirmed in A172 cells, although these cells did not 

express an increased Bcl-2 protein level (Figure 23 and Figure 24). They did, however express an 

increased amount of the Bcl-XL protein compared to the proliferating control. Since both, ABT-737 

and ABT-263 inhibit not only Bcl-2 but also Bcl-XL, it is reasonable to assume that in LN229 cells, 

senescence is maintained by Bcl-2 upregulation, while in A172 senescence maintenance is 

regulated via Bcl-XL upregulation. It is important to note that upon navitoclax treatment of 

senescent A172 cells, only a slight reduction in CSEN was observed, although cell death levels 

increased significantly. This supports the hypothesis, that apoptotic senescent cells still stain 

positive for SA-β-gal, and thus the reduction in senescence observed upon treatment of senescent 

cells with senolytic agents might not reflect the amount of dying senescent cells. 

Another way to inhibit apoptosis is via cIAP and XIAP that directly inhibit the executioners 

of apoptosis; the caspases (Vanlangenakker et al. 2011; Varfolomeev et al. 2009). Inhibition of these 

proteins by BV-6 treatment in senescent LN229 cells led to a significant reduction in SCEN, while 

cell death levels increased significantly. The same was shown in A172 cells (Figure 25). Overall, it 

can be concluded that CSEN maintenance in GBM following TMZ treatment is regulated via the 

Bcl-2 and IAP proteins as well as some of the DDR proteins, as mentioned before. 

 

5.6. Autophagy is essential for senescence maintenance 

Senescent cells, even though they are not proliferating, still have an active metabolism as 

demonstrated by viability assays. This includes the repair of DNA damage, as proven by neutral 

comet assay analysis following IR of senescent cells (Figure 19). Autophagy is a mechanism to control 

cellular homeostasis and supports cell survival by eliminating dysfunctional organelles and turnover 

DNA damage repair proteins (Zhang et al. 2015; Katayama et al. 2007). Additionally, autophagy has 

previously been demonstrated to be essential for senescence induction and was shown to abrogate 

CSEN in human fibroblasts (Knizhnik et al. 2013; L'Hôte et al. 2021). We therefore assumed that 

autophagy also plays a crucial role in senescence maintenance. Indeed, inhibition of autophagy in 

senescent LN229 cells resulted in a shift from CSEN toward cell death. This was seen by inhibition 

of the late stages of autophagy through inhibition of the autophagosome and the lysosome fusion 

via clq as well as blocking the autophagosome formation by 3-meA. Of note, a greater effect was 

seen following clq treatment. Interestingly, these effects were not seen in A172 cells (Figure 31).  
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An explanation could be provided by the genetic differences between LN229 and A172 cells that 

regulate CSEN. LN229 cells lack p16 and p14, while A172 cells express these proteins. Additionally, 

LN229 cells are PTEN competent, while A172 cells are PTEN deleted. 

The finding that senescent LN229, but not A172 cells are pushed into cell death following 

clq treatment indicates that the response might depend on PTEN, which has been linked to 

autophagy regulation in glioma cells (Errafiy et al. 2013). This example shows that the regulation of 

senescence maintenance is complex and depends on the genetic constitution of the cells in 

question. Nevertheless, autophagy has been identified as a senescence maintaining pathway.  

When high levels of ROS are present in the cell, autophagy can be induced through the PI3K 

pathway, leading to the induction of CSEN (Kma and Baruah 2022; Gao 2019). TMZ-induced 

senescent LN229 and A172 cells displayed high levels of ROS, as revealed by DCFDA measurements. 

Therefore, we hypothesised that this pathway participates in maintaining the senescent state of 

GBM cells. Treatment of senescent LN229 cells with the PI3K inhibitor PX-866 did indeed reduce 

the CSEN level, while cell death was increased concomitantly. This effect, however, seems to be cell 

line specific as it was not seen in A172 cells (Figure 32). The differences between the two cell lines 

might result from different genetic backgrounds playing a role in autophagy regulation.  

 

5.7. Senescent cells require DSBs repair 

Following TMZ treatment, LN229 and A172 cells showed accumulation of DSBs (Figure 16). 

However, a decline in the level of DSBs that were induced by IR indicated that CSEN GBM cells are 

capable of DSBs repair (Figure 19). TMZ-induced senescent cells are arrested in the G2/M phase. 

During this cell cycle phase, HR repair is active, in which Rad51 plays a crucial role (Budke et al. 

2012). Another protein involved in different DNA repair pathways, including NER, NHEJ, HR and 

MMR is PARP1 (Pascal 2018). It has been demonstrated that senescent cells eventually re-enter the 

cell cycle (Saleh et al. 2019; Olszewska et al. 2021; Le Duff et al. 2018). To see if active DNA repair 

is necessary to maintain senescence until the DNA is repaired, and cells can re-enter the cell cycle, 

we inhibited the HR protein Rad51 as well as PARP1 in senescent LN229 and A172 cells (chapter 

4.3.2). Again, huge differences were observed between the cell lines. LN229 cells displayed 

significant increase in cell death following Rad51 inhibition which was not observed in A172 cells.  

Contrary, a significant increase was observed in A172 cells upon PARP inhibition, which was not 

seen in LN229 cells. Neither cell line showed a reduction in CSEN levels upon Rad51 or PARP 

inhibition. The same explanation applies as for the missing reduction in CSEN that was seen before. 

Studies conducted in mice models showed great response to PARP inhibition combined with TMZ 

treatment, especially if they were PTEN deficient (Lin et al. 2014).  
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Our results demonstrated an induction of cell death in the PTEN deleted A172 cells line, while no 

such effect was seen in the PTEN competent LN229 cell lines, which is in line with this study.  

DSBs induced by TMZ in the low-dose range < 100 µM are due to the DNA adduct O6meG. 

Our data indicated that repair of this lesion in senescent cells leads to a reduction of DSBs, which 

does not seem to result in abrogation of senescence. We were now wondering how long O6meG 

mediated DSBs must persist to induce CSEN and cell death. To this end, we treated LN229-

MGMTind-c12 cells with TMZ and activated MGMT expression in 24 h intervals for a total period of 

5 d to measure cell death and for 8 d to measure CSEN (chapter 4.3.3). If MGMT was expressed, 

and thus O6meG repaired, within the first 3 d following TMZ treatment, a significant reduction in 

cell death and CSEN levels was observed. Expression of MGMT thereafter had no significant effect 

on these cellular responses. These results fit the hypothesis that DSBs following TMZ are induced 

through futile MMR cycle and that O6meG needs 2 cell cycle to be converted into DSBs. They also 

underline the results obtained by expression of MGMT in senescent cells, where repair of O6meG 

led to reduced DSBs but not CSEN. Taken together, these results show that once CSEN or cell death 

is induced, repair of DSBs does not necessarily lead to an abrogation of the senescent state.  

 

5.8. Timing is key in combinatorial treatment with TMZ and IR or 

CCNU 

Besides inhibition of senescence maintaining pathways, additional damage to the cell might result 

in higher cell death levels. The current treatment schedule for GBM rests on TMZ concomitantly 

with fractionated IR. Each fraction has a dose of 2 Gy (Bolcaen et al. 2017). Here, we treated 

senescent LN229 cells with increasing dose of IR, including 2, 5 and 10 Gy. An increase in cell death 

levels was only observed upon high radiation doses, which are not used within the patient (Figure 

34). Treatment of senescent cells with 2 Gy did not result in increased cell death levels (Figure 35). 

We demonstrated earlier that DSBs induced by IR in senescent LN229 and A172 cells are being 

repaired within 6 h. Additional inhibition of repair pathways in combination with IR of senescent 

glioma cells might therefore be beneficial. Since an increase of DNA damage in senescent cells did 

not lead to an increase in cell death, we were wondering, if an effect could be reached when IR 

induced DSBs were induced simultaneously with TMZ treatment. We demonstrated previously that 

O6meG adducts are generated within 3 h following addition of TMZ to the cell culture medium 

(Stratenwerth et al. 2021). Therefore, we irradiated TMZ treated cells with 6 Gy 3 h following 

treatment to investigate if the additional DNA damage would cause additional cell death. Since 

senescence is the main trait induced by TMZ, we also measured CSEN levels (chapter 4.4.1).  
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Sole TMZ (20 µM) and sole IR (6 Gy) reached about 20 % and 15 % cell death, and 35 % and 25 % 

CSEN levels, respectively. TMZ pre-treatment of irradiated cells increased cell death levels to 32 %, 

and CSEN to 44 %. 

We further analysed the effect of IR before the treatment with TMZ. The results were like 

pre-treatment of IR cells with TMZ. Combined treatment resulted in 31 % cell death and in 45 % 

CSEN. For cell death, these results are slightly lower as expected when sole TMZ and sole IR data 

are added (20 % from TMZ + 15 % from IR = 35 % combined calculated cell death vs. 32 % and 31 % 

combined measured cell death). Contrary, the results for CSEN were much lower than expected 

from addition of sole TMZ and sole IR values (35 % from TMZ + 25 % from IR = 60 % combined 

calculated CSEN vs. 44 % and 45 % combined measured CSEN). Given the fact that TMZ exerts its 

cytotoxic effects through MMR in proliferating cells, and IR induces cell cycle arrests, it is reasonable 

to assume that the reduced CSEN levels following combined treatment of TMZ and IR results from 

inhibition of TMZ-induced cytotoxicity.  

A second approach to induce more damage in senescent GBM cells was treatment with the 

chloroethylating agent CCNU. This alkylating drug is currently used as alternative treatment option 

to TMZ and has been shown to have a beneficial effect on the median OS of GBM patients when 

combined with TMZ (Herrlinger et al. 2019; Nikolova et al. 2017). CCNU induces its cytotoxicity 

through crosslinking the DNA at the N1 position of guanine with the N3 position of cytosine at the 

complementary DNA strand. These ICLs block DNA replication and transcription, subsequently 

inducing the DDR and cell death pathways. Replication dependent repair of ICLs dependents on 

template DNA and is thus mainly performed during S-phase. Following TMZ treatment GBM cells 

are arrested in G2/M. Therefore, replication dependent repair of ICLs is not possible in this cell cycle 

stage. Thus, the additional DNA damage as well as blocking of DNA transcription might lead to 

abrogation of senescence. Treatment of senescent LN229 and A172 cells with CCNU did not results 

in reduced CSEN levels and cell death levels were not increased. Hence, the addition of CCNU after 

TMZ treatment is not suitable to reduce the CSEN level in GBM.  

 

5.9. Can methadone be used as adjuvant for TMZ treatment? 

Another compound that has been shown to exhibit beneficial effects in combinatorial treatment of 

GBM is MTD. Being a MOR agonist, it has been used for heroin substitution and pain medication, 

until studies demonstrated a sensitizing effect of MTD towards doxorubicin in leukaemia and GBM 

cells (Kua et al. 2019; Friesen et al. 2013). The effect of MTD was proposed to depend on the opioid 

receptor level that, in this case, regulates the influx and efflux of doxorubicin (Friesen et al. 2014). 

Based on these results a clinical trial was conducted that combined  
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TMZ and MTD in glioma treatment. Although the study included only 27 patients and conclusions 

drawn are rather preliminary, the results indicate that MTD is safe to be combined with TMZ (Onken 

et al. 2017). Here, we assessed the geno- and cytotoxicity of MTD alone and in combination with 

TMZ (chapter 4.4.4). We observed an induction of cell death at concentrations >20 µg/ml MTD for 

LN229 and VH10T cells, while the A172 cell line was more sensitive. However, contrary to the results 

obtained in leukaemia cells, the expression level of MOR in those cells did not correlate with the 

sensitivity of the cells towards MTD treatment (Friesen et al. 2013). Pre-treatment of the cells with 

naloxone, an antagonist of MOR did not result in reduced cell death levels, proving that MTD-

induced cell death in GBM cell is not mediated though MOR-triggered pathways. 

Previous studies demonstrated a sensitizing effect of MTD towards doxorubicin treatment 

of GBM cells (Friesen et al. 2014). Since TMZ, not doxorubicin, is the main chemotherapeutic used 

for GBM treatment, we were wondering whether the same is true for TMZ. Thus, in two 

experimental setups, we firstly pre-treated LN229 and A172 cells with non-toxic concentrations of 

MTD and subsequently with TMZ and measured cell death levels 5 d later. Secondly, we pre-treated 

with TMZ and subsequently with non-toxic concentrations of MTD and measured cell death levels 

3 d later. The first experimental setup aimed to determine if MTD had a sensitizing effect on GBM 

cells towards TMZ. The second experiment was performed to elucidate the effect of TMZ on MTD 

induced cell death. Neither experiment showed an increase in cell death. When cells were pre-

treated with toxic concentrations of MTD, TMZ treatment even resulted in less cell death than TMZ 

treatment alone. These data suggests that the pathways triggered by MTD and TMZ to induce cell 

death are not converging and involve different mechanisms. 

Our previous experiments demonstrated that following TMZ treatment CSEN is the main 

trait induced (chapter 4.1.2). Since pre-treatment of LN29 and A172 cells with cytotoxic 

concentrations of MTD led to a decrease in TMZ-induced cell death, thus a benefit in cell survival, 

we were interested in the effect of MTD on the TMZ-induced cell survival pathway senescence. No 

increase in CSEN was observed upon concomitant treatment, which supports the notion that the 

signalling pathways triggered by MTD and TMZ are essentially different. 

Since MTD induces cell death, we analysed its genotoxicity. Quantification of DSBs following 

MTD treatment did not indicate a genotoxic effect even at cytotoxic concentrations. We 

demonstrated that TMZ-induced DSBs. To see if MTD would interfere with these, we measured 

DSBs following combination treatment of MTD and TMZ. Even at cytotoxic concentrations MTD 

treatment did not increase TMZ-induced DSBs. The concentrations shown to be cytotoxic in our cell 

system (<20 µg/mL) are well above the concentrations reached within the patient (0.3-1.3 µg/mL) 

(Inturrisi and Verebely 1972; Volavka et al. 1978).  
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Since no cytotoxic or genotoxic effects were observed upon combination treatment <20 µg/mL, 

MTD can be considered safe to be used for pain relief in GBM patients treated with TMZ. As 

monotherapy or adjuvant for TMZ treatment in GBM, however, MTD does not seem to be 

beneficial. 

 

5.10. Possible senolytic activity of curcumin 

In Chinese traditional medicine, natural compounds are commonly used for treatment of all sorts 

of diseases. One of these compounds is the naturally occurring polyphenol curcumin. Several 

studies provided evidence for its beneficial role in cancer treatment, including glioma, leukaemia 

and colorectal cancer when combined with chemotherapy or administered alone (Fratantonio et 

al. 2019; He et al. 2020; Kuo et al. 1996; Pricci et al. 2020; Sminia et al. 2021). Here, we evaluated 

the effect of native curcumin dissolved in ethanol (Cur-E) and micellar curcumin (Cur-M) on GBM 

and human fibroblast cells (chapter 4.5.3). In dose-response experiments DSBs and cell death levels 

were measured 1 h, 1 d and 2 d following curcumin administration, respectively. Quantification of 

DSBs showed an early induction after 1 h of treatment starting at 10 µM. The same was found 24 h 

following treatment. In line with this, cell death increased at concentrations > 10 µM. These results 

are in line with the beforementioned reports where curcumin induced apoptosis in various cell lines 

at concentrations >10 µM within 48 h (Kuo et al. 1996; Anto et al. 2002; Kizhakkayil et al. 2010; 

Fratantonio et al. 2019). in these experiments, curcumin was administered constantly. 

Pharmacokinetic studies demonstrated a short half-life of curcumin; In rats, the measured plasma 

half-life of curcumin was about 30 min, while in human blood, the half-live was about 8 h (Gutierres 

et al. 2015; Wang et al. 1997). Thus, we repeated the experiments with short-time treatments. 

When cells were exposed to curcumin for 1 h, DSBs were induced immediately, but were repaired 

within 4 h. Cells exposed to curcumin for 1 h did not show increased cell death levels. Hence, 

curcumin is genotoxic, but needs to be administered permanently to harbour cytotoxic effects. 

The molecular targets of curcumin include NF-kB, p53, PI3K, NRF2, Bcl-2 and Bcl-XL (Shehzad 

et al. 2010; Kasi et al. 2016). We previously demonstrated that GBM activates pathways involving 

these molecules. Also, ROS levels increase following TMZ treatment, thus NRF2 might be involved. 

We were therefore interested on the effect of curcumin on senescent GBM cells. The colorimetric 

evaluation of cell viability via the MTT assay clearly demonstrated a protective effect of senescence 

against curcumin induced cytotoxicity: while the cell viability of proliferating GBM cell decreased 

starting from 10 µM curcumin, senescent cells were unaffected even at concentrations of 40 µM. 

These results were confirmed by CSEN and cell death measurements following treatment of 

senescent GBM cells with curcumin.  
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While proliferating cells showed a slight increase in cell death following curcumin treatment, 

senescent cells showed a slight decrease in cell death, while CSEN increased.  

The increase in cell death is in line with previous experiments, where curcumin induced G2 

arrests and senescence in cervical cancer and vascular smooth muscle cells (Wang et al. 2020; 

Grabowska et al. 2019). The protective effect of CSEN against the cytotoxic effects of curcumin 

might lie within the cell cycle arrest of CSEN cells. Curcumin induces its cytotoxicity through the 

induction of DSBs. Since CSEN are already arrested in G2/M and inhibit apoptosis induction the 

additional repairable DSBs is marginal.  

The concentrations shown to be geno- and cytotoxic in vitro (>10 µM) are well below the 

serum levels that are reached in humans (native curcumin reached up to 1.8 µM upon 8 g of a single 

oral dosage, micellized curcumin reached 3.2 µM upon 500 mg single oral dosage (Liu et al. 2016; 

Schiborr et al. 2014)). Also, the genotoxic effects of curcumin were transient, since DSBs were 

repaired within a few hours. Thus, native curcumin, as well as micellized curcumin, can be 

considered a safe food supplement, when used in those concentrations. For GBM treatment, 

however, clinical trials are required. 

 

5.11. MCOPPB is not senolytic in GBM cells 

A recent screening study performed by Manlio Vinciguerra’s group identified MCOPPB, a compound 

originally studied for its potential anxiolytic activity, as a senolytic agent in human fibroblasts 

(Raffaele et al. 2022). We were interested if the compound also has senolytic activity in glioma cells 

in vitro. Treatment of senescent LN229 and A172 cells with 1 µM MCOPPB resulted in only a very 

mild reduction of senescence and no increase in apoptosis. Therefore, MCOPPB seems to act cell 

type specific and cannot be considered senolytic, at least under the treatment conditions in LN229 

and A172 glioma cells. 

 

5.12. Artesunate and fisetin are novel senolytic agents in GBM cells 

Lately, scientific research is increasing the focus on natural compounds for their anti-cancer and 

health improving properties. Several natural compounds were shown to have anti-angiogenic and 

anti-metastatic effects, and induce apoptosis in cancer cells (Muthu K. Shanmugam et al.; 

Chanvorachote et al. 2016; Yu et al. 2020). Some natural compounds were also shown to eliminate 

senescent cells in vitro and in vivo, thereby increasing health and lifespan (Li et al. 2019b). The 

natural compound fisetin and the semisynthetic compound artesunate are two of them.  
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Fisetin has been found to be cytotoxic in several types of cancer, including neuroblastoma and 

glioma (Kadari et al. 2017; Renault-Mahieux et al. 2021). It was also shown to reduce age related 

senescent cells in vitro and in vivo (Yousefzadeh et al. 2018). Artesunate has a long tradition in 

Chinese medicine for treatment of malaria (Kong and Tan 2015). Nowadays its applications exceed 

the treatment of malaria and studies for its usage in treatment of cancer are performed. Several 

reports indicate a beneficial role of artesunate in the treatment of e.g., colon cancer and 

hepatocellular carcinoma (Li et al. 2021; Jiang et al. 2018). It has previously been shown that 

artesunate inhibits HR in glioma cells and is thus beneficial for the treatment of glioma when 

combined with TMZ (Berte et al. 2016). To our best knowledge, fisetin and artesunate have not yet 

been evaluated for their senolytic activity in glioma cells. To provide an answer to this question we 

treated CSEN GBM cells with fisetin or artesunate (chapter 4.5). A significant reduction in the 

senescence levels parallel to an increase in apoptosis was observed upon treatment of LN229 cells 

with either fisetin or artesunate. Interestingly, in A172 cells only a slight reduction in CSEN was 

observed upon fisetin treatment and none upon treatment with artesunate. However, artesunate 

increased cell death levels significantly. As explained before, the increase in cell death cannot result 

from death of residual proliferating cells in the senescent cell population. The same concentrations 

used on proliferating glioma cells had no toxic effect. Fisetin and artesunate are therefore potent 

senolytic agents in glioma cells, although, the effect of fisetin seems to be cell type specific. This is 

in line with reporting that that fisetin had no impact on the CSEN level in an IR-induced senescent 

IMR90 cell system (Zhu et al. 2017). 

Since artesunate is being used for the treatment of malaria and is considered a safe drug, 

artesunate should be considered for its application in the adjuvant treatment of glioblastoma. 

Contrary, fisetin is not used routinely in medicine. It was tested positive in the Aims test using the 

TA102 and the TA98 strains, detecting oxidative mutagens and frameshifts (Resende et al. 2012; 

Hardigree and Epler 1978; Levin et al. 1982). Also, induction of chromosomal male-segregation and 

formation of micronuclei upon treatment of human lymphoblastoid and human myeloid cells at 

concentrations between 9 -17 µM fisetin could be observed (Olaharski et al. 2005). This is lower 

than the concentrations used to induce a senolytic effect in GBM in our study. Before fisetin is 

considered as adjuvant for TMZ treatment, it should be tested if the geno- and cytotoxicity of fisetin 

observed in cancer cells also effects healthy tissue and if so, if repair mechanisms are present to 

protect the healthy tissue. 



Lea C. Beltzig  Conclusion 

106 

6. Conclusions 

Our study provides insights into the cellular responses upon TMZ treatment. An in-depth analysis 

of the kinetic of DSBs upon MGMT induction demonstrated that O6meG induced DSBs are 

responsible for cell death and CSEN induced by TMZ. Cell death and CSEN were induced 

simultaneously and had the same kinetics as the induction of DSBs. Importantly, CSEN was the main 

trait induced by TMZ, reaching 4-fold higher levels than cell death. Analysis of the long-term (> 8 d) 

TMZ treated population confirmed the high number of senescent cells, evident by high SA-β-gal 

levels, persistent DSBs, induction of p21 and methylated H3K27. Consequently, a high number of 

senescent cells is expected in the recurrent tumour. Indeed, comparison of matched primary and 

recurrent tumours revealed significantly more DSBs and tri-methylated H3K27 cells in the recurrent 

tumour, while apoptotic cells were reduced. Certainly, these results need to be confirmed in a 

larger tumour panel and with additional senescence markers, such as SA-β-gal. But these results 

combined with the reports of senescent cells re-starting proliferation, and the high occurrence of 

recurrent tumours indicate that CSEN is an important cellular process following TMZ treatment in 

vivo. Consequently, a better understanding of CSEN and strategies to reduce the CSEN load by 

elimination is of essence. In the present work, we also identified pathways involved in senescence 

maintenance and inhibition of apoptosis, including the DDR, DNA repair, autophagy, and the 

mitochondrial pathway. These results demonstrate the complexity of CSEN maintenance. For 

elimination of CSEN cells, inhibition of autophagy through chloroquine proved most efficient. A 

great reduction in CSEN was also seen following treatment with ABT-737 and ABT-263 (navitoclax), 

BV6, PX-866, inhibition of ATM and ATR, as well as treatment with fisetin and artesunate. The 

senolytic activity of ABT-737, navitoclax and PX-866, as well as chloroquine and artesunate are of 

particular interest. ABT-737, navitoclax and PX-866 are already used in clinical trials, thus treatment 

is considered safe and their application for adjuvant TMZ treatment should be explored. The same 

holds true for chloroquine and artesunate, which are commonly used as safe treatment options 

against malaria. Although fisetin showed great senolytic activity in GBM, subsequent geno-and 

cytotoxicity testing should be performed since it was positive in the Aims test. Out data indicate 

that CCNU and IR are not senolytic. 

We previously demonstrated that at concentrations >25 µM TMZ a saturation of cellular responses 

is reached. Also, 5x 5 µM TMZ treatment resulted in an additive effect of 1x 25 µM TMZ treatment. 

Thus, although concentrations higher to those achieved in patients were used, the results are 

applicable for the in vivo situation. In the therapeutic situation, TMZ is administered concurrently 

with IR, while we treated with TMZ alone. However, since IR also induces SCEN, the use of senolytic 

agents may give new treatment options for GBM patients and help to prevent recurrences.
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8. Supplemental material 

8.1. Supplemental figures 

Quantification of cell death was performed by adding early apoptosis and late apoptosis/necrosis 

levels. Early apoptosis levels were determined by annexinV-FITC (aV) staining, while late 

apoptosis/necrosis levels were determined by aV and propidium iodine (PI) double-staining. First, 

a stained and untreated sample was measured for each cell line to adjust the gate settings. Treated 

samples were measured thereafter. Cell debris was removed by gating the forward scatter (FSC) 

and the side scatter (SSC). The same procedure was performed for the measurement of senescent 

cells. Supplemental figure S1 gives an example for a control sample (A), and a TMZ treated sample 

(B). 

 

A 
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Supplemental figure S1: Gating for flowcytometric analysis of cell death and CSEN. 
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For the treatment with the inhibitors and natural components, we took care to use concentrations 

non-toxic on proliferating cells. The following graphs (Supplemental figure S2) demonstrate the non-

toxic effect on proliferating GBM cells. 
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Supplemental figure S2: Cytotoxicity testing on proliferating cells. 
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The patient derived GBM tumours were tested for the methylation status of the MGMT-promotor 

through methylation-specific PCR, performed and kindly provided by Dr. Petra Leukel. The results 

are listed in the following table.  

Supplemental table S1: Promotor methylation status of patient derived GBM tumours. 

26-1 
not tested 

26-2 

35-1 
UM 

35-2 

36-1 
UM 

36-2 

44-1 
M 

44-2 

48-1 
M 

48-2 

51-1 
UM 

51-2 

57-1 
UM 

57-2 

58-1 
UM 

58-2 

59-1 
M 

59-2 

62-1 
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62-2 
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8.2. ImageJ coding 

For the quantification of foci following immunofluorescence staining, detected via LSM, a macro for 

automated nuclei and foci counting was used. For the assessment of colocalization, a colocalization 

plugin was installed and colocalizations were counted with the macro. The colocalization plugin can 

be downloaded on the website of the national institutes of health 

(https://imagej.nih.gov/ij/plugins/colocalization.html). It is provided by Pierre Bourdoncle from the 

Institut Jacques Monod, Service Imagerie, Paris.  

 

8.2.1. Macro for nuclei and foci counting 

macro "Finding Nuclei [q]" { 

tit=getTitle(); 

run("Duplicate...", "title=Nuclei duplicate"); 

selectWindow("Nuclei"); 

run("Split Channels"); 

selectWindow("C1-"+"Nuclei"); 

close(); 

selectWindow("C2-"+"Nuclei"); 

close(); 

selectWindow("C3-"+"Nuclei"); 

run("8-bit"); 

run("Gaussian Blur...", "Sigma=3"); 

setAutoThreshold("Default"); 

run("Make Binary"); 

run("Invert"); 

run("Fill Holes"); 

run("Watershed"); 

run("Analyze Particles...", "size=0.00-Infinity circularity=0.00-1.00 show=Outlines add exclude include 

in_situ"); 

rename("Nuclei_"+tit); 

} 

 

 

macro "Colocalization [w]"{ 

setBatchMode(true); //batch mode on 

lo=1;  //change parameters here 

hi=20; 

t=getTitle(); 

run("Duplicate...", "title=lo duplicate"); 

run("Duplicate...", "title=hi duplicate"); 

selectWindow("hi"); 

run("8-bit"); 

run("Gaussian Blur...", "radius="+hi+" stack");  //these settings will work for diffraction-limited 

spots 

 

selectWindow("lo"); 

run("8-bit"); 

run("Gaussian Blur...", "radius="+lo+ " stack"); //less noise if r=1, for example 

imageCalculator("Subtract create stack", "lo","hi"); 
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selectWindow("lo"); 

close(); 

selectWindow("hi"); 

close(); 

selectWindow("Result of lo"); 

rename("DoG_"+lo+"-"+hi+"_"+t); 

 

//run("Enhance Contrast", "saturated=.1 normalize normalize_all use"); //this is optional !! 

 

 

title = getTitle(); 

run("Split Channels"); 

selectWindow("C3-"+title); 

close(); 

 

selectWindow("C1-"+title); 

run("8-bit"); 

setThreshold(53,255); 

run("Analyze Particles...", "size=0.00-200 circularity=0.00-1.00 show=Masks summarize"); 

 

selectWindow("C2-"+title); 

run("8-bit"); 

setThreshold(107,255); 

run("Analyze Particles...", "size=0.00-200 circularity=0.00-1.00 show=Masks summarize"); 

 

 

close("Results"); 

close("C1-"+title); 

close("C2-"+title); 

close("Mask of C1-"+title); 

close("Mask of C2-"+title); 

 

setBatchMode(false); //exit batch mode 

 

selectWindow("ROI Manager"); 

} 
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8.5. List of abbreviations 

8-oxo-G    8-Oxo-7,8-dihydroguanine 

AIC    5‑aminoimidazole-4-carboxamid 

ATCC    American type culture collection 

ATM    Ataxia telangiectasia mutated 

ATR    Ataxia telangiectasia and Rad3-related protein 

AV    AnnexinV-FITC 

Bcl-2    B-cell lymphoma-2 

BER    Base excision repair  

BIF    Brain interstitial fluid 

BSA    Bovine serum albumin 

C12FDG   5-Dodecanoylaminofluorescein-di-β-D-galactopyranoside 

Caspase   Cysteinyl-aspartate specific protease 

CBTRUS    Central brain tumour registry of the United States 

CCNU    N-(2-chloroethyl)-N'-cyclohexyl-N-nitrosourea (Lomustine) 

CDC25c    Cell division cycle phosphatase 25c 

CHK1    Checkpoint kinase 

Clq    Chloroquine 

CpG    Cytosine-phosphate-guanine 

CSEN    Cellular senescence 

ddH2O    double-distilled water  

DDR    DNA damage response 

DMEM    Dulbecco’s Modified Eagle Medium 

DMSO    Dimethyl sulfoxide 

DNA    Deoxyribonucleic acid 

Dox    Doxycycline 

DR    Death receptor 

DSB    DNA double-strand break 

DTIC    5-(3,3-Dimethyl-1-triazenyl)imidazole-4108-carboxamid 

DTT    Dithiothreitol 

EDTA    Ethylenediaminetetraacetic acid 
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Exo1    Exonuclease 1 

FCS    foetal calf serum 

FITC    Fluorescein-isothiocyanate 

FPG     Formamidopyrimidine glycosylase 

GBM    Glioblastoma  

GCi    Gammacell irradiator 

HIPK2    homeodomain interacting protein kinase 2 

HR    Homologous recombination 

ICL    Inter-strand cross link 

IDH1    Isocitrate dehydrogenase 1 

IR    Ionizing radiation 

i.v.    Intravenous 

LMP    Low melting point 

LSM    Laser scanning Microscope 

MCOPPB 1-[1-(1-Methylcyclooctyl)-4-piperidinyl]-2-[(3R)-3-piperidinyl]-1H- 

benzimidazole 

MGMT    O6-methylguanine-DNA methyltransferase 

MMR    Mismatch repair 

MOR    µ-opioid receprot 

MRI    magnetic resonance imaging 

MRN     MRE11, RAD51, NBS1 

mt    Mutated 

MTD    Methadone 

MTIC    3-methyl-(triazen-1-yl)imidazole-4-carboximide 

MTT    3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

N3meG    N3-methyl adenine 

N7meG    N7-methyl guanine 

Nalx    Naloxone 

NER    Nucleotide excision repair 

NF-kB    Nuclear factor-kB 

NHEJ     Nonhomologous-end-joining 
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NRF2    Nuclear factor erythroid 2-related factor 2 

O6meG    O6-methylguanine 

OS    Overall survival 

PAGE    Polyacrylamide gel electrophoresis 

PBS    Phosphate buffered saline 

PFA    Paraformaldehyde 

PFS    Progression free survival 

PI    Propidium iodide 

PI3K    Phosphoinositide 3-kinases 

Pif-α    Pifithrin-α 

Pif-µ    Pifithrin-µ 

PMSF    Phenylmethanesulfonylfluoride 

PS    Phosphatidylserine 

PTEN    Phosphatase and tensin homolog 

ROS    Reactive oxygen species 

RPA    Replication protein A 

rpm    Rounds per minute 

RT    Room temperature 

SASP    Senescence associated secretory phenotype 

SA- β-gal   Senescence associated β-galactosidase 

SCGE    Single cell gel electrophoresis 

SDS    Sodium dodecyl sulphate 

SEM    Standard error of the mean 

SIAH1    E3 ubiquitin ligase seven in absentia homolog 1 

SSBs    Single-strand breaks 

ssDNA    Single-stranded DNA 

TBS    TRIS-buffered saline 

TBS-T    TBS with 0.1 % Tween-20 

TEMED    Tetramethyl ethylenediamine 

TMZ    Temozolomide 

Trf1    Telomeric repeat-binding factor 2 
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TRIS    Tris(hydroxymethyl)aminomethane 

UV    Ultraviolet 

WHO    World health organization 

wt    wild type 

X-Gal    5-Bromo-4-chloro-3-inodyl galactopyranoside 

γH2AX    Phosphorylated histone 2AX 
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