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Abstract

Glioblastoma multiforme is a devastating diagnosis resulting in death within 15
months. Treatment resistance, recurrence, and relapse remain critical challenges yet
to be overcome. Therefore, identifying molecular markers and understanding the
underlying mechanisms of chemo- and radioresistance is crucial to improve therapy
and treatment outcome. Promoter methylation status of the O%methylguanine-DNA-
methyltransferase (MGMT) is an established biomarker to predict chemotherapy
treatment outcome. While patients with a methylated promoter benefit from
chemotherapy, those with an unmethylated promoter fail chemotherapy. Since studies
investigating the effect of MGMT on radiotherapy are limited this study aimed to
improve glioblastoma radiotherapy by inhibiting MGMT to enhance radioresponse.
The findings of this study demonstrate a strong dose-dependent effect of lomeguatrib
in combination with ionizing radiation. While low concentrations increased
radiosensitivity, high concentrations increased radioresistance, reduced the radiation-
induced G2/M arrest, and decreased migration. Tumor growth was not affected by
lomeguatrib upon a single dose of 20 mg kg'. In conclusion, this work provides the
first insight into the effects of the MGMT inhibitor lomeguatrib and lays the
foundation for further investigations to identify the underlying role of MGMT during

radiotherapy to eventually improve a personalized therapy regime in the future.
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Zusammenfassung

Glioblastoma multiforme ist noch immer eine verheerende Diagnose, welche
innerhalb von 15 Monaten nach der Diagnose zum Tod fithrt. Therapieresistenz und
Rezidive sind nach wie vor kritische Hiirden, die es zu bewaltigen gilt. Die
Identifizierung molekularer Marker und das Verstdndnis zugrundeliegender
Mechanismen der Chemo- und Radioresistenz sind entscheidend fiir die Verbesserung
der Therapie und der Behandlungsergebnisse. Der Methylierungsstatus der
Promoterregion der OS%Methylguanin-DNA-Methyltransferase (MGMT) ist ein
etablierter Biomarker zur Vorhersage des Behandlungserfolgs bei Chemotherapie.
Patienten mit einem methylierten Promoter profitieren von der Chemotherapie,
wéahrend Patienten mit einem nicht methylierten Promoter keine Verbesserung durch
Chemotherapie haben. Da es nur wenige Studien gibt, die sich mit den Auswirkungen
von MGMT auf die Strahlentherapie befassen, war das Ziel dieser Arbeit, die
Strahlentherapie des Glioblastoms durch Inhibierung des MGMTs zu verbessern und
das Ansprechen auf die Strahlentherapie zu erhéhen. Die Ergebnisse dieser Studie
deuten auf eine starke Dosisabhéingigkeit von Lomeguatrib in Kombination mit
Bestrahlung hin. Wahrend niedrige Konzentrationen die Strahlenempfindlichkeit
erhohten, steigerten hohe Konzentrationen die Strahlenresistenz, reduzierten den
strahleninduzierten G2/M Arrest und verringerten das Migrationsverhalten. Das
Tumorwachstum wurde durch eine Einzeldosis von 20 mg kg' nicht beeinflusst.
Zusammenfassend ldsst sich sagen, dass diese Arbeit einen ersten Einblick in die
Wirkung des MGMT-Inhibitors Lomeguatrib bietet. Dies ist die Grundlage fiir weitere
Untersuchungen zur Identifizierung der Rolle von MGMT wéhrend der

Strahlentherapie, um ein personalisiertes Therapiesystem anbieten zu kénnen.
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Introduction

1. Introduction

Cancer is one of the leading causes of death worldwide with 14 million cases
diagnosed and 8.2 million people dying each year [1]. Tumors of the central nervous
system (CNS) account for 2 % of all diagnosed cancers with 256,000 new cases per
year and are the 17th most common cancer [2]. The yearly incidence rate of 4 — 8
cases per 100,000 worldwide is relatively low, however, mortality rates are significantly
high making it the 12th most cause of cancer-related deaths. The most common and

most aggressive malignancy of the CNS is Glioblastoma multiforme (GBM) [1].

1.1 Glioblastoma multiforme

The World Health Organization (WHO) published a classification of tumors of
the central nervous system in 2007 [3] and an updated version in 2016 [4]. The updated
version is not only based on microscopic analyses of hematoxylin and eosin-stained
sections, immunohistochemistry of lineage-associated proteins, and characterization of
ultrastructures but also includes molecular markers to define a more detailed
classification [4]. GBM is classified as a grade IV diffuse astrocytic tumor of the CNS
presenting diffuse infiltration into surrounding tissues with great destructive potential,
uncontrolled cellular proliferation, genomic instability, as well as intense resistance to
chemo- and radiotherapy [5]. Important characteristics of GBM include nuclear atypia,
high mitotic activity, vascularization, necrosis, pleomorphism, and microvascular
atypia [4].

The more recently published version of the WHO classification now includes a

more detailed differentiation towards a different origin of primary and secondary
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GBM: GBM is subdivided into isocitrate dehydrogenase (IDH)-wildtype, IDH-mutant

and not otherwise specified (NOS) [4].

Glial progenitor cells
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Figure 1.1: Development of GBM.
Shown is the course to primary and secondary glioblastoma with its characteristic mutations.

-— 2 years

Figure adapted from [1].

IDH-wildtype or primary GBM account for 90 % of all glioblastoma, which rapidly
develops from glial progenitor cells within three to six months (Figure 1.1). The
median overall-survival is 15 months with a median age at diagnosis of 62 years [4; 6;
7]. The unique mutation pattern includes EGFR amplification [8], PTEN mutation [7;
9; 10], and loss of chromosome 10 [7-9]. In contrast, IDH-mutated or secondary
glioblastoma only accounts for less than 10 % of all GBM but develops from low-grade
astrocytomas (WHO grade II) and anaplastic astrocytomas (WHO grade III) over
several years (Figure 1.1) [10; 11]. The median overall-survival is 31 months with a
median age at diagnosis of 44 years [4; 6; 7; 11]. Characteristic mutations include
TP53 mutation [1; 7; 8], loss of heterozygosity (LOH) on chromosomes 10q and 19q
[1; 7-9; 12], deletion of p16 [7; 13], and RB inactivation [7; 13; 14]. NOS glioblastoma

is either primary or secondary GBM but due to the patient’s age, a full evaluation of
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the IDH status cannot be performed or gives inconclusive results [4]. Furthermore,
GBM presents intratumoral heterogeneity, which includes epigenetic lesions as well as
a putative stem cell subpopulation [2]. Although CD133 is not fully accepted as the
ultimate GBM stem cell marker, a significantly higher expression has been found in
primary, compared to secondary GBM [15] contributing to the extensive resistance to

chemo- and radiotherapy of primary GBM.

1.1.1 Treatment of GBM

Treatment of GBM always includes an interdisciplinary approach. The first tool
to diagnose an alleged GBM makes use of imaging modalities, such as magnetic
resonance imaging (MRI), computer tomography (CT), or positron emission
tomography (PET) [16]. MRI is the imaging gold standard giving the necessary details
concerning the tumor location as well as adjacent anatomical landmarks, such as
sensory and motor cortices to precisely plan surgical resection of the gross tumor
volume. However, grade of malignancy, exact tumor delineation, and differentiation
between recurrent tumors and necrotic tissues present limitations of this imaging
modality [17]. PET, in contrast, gives more insight on the heterogeneity, grade of
malignancy as well as correct delineation of the tumor. It allows a more differential
and noninvasive diagnosis due to the administration of a radioactive tracer [17]. The
most commonly used radiotracer is 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) [17],
which is taken up by glucose-consuming tissues. Since high-grade tumor cells are
characterized by a high glucose metabolism due to their increased proliferation rate,
18F-FDG accumulates in tumors and can be visualized by a PET scanner. Low-grade
tumors in contrast are often hypometabolic lesions and can be differentiated from
high-grade tumors due to low glucose uptake [17]. Since normal brain tissue also has

a high glucose metabolism imaging of cerebral gliomas has its limitations. Therefore,
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alternative amino acid PET tracers have been developed such as 11C-methyl-
methionine (11C-MET), O-(2-[18F]-fluoroethyl)-L-tyrosine (18F-FET), and 3,4-
dihydroxy-6-[18F]-fluoro-L-phenylalanine (18F-FDOPA) [17]. These tracers are
characterized by low uptake in the normal grey matter as well as in inflammatory
tissues allowing for a more precise surgery planning and exact radiation treatment
planning after surgery. Follow-up imaging using PET enables differentiation between
pseudoprogression — due to chemoradiation, recurrence, and progression. Despite all
advantages, PET is not yet included in the standard treatment of care for GBM but
due to rapid development of new radiotracers PET is expected to be included into the
routine of GBM diagnosis in the near future.

After the diagnosis of GBM surgical resection will follow. The ultimate goal of
surgical resection is the maximal safe resection to relieve symptoms including
headaches, vomiting, visual impairments, nausea, and somnolence [18]. However,
complete resection is almost impossible due to the high invasive characteristic and
extensive vascularization of GBM into the surrounding healthy brain tissue and makes
recurrence highly possible [5]. Consequently, the extent of resection (EOR) will
determine treatment outcome as a higher EOR is associated with prolonged survival
without postoperative neurological morbidities [19]. Post-operative MRI is usually
performed within 72 hours after surgery to determine the EOR. Further, a pathological
examination confirms the diagnosis of GBM and allows an investigation of molecular
markers such as the methylation status of the promoter region of the O6-
methylguanine DNA-methyltransferase (MGMT) and IDH status, which are decisive

for the further treatment course.
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Figure 1.2: Treatment scheme for Glioblastoma multiforme.
Shown is the standard therapy of newly diagnosed GBM. IDH: isocitrate dehydrogenase; KPS:
Karnofsky Performance Status; SBRT: stereotactic radiosurgery; MGMT: O6-methylguanine-
DNA-methyltransferase; RT: radiotherapy; TMZ: temozolomide; TTF: tumor-treating fields;
CCNU: Lomustine. Figure adapted from [20].

In dependence on the IDH and MGMT status, the Karnofsky Performance Status
(KPS) as well as the age of the patient, alternative treatment options may be
considered. Figure 1.2 gives an overview of possible alternative treatment options. For
patients with an IDH wildtype and a methylated MGMT status standard treatment
continues with radiotherapy concomitant with temozolomide (TMZ). In contrast, IDH
mutated and MGMT unmethylated patients receive radiotherapy only and TMZ
cycles can be omitted. Further, MGMT unmethylated patients may be offered
experimental therapies as well as participation in clinical trials.

In 2011 the Food and Drug Administration (FDA) approved the first tumor

treating fields (TTF) device and was also added to the National Comprehensive
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Cancer Network (NCCN) guidelines for the treatment of glioblastoma [21]. TTF
devices deliver low-intensity, intermediate-frequency (100 — 300 kHz) alternating
electric fields to the patient's scalp via transducer arrays [21; 22]. These electric fields
target dividing glioblastoma cells and cause apoptosis and mitotic arrest [22]. In a
randomized phase III clinical trial from 2009 — 2014 TTFs showed beneficial effects in
terms of progression-free survival and overall survival after standard
radiochemotherapy [22].

Relapse and recurrence are highly possible during the first 6 months after
treatment completion [20]. For these patients re-resection, re-irradiation, and further
cycles of chemotherapy might be considered. Alternative blood-brain-barrier crossing
chemotherapeutic agents such as lomustine (CCNU) or carmustine can be
administered but also TMZ rechallenge is possible [20]. However, mostly MGMT

methylated patients benefit from additional chemotherapy cycles.

1.1.1.1 TMZ and MGMT

Since 2005 the chemotherapeutic agent temozolomide (TMZ) is given
simultaneously to radiotherapy in daily oral doses. During radiotherapy patients
receive 75 mg cm™? per day for six weeks and after four weeks the dose is increased to
150 mg cm™ given in cycles for five days every 28 days. Every two to three cycles MRI
is performed to follow up on possible relapses and to monitor changes in the resection
cavity respectively in the surrounding brain tissue [4].

Temozolomide is a derivative from an imidazotetrazine. As a prodrug, it is stable
at acidic pH and therefore is suitable for oral administration since it survives the
gastric acid [23]. At neutral to basic pH found e.g. in brain tumors, it rapidly
hydrolyzes [23]. Spontaneous ring-opening leads to the formation of the active

alkylating metabolite 3-methyl-(triazen-1-yl) imidazole-4-carboximide (MTIC).
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However, MTIC is unstable at a pH below 7 but stable in alkaline environments [24].
Therefore, MTIC is hydrolyzed to form 5-amino-imidazole-4-carboxamide (AIC) and
methyl diazonium ions that produce methyl adducts via the reaction of nucleophilic
sites on the DNA [23]. These nucleophilic sites include the N7 and O6 position of the
base guanine as well as the N3 position of the base adenine [23; 25]. In regards to the
importance of MGMT in GBM, only the O6 position of the base guanine as a target
for DNA methylation by TMZ is the most important site for its anti-cancer activity
[24; 26).

Figure 1.3 illustrates the mode of action of TMZ in the absence of MGMT.

Me) Me Me
l TRAjclGlc]TIGCIARRMYSE TlalclclclTlclA TRAjcGjcTjc]A
. — ey S
Tlajcle]c]T)e]a
ALTiS Ciote 2hT v

AQTHIGIClGJA|CYT

Figure 1.3: Temozolomide mode of action.
Shown is the mode of action of temozolomide in the absence of MGMT. Created with
BioRender.com.

The methyl adducts are added to 5 % to the O6 position of guanine [24]. During
the completion of DNA replication the methylated base guanine, O6-methylguanine
(O6-MG), mismatches with thymine creating a wobble base pair. The DNA mismatch
repair (MMR) pathway recognizes this mismatch via mismatch recognition complexes
[27]. Accessibility to the wobble base pair is created by single-stranded DNA nicks.
The mismatched base thymine is then digested by the 5-3” exonuclease I and the gap
is filled by the DNA polymerase §, however, with another thymine [27]. Due to
continuous cycles of thymine deletion and insertion depletion of deoxythymidine
triphosphate (dTTP) eventually leads to a lack in DNA synthesis and subsequent cell

death due to DNA double-strand breaks [27].
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In Figure 1.4 the mode of action of temozolomide in the presence of MGMT is

shown.

O

& MGMT MGMT

TRAJCIGJCTJGJA TRAJCCGC]TjCGJA
AJTHGJCGlACYT AJTHIGICIGJAJC)ET

AQTIGJCGA|C]T

Figure 1.4: Mode of action of temozolomide in the presence of MGMT.
Shown is the mechanism of MGMT counteracting TMZ efficacy. Created with BioRender.com.

MGMT is a protein involved in the mismatch repair pathway protecting cells from
cell death due to the aforementioned thymine deletion and insertion circles due to the
addition of aberrant methyl adducts. MGMT specifically removes methyl groups from
the O6 position at the base guanine and transfers it to a cysteine residue (Cys145) in
its active site [28]. This leads to a conformational change ultimately leading to its
degradation, since the cysteine site cannot be regenerated [29]. As one MGMT protein
can remove only one methyl group the number of methyl groups that can be removed
is closely correlated to the number of MGMT proteins present in the cell. This reaction
is a suicide reaction and therefore MGMT is a protein and not an enzyme [28]. In the
scenario shown in Figure 1.4, the aberrant methyl group that is removed by MGMT
was added by TMZ on purpose; hence, MGMT counteracts the therapeutic efficacy of
TMZ promoting treatment failure.

Hegi et al. published in 2005 that the MGMT promoter methylation status is an
important prognostic marker to determine TMZ treatment outcome [30]. Those
patients receiving radiotherapy concomitant to temozolomide and having a

methylated MGMT promoter showed a significantly increased overall survival
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compared to the MGMT unmethylated patients [30]. Ever since the MGMT promoter
methylation status is routinely investigated in every patient as unmethylated patients
have no or only little benefit from TMZ treatment.

Current research now focuses on finding new treatment options to deplete MGMT.
The very promising substance O6-benzylguanine (O6-BG), which has antineoplastic
activity is a guanine analog inactivating MGMT [31; 32]. O6-BG reacts with the
cysteine residue Cysl45 of the MGMT active site and transfers its benzyl moiety
irreversibly to the cysteine thiol [33]. The resulting S-benzyl derivative prevents the
reaction with an O6-alkylated guanine residue in the DNA ultimately leading to
unrepaired DNA lesions [33]. In vitro experiments showed enhanced cytotoxicity to
alkylating agents in the presence of O6-BG and further depletion of MGMT [34].
Dolan et al. further showed in vivo that low doses of O6-BG completely depleted
MGMT, but higher doses are required for long-lasting effects increased acute toxicities
particularly to the hematopoietic system [34]

06-BG was further involved in phase I [35] and phase II [36] clinical trials. Despite
an MGMT depletion in blood samples of the patients after O6-BG administration [35],
no TMZ sensitization was observed [36]. Further, severe myelosuppression was
commonly identified in patients with recurrent, TMZ-resistant GBM and was

therefore never included in the standard therapy for GBM [35; 36].

1.2 Lomeguatrib

O(6)-(4-bromothenyl)guanine, also known as PaTrin-2 or lomeguatrib is a potent
and specific MGMT inhibitor first synthesized by McElhinney et al. in 1998 [33]. In
their study they aimed to synthesize O6-benzylguanine analogs, as they generated
several guanine derivatives by reacting purine quaternary salts with alkoxides, to

substitute basic rings with heterocyclic moieties at the O6 position of guanine [33].
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Four candidates — O6-thenylguanine, O6-thiazole, 5-bromothenyl, and 2-chloro —
initially proved to be highly valuable substitutes for O6-BG in clinical applications.
Further in vivo experiments, using the 4-bromothenyl variant were conducted by
Middleton et al. [37].

After a single dose of 20 mg kg-1 lomeguatrib administration intra peritoneally
(i.p.) MGMT depletion was observed in a subcutaneous melanoma tumor and also in
normal tissues (liver, kidneys, lung, brain, and the bone marrow). Normal activity was
restored to 50 % after 24 hours [37] indicating the need for cycling. First clinical trials
suggest effective MGMT depletion in prostate, primary CNS, and colorectal cancers
after a single dose of lomeguatrib [38].

However, lomeguatrib was not yet tested in GBM cell lines or GBM mouse tumor

models or in combination with radiation.

1.3 Radiation

Since the discovery of x-rays by Wilhelm Conrad Roéntgen in 1895 and the first
medical application reported in 1896 the clinical use of x-rays has spread and
developed rapidly throughout the world [39]. One year later, Antoine Henry Becquerel
detected radioactivity from a uranium compound he kept in his vest pocket after he
developed skin erythema and ulceration [39]. At this hour the study of radiobiology
and ionizing radiation was born.

Ionization describes the process of energy absorption by orbital electron ejection
from a molecule or an atom upon radiation. lonizing radiation is subdivided into
electromagnetic and particulate radiation [39]. X-rays and y-rays are examples of
electromagnetic radiations, while electrons, protons, a-particles, neutrons, and heavy
charged ions are particulate radiations [39]. The process of energy absorption is either

directly or indirectly ionizing: directly ionizing means a straightforward interaction of

10
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a charged particle with the material it passes through to cause chemical and biological
changes by disrupting atomic structures [39]. Indirectly ionizing radiations such as x-
and y-rays involve the absorbance into the material with subsequent production of
fast electrons without causing chemical or biological damages themselves [39].
Depending on the material as well as the energy of the photon absorbance occurs
according to different processes. The Compton process is the dominant process for

high energies e.g. at linear accelerators used in radiotherapy (Figure 1.5).
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Figure 1.5: Compton process.
Shown is the scattering of a photon upon interaction with a high-energy photon. Figure
adapted from [39] created with BioRender.com.

The incoming high-energy photon interacts with a free electron on the outer shell
transferring parts of its energy as kinetic energy to the electron. During this process,
a fast electron is produced, which in turn ionizes other atoms to exhibit its chemical
and biological damage [39]. As a by-product, a scattered photon is produced, which is
now lower in energy.

The photoelectric process is the dominant process at lower energies (Figure 1.6).
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Figure 1.6: Photoelectric process and characteristic x-ray production.
Shown is (a) the interaction of an incoming high-energy photon with a bound electron and
the subsequent photoelectron production. (b) shows the production of characteristic x-rays.

Figure adapted from [39] created with BioRender.com.

The incoming high-energy photon interacts with a bound electron on the inner
shells and transfers all its energy to the electron (Figure 1.6a). Parts of that energy is
used to release it from the orbit, while the remaining energy is used as kinetic energy
for motion [39]. The resulting vacancy in the atom orbit (Figure 1.6b) is either filled
by a free electron from outside the orbit or by an electron from an outer orbit. In the
latter case, energy levels are changed to a decreased potential energy which is
compensated by the emission of a photon as characteristic x-rays [39].

The linear energy transfer (LET) describes the energy deposited in kiloelectron
volt per unit track length (keV pm-1). It can be subdivided into low LET (protons,
x- and y-rays) and high LET (a-particles, neutrons, and heavy-ions) and is decisive

for the effectiveness of radiation on its most critical target — the Deoxyribonucleic acid

(DNA).
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1.4 Radiation Biology

Damages to the DNA are the biological effects of radiation and are either direct

or indirect (Figure 1.7).

(a) (b)
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@ { 6 ' @ direct action :, (, ®‘, @ indirect action

Figure 1.7: Direct and indirect effects of radiation.
During direct action, a photon gets absorbed to produce a secondary electron that directly
damages the DNA. During indirect action, the secondary electron encounters a water molecule
and transfers its energy to the water molecule to produce a hydroxyl radical. Figure adapted
from [39] created with BioRender.com.

The interaction of the secondary electron resulting from the absorption of an
incoming photon directly with the DNA (Figure 1.7a) is called direct action and is
characteristic for high LET [39]. During indirect action (Figure 1.7b) the secondary
electron interacts with other molecules such as water to produce free radicals, such as
reactive oxygen species (ROS) that in turn damage the DNA [39] and is characteristic
for low LET.

The unit to describe the absorbed dose is called Gray (Gy) and is defined as the
absorption of one joule of energy per one kilogram of mass [40]. 1 Gy will produce
approximately 105 ionizations, around 1,000 DNA base damages, around 1,000 DNA
single-strand breaks (SSB), and 20 — 40 DSB [40]. The critical lesions of DSBs are
repaired by either non-homologous end-joining (NHEJ) or homologous recombination
(HR). While HR is error-free and the mechanism of choice during late S/G2 phase,

NHEJ occurs in the G1 phase of the cell cycle and is more prone to errors [39].
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Figure 1.8: Non-homologous end-joining.
Shown is the repair of a DSB by NHEJ. Figure adapted from [39; 40] created with
BioRender.com.

Figure 1.8 shows the process of DSB repair via NHEJ. After the DSB has occurred
a Ku-heterodimer consisting of Ku70 and Ku80 subunits binds to the DNA ends [39].
It protects the ends from degrading via exonucleases and recruits the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) [40]. Since the DSBs usually create
incompatible ends, end processing is required. The MRN complex consisting of
MRE11, RAD50, and NBS1 creates compatible ends. Further nuclease activity may
be required and Artemis is recruited. Artemis binds to the DNA-PKcs which in turn
phosphorylates Artemis to activate its endonuclease activity [41]. Artemis can trim
both 5 and 3’ overhangs; while 5" overhangs are trimmed to create blunt ends, 3’
overhangs are trimmed to leave four to five nucleotide single-stranded overhangs [41].
After successful end processing, the gaps are filled by XRCC5, and ends are ligated

by DNA ligase IV [39].
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The other important mechanism in DSB repair is homologous recombination

(Figure 1.9).
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Figure 1.9: Homologous recombination.

Shown is the process of DSB repair via HR. Figure adapted from [39; 40; 42] created with
BioRender.com.

During late S/G2 phase, DSBs are repaired via HR as it requires a sister chromatid
as a template. Ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia and
Rad3 related (ATR) are sensors for DSBs and are recruited to the site of the DSB
[39]. ATM and ATR phosphorylate the histone subunit H2AX to yH2AX that in turn
recruits the tumor suppressor breast cancer type 1 susceptibility protein (BRCA1) to
regulate the MRN complex [42]. End resection by the MRN complex immediately
results in covering of the single-stranded ends by the replication protein A (RPA) but
gets further displaced by RAD51 [42]. Upon RAD51 binding, which is called filament
formation, the search for a homologous sequence is initiated. After a match was

successful 3’ strand invasion leads to a displacement loop (D-loop) formation also
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called a Holliday junction. The invaded 3’ strand now uses the complementary strand
as a template to fill the gaps using DNA polymerase 8. Final ligation restores the
DNA double-strand break.

Damages to the DNA and most importantly the dysfunctions or failure to repair
DSB will ultimately result in cell death which is the goal of radiotherapy. Low doses
of radiation are sufficient to cause DSBs but cells might undergo several rounds of cell
division accumulating chromosome aberrations and mutations before they die
eventually [40]. These effects are not only observed in cancer tissues but also in normal
tissues. In order to observe short- as well as long-term effects of radiation in normal
tissue and also in cancerous tissue it is necessary to eliminate stem cells and their
progenitor cells [40]. Only upon stem cell-killing, radiation damage becomes noticeable
from early effects such as breakdown of the skin to late reactions including fibrosis to
second tumors [40]. However, it is not possible to only kill cancer (stem) cells and
spare normal (stem) cells. Therefore, the right timing, dosage, fractionation, and
treatment planning are required to limit normal tissue damage to a minimum and
achieve tumor control at the same time.

In the brain, this is particularly difficult due to severe side effects such as
neurocognitive dysfunction, endocrine dysfunction, and neurosensory impairment
caused by irradiation of the hippocampus and cerebral cortex, hypothalamus, and
pituitary gland, as well as the optic nerve and optic chiasm [43].

Knowledge of physics, chemistry, and biology of radiation is of great importance
to apply and also to develop new treatment options and improve radiotherapy of

GBM.
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1.5 Aim

The aim of this study was to determine the role of MGMT during radiotherapy
in human glioblastoma multiforme cell lines in wvitro and in wvivo. Since MGMT
promoter unmethylated patients have a worse treatment outcome upon alkylating
chemotherapy agents, new treatment options need to be developed in order to
inactivate MGMT. Three human MGMT unmethylated glioblastoma cell lines were
chosen and treated with the MGMT inhibitor lomeguatrib to reduce MGMT protein
levels. Changes in radiosensitivity were determined via the colony formation assay, as
well as effects in cell cycle, apoptosis, and DNA repair was analyzed. Finally, the
inhibitor was tested in vivo to determine tumor growth delay upon MGMT protein

inhibition.
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2. Materials and Methods

2.1 In vitro

2.1.1 Cell Culture

Established human glioblastoma multiforme cell lines were obtained from the
University Hospital of Heidelberg (LN18, LN229) and the Institute of Radiobiology,
Helmholtz Zentrum Miinchen (A172). T98G and U118 were purchased from the
American Type Culture Collection (ATCC) and U251 from Cell Lines Service GmbH
(CLS). Cell line authentication was done by Eurofins Genomics. All cell cultures were
incubated in a humidified atmosphere of 5 % CO,at 37°C. LN18, LN229, U118, and
U251 were grown in high glucose DMEM (D6429, Sigma-Aldrich, St. Louis, MO, USA)
and T98G in low glucose DMEM (D6046, Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10 % Fetal calf serum (FCS) (F7524, Sigma-Aldrich, St. Louis,
MO, USA), 100 U mL"*penicillin and 100 U mL"! streptomycin (P0781, Sigma-Aldrich,
St. Louis, MO, USA). Cell culturing was done under sterile conditions in a safety

cabinet and the absence of mycoplasma was regularly checked.

Table 2.1: Characteristics of established human glioblastoma multiforme

cell lines.
Organism Tissue p58 PTEN MGMT Image
A172 Homo sapiens brain wt mut m
LN18 Homo sapiens brain, frontal right wt wt um

brain, right frontal
LN229 | Homo sapiens mut wt m
parieto-occipital cortex
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TI8G Homo sapiens brain mut  mut um
U118 Homo sapiens brain mut  mut um
U251 Homo sapiens brain mut  mut m

Mut: mutated, wt: wild-type, m: methylated, um: unmethylated

2.1.2 Cell irradiation

X-ray irradiation was performed at an RS225A irradiation device (Gulmay,
XStrahl, Camberley, UK) at a dose rate of 0.9 Gy min” at 15 mA and 200 kV with a

0.5 mm copper filter and a distance to the x-ray tube of 15 cm.

2.1.3 Lomeguatrib treatment

Lomeguatrib was purchased from MedChemExpress LLC (Princeton, NJ, USA)
and dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA). The stock solution of
6.13 mM was stored in 100 pl aliquots at -80°C for up to six months. Immediately
before use, the stock solution was diluted at 1:10 or 1:100 in medium. The final DMSO
concentration in the medium did not exceed 0.3 % and was without cytotoxic effects.
Cells were seeded at a density of 4 x 10°to 6 x 10° and lomeguatrib was added 24

hours before x-ray irradiation.
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2.1.4 Doubling time calculation

Doubling times of the six different cell lines were determined using the alamarBlue
proliferation assay.

The experiment was done in a 96-well plate format for all six cell lines. Every 24
hours for three consecutive days, 10 % alamarBlue was added to the samples and after
an incubation period of four hours, the absorption was measured at a wavelength of

595 nm and 630 nm. Doubling times were calculated using the following formula:

duration * log (2)

Doubling Time(h) = log(final absorption) — log (initial absorption)

2.1.5 Colony-forming assay (CFA)

CFAs are used to determine radiosensitivity of different cell lines. 48 hours before
irradiation appropriate numbers of cells per dose were pre-plated into 12-well plates
and 24 hours before irradiation treated with 1 pM or 20 pM lomeguatrib. Plates were
irradiated with 0 Gy, 1 Gy, 2 Gy, 4 Gy, 6 Gy, and 8 Gy. After a 12-day (LN18) or 7-
day (T98G, and U118) incubation period the medium was removed, and plates were
washed with PBS. Colonies were fixed with 100 % -20°C cold methanol and stained
using 0.1 % crystal violet. Colonies of at least 50 cells were manually counted as one
colony using a GelCount™ (Oxford Optronix Ltd., Oxford, UK) colony counting
device. Plating efficiencies, as well as the survival fractions, were calculated using the

following formulas:

] . number of colonies counted
Plating ef ficiency (PE) = number of cells seeded * 100
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number of colonies
*
(number of cells seeded * PE)

Survival fraction (SF) = 100

Survival curves were plotted in GraphPad Prism (GraphPad Software Inc., San
Diego, USA) and fitted to the linear-quadratic model:
SF = e¢~D~BD*
a and B values were derived from the linear-quadratic model and Dsy values were

calculated using the following formula:

—a + Jg2—4RIn (0.5)
Do = R

2.1.6 Cell cycle flow cytometry

48 hours prior to irradiation with 0 Gy and 8 Gy 600,000 cells were seeded per
T25 flask. 24 hours before irradiation cells were treated with 1 pM or 20 pM
lomeguatrib. 24 hours after irradiation cells were trypsinized and resuspended in cold
PBS. The cell suspension was then slowly dropped to -20°C cold 70 % ethanol and
stored at -20°C for at least two hours. After centrifugation at 500 g for 5 minutes
remaining ethanol was removed and cells were incubated with propidium iodide (PI)
staining solution (0.02 mg/ml PI (P3566, Thermo Fisher, Waltham, MA, USA),
Triton X-100 (T8787, Sigma-Aldrich, St. Louis, MO, USA) and 0.2 mg/ml DNase-free
RNase A (R4875, Sigma-Aldrich, St. Louis, MO, USA) in PBS) for 30 minutes at
room temperature in the dark. FACS analysis was performed in the FACSCalibur.
Cell cycle distribution was analyzed in the ModFit LT™ software (Verity Software

House Inc., Topsham, ME, USA).
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2.1.7 yH2AX foci

Cells were seeded in chamber slides 24 hours prior to lomeguatrib and 48 hours
before irradiation at 0 Gy and 8 Gy. 30 minutes, as well as 24 hours after irradiation
cells, were washed with 1 x PBS and fixed with 2 % paraformaldehyde (PFA) for 30
minutes. After three washing steps with PBS cells were permeabilized three times in
PBS + 0.15 % Triton X-100 for 5 minutes each. In order to prevent unspecific bindings
blocking was done three times for 10 minutes in PBS supplemented with 0.15 %
Glycine and 1 % Bovine Serum Albumin (BSA). Afterward, the cells were incubated
with the primary antibody H2AX clone JBW301 (05636, Merck Millipore, Burlington,
USA) diluted 1:500 in blocking buffer overnight at 4°C in a humidified chamber. After
a wash step with PBS for 5 minutes incubation for 20 minutes in PBS and 0.15 %,
Triton X-100 was performed prior to another wash step with PBS and blocked for 7
minutes. The secondary antibody Alexa Fluor 488 goat-anti mouse (A323723,
Invitrogen, Carlsberg, USA) was diluted 1:1000 in blocking buffer and incubated for
1 hour in a humidified chamber in the dark. Cells were washed with PBS and 0.15 %
Triton X-100 for 10 minutes and two times with PBS for 5 minutes each. Nuclei were
stained using 1.5 pg ml! Hoechst (Hoechst 33342, Trihydrochloride, Trihydrate,
H1399, Invitrogen, Carlsberg, USA) for 5 minutes. Five wash steps using PBS were
performed to completely remove the remaining Hoechst. Fresh PBS was added and
slides were kept at 4°C in a humidified chamber until slides were analyzed. Scanning
was performed using the MetaSystems (Altlussheim, Germany) Metafer slide scanning
platform assembled on an inversed ZEISS Axio Observer (Jena, Germany) coupled to
a CoolCubed camera (MetaSystems, Altlussheim, Germany). At least 10,000 nuclei
were scored automatically for yH2AX foci using the Metafer 5 software (Version
4.2.133) with a self-developed classifier for yH2AX. Pictures were acquired at 20 x

magnification.
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2.1.8 Caspase 3/7 flow cytometry

Detection of apoptotic cells was performed using the CellEvent™ Caspase-3/7
Green Flow Cytometry Assay Kit (C10427, Thermo Fisher, Waltham, MA, USA). 48
hours before 0 Gy and 8 Gy x-ray irradiation, 600,000 cells were seeded per T25 flask.
24 hours before irradiation cells were treated with 1 pM or 20 pM lomeguatrib and
incubated for 48 hours at 37°C and 5 % CO.. Cells were trypsinized and centrifuged
at 500 g for 5 minutes at room temperature. Cell pellets were resuspended in 1 ml
PBS and 1 pl of the CellEvent™ Caspase-3/7 Green Detection Reagent was added.
Incubation was done for 25 minutes at 37°C followed by the addition of 1 jl of the 1
mM SYTOX® AADvanced™ dead cell stain solution. After a 5-minute incubation

step at 37°C FACS analysis was performed immediately at the FACSCalibur.

2.1.9 Migration

Investigation of the migratory behavior was tested via the wound healing assay
using ibidi 2-well p-dish inserts (81776, ibidi, Martinsried, Germany). Cells were
seeded into both chambers of the ibidi dish and treated with 0 pM, 1 pM, or 20 pM
lomeguatrib 24 hours after seeding. 24 hours after lomeguatrib treatment cells were
exposed to 0 Gy or 8 Gy and immediately afterward the silicon inserts were removed,
cells washed with 1 x PBS and medium was replaced by 0.1 % FCS containing medium
to avoid proliferation. Initial pictures (0 h) were taken immediately as well as after 6
h, 24 h, 30 h, and 48 h. The area covered by the cells was analyzed using the MRI
Wound Healing Tool plug-in in ImagelJ (https://github.com/
MontpellierRessourceslmagerie/imagej macros and scripts/wiki/Wound-Healing-

Tool).
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2.2 Molecular biology

2.2.1 MethyQESD

For the determination of the MGMT promoter methylation status a methylation-
quantification of endonuclease-resistant DNA (MethyQESD) was performed according
to Bettstetter [44]. Here, DNA was digested by a methylation-specific restriction
enzyme and the amount of undigested DNA is quantified by qPCR.

DNA was isolated using the AllPrep DNA/RNA Mini Kit (802048, Qiagen,
Hilden, Germany) according to the manufacturer’s instructions. For the quantification
digestion (Q) 1 pg DNA was digested with 40 U HinP1 restriction enzyme (NEB,
Ipswich, MA, USA). In the calibration digestion (K) 1 ng DNA was digested with 20
U Xbal and 20 U Dral (NEB, Ipswich, MA, USA) restriction enzymes. The reactions
were incubated at 37°C overnight and then heat-inactivated at 70°C for 20 minutes
the next day. Afterward, the restriction digestions were transferred to ice immediately.
3 1l of each restriction digestion reaction was added per 20 nl reaction with 0.5 pM of

the forward and reverse primers shown in Table 2.2.

Table 2.2: Primer for MethyQESD.

Gene symbol Sequence Company

MGMT Msdig F1 | CCCGCATATGCTGGGACAG Eurofins Genomics
MGMT Msdig R1 | CCCAGACACTCACCAAGTCG Eurofins Genomics

Quantification of the methylated DNA was performed in the Roche

LightCycler480 in a 96-well format using the QuantiNova SYBR Green PCR Master

Mix Kit (208152, Qiagen, Hilden, Germany) using the settings in Table 2.3.
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Table 2.3: Settings for qPCR.

Cycles temperature time note

Stage 1 95°C 15 min initial denaturation
94°C 10 sec

Stage 2 60°C 17 sec 45 cycles
72°C 10 sec

Stage 3 according to instrument settings Melting Curve

Calculation of the percentage of MGMT promoter methylation was done using

the following formulas:

AC, = Qct - Kct

% methylation = EA¢ x 100

with E being the efficiency of the qPCR.

2.2.1.1 gPCR efficiency

The efficiency of the qPCR was determined by performing a geometric efficiency
assessment. Therefore, an untreated sample from the calibration restriction digestion
was used to prepare the following dilutions: 1:4, 1:16, 1:64, 1:256, 1:1,024, 1:4,096 and
1:16,384. 3 nl of the dilution was mixed with 0.5 pM of the forward and reverse primer
seen in Table 2.2, as well as the QuantiNova SYBR Green PCR Master Mix. The
gPCR was run according to the program as seen in Table 2.3. Amplification and

standard curves were derived from the LightCycler480 software (Figure 2.1).
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Amplification Curves
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Figure 2.1: PCR amplification curve. Shown is the standard curve of the diluted
standards in duplicates and the qPCR efficiency.

The experiment was repeated twice giving a PCR efficiency value of 2.054 + 0.028.

2.3 Protein techniques

2.3.1 Harvesting of protein samples

In order to determine MGMT inhibition upon lomeguatrib treatment, 600,000
cells were seeded in T25 flasks and incubated at 37°C and 5 % CO; overnight. Cells
were then exposed to different lomeguatrib concentrations and harvested after 4 — 48
hours by trypsinization. For the detection of autophagy, cells were treated with 1 pM
or 20 pM lomeguatrib, and positive control cells were treated with 300 nM rapamycin
for 24 hours followed by 0 Gy and 8 Gy irradiation. 24 hours after irradiation cells
were harvested and centrifuged at 12,000 g for 15 minutes and 4°C. Isolation of the
proteins was done in radioimmunoprecipitation assay buffer (RIPA; 150 mM NaCl,
50 mM Tris, 0.1 % SDS, 1% Triton X-100, 0.5 % sodium deoxycholate, 10x
phosphatase-inhibitor, 25x protease inhibitor, 1 mM phenylmethylsulfonyl fluoride

(PMSF)) for 30 minutes on ice with vortexing every few minutes. After another
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centrifugation step at 15,000 g for 10 minutes and 4°C, the supernatant containing
the proteins was transferred to new 1.5 mL Eppendorf tubes and stored at -80°C until

further use.

2.3.2 Protein concentration determination

For the determination of the protein concentration, the Pierce™ BCA™ Protein-
Assay (23225, Thermo Fisher Scientific, Waltham, MA, USA) was used. Therefore, a
BSA standard dilution series was prepared according to Table 2.4 below. 1:10 diluted
samples, as well as the standards in duplicates, were incubated with the supplied
working reagent for 30 minutes at 37°C in the dark, and measurement was done at
550 nm in the Varioskan LUX™ microplate reader (Thermo Fisher Scientific,

Waltham, MA, USA).

Table 2.4: Preparation of BSA standard dilution series.

concentration [ug/ml] RIPA [ul] stock [ul]
A 2000 0 300
B 1500 125 375
C 1000 325 325
D 750 175 175 of B
i) 500 325 325 of C
F 250 325 325 of E
G 125 325 325 of F
H 25 400 100 of G
I 0 400 -
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2.3.3 SDS-PAGE

Electrophoretic separation of the proteins was performed using a NuPAGE™ 4 —
12 % Bis-Tris Gel (NP0336, Thermo Fisher Scientific, Waltham, MA, USA). 10 png of
protein was mixed with 1 x Laemmli buffer and denatured by heating for 10 minutes
at 96°C. Immediately afterward the samples were loaded onto the gel together with a
Precision Plus Protein™ Standard Dual Color Standard marker (1610374, Bio-Rad
Laboratories Inc., Hercules, USA) diluted 1:1 in 4 x Laemmli Buffer. The protein
separation in 1 x NuPAGE™ MES SDS Running Buffer (NP0002, Thermo Fisher
Scientific, Waltham, MA, USA) was started for 10 minutes at 100 V and then

increased to 130 V for 75 minutes.

2.3.4 Transfer

For the transfer of the proteins from the acrylamide gel to a membrane, the Trans-
Blot Turbo Mini 0.2 pm Nitrocellulose Transfer Pack (1704158, Bio-Rad, Laboratories
Inc., Hercules, CA, USA) was used. The gel was equilibrated in 1 x TOWBIN Buffer
(25 mM Tris, 192 mM Glycine, H,O, and 20 % methanol) for 10 minutes to remove
traces of SDS and then placed in-between the Transfer Pack. The electrical field was
applied in a way that the proteins were able to migrate from the gel onto the
membrane, from the cathode to the anode. Blotting was done in the Trans-Blot®
Turbo Transfer-System (1704150, Bio-Rad, Laboratories Inc., Hercules, CA, USA)
using the preset settings for low molecular weight proteins (1.3 A, 25 V, 5 min) as

well as mixed molecular weight proteins (1.3 A, 25 V, 7 min).
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2.3.5 Immunological detection

In order to prevent unspecific binding of antibodies to the membrane, the
membrane was blocked in 1 x ROTI®block (A151.2, Carl Roth, Karlsruhe, Germany)
for at least one hour. Afterward, the membrane was cut at appropriate positions to
add the primary antibodies anti-MGMT (sc-56157 MT3.1, Santa-Cruz, Dallas, TX,
USA) diluted 1:200 and anti-8-actin (ab5326, Sigma-Aldrich, St. Louis, MO, USA)
diluted 1:100,000 and incubated overnight at 4°C in a rotor creating constant
movement. The membrane was washed with 0.1 % TBST (10 x TBS, Tween® 20) the
next day three times for ten minutes each and incubated with the secondary antibody
anti-mouse IgG (H4L) AP conjugate (sc-2008, Santa Cruz, Dallas, TX, USA) diluted
1:10,000 for 2 hours at room temperature. After three washing steps with 0.1 % TBST,
detection was done using the Novex™ AP Chromogenes Substrate (BCIP/NBT)
(WP20001, Thermo Fisher Scientific, Waltham, MA, USA).

For quantification of the bands, ImageJ software was used. First, background
subtraction was performed, sample bands were normalized to the loading control and

finally normalized to untreated controls.

2.4 In vivo experiments

2.4.1 Animal Model

All animal experiments were approved by the ethics committee of the Government
of Upper Bavaria (reference number 55.2-2532.Vet 02-20-104). 6 weeks old female
Crl:NMRI-Fozni™ nude mice were obtained from Charles River Laboratories
(Wilmington, MA, USA) and housed at the TranslaTUM, Technical University
Munich. All animals were kept in special air-conditioned rooms at 20 — 24° C with a

45 — 65 % relative humidity and a 12-hour light-dark cycle. The mice were housed in
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individually ventilated cages (IVC, Sealsafe Next Greenline cage, Type GM500 plus,
Tecniplast Deutschland GmbH, Hohenpeilenberg, Germany) with a maximal
occupancy of six mice per cage. Autoclaved water as well as autoclaved commercial
laboratory animal maintenance diet (1324 SP — 10 mm pellets, Altromin Spezialfutter

GmbH + Co. KG, Lage, Germany) was available ad libitum.

2.4.2 Whole-body irradiation

Prior to tumor cell injection whole body irradiation was performed with 4 Gy x-
rays at 200 kV and a 0.5 mm copper filter in an RS225A irradiation device (Gulmay
Ltd, XStrahl, Camberley, UK). Up to ten mice were irradiated at the same time in a
Green Line cage allowing mice to fully move in two dimensions; a perforated Plexiglas
plate constrained the mice to the bottom of the cage to ensure correct dosimetry.
Immediately after whole-body irradiation mice received the antibiotic Convenia® (20

nl per 20 g mouse, Zoetis, Parsippany-Troy Hills Township, NJ, USA) subcutaneously.

2.4.3 Subcutaneous injection of tumor cells

Two days after the whole body irradiation mice were injected subcutaneously with
human glioblastoma multiforme cells. Mice were anesthetized with 3 % isoflurane
using oxygen as carrier gas. After the mice lost their righting response Bepanthen®
eye ointment (Bayer AG, Leverkusen, Germany) was applied. 3 x 10° glioblastoma
cells (LN18 or U118) in 50 pl Matrigel were injected into the right flank using a 1 ml

syringe and a 27 G needle.
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2.4.4 Tumor volume measurement

Twice per week mice were weighed and the tumor volume was determined via
caliper and ultrasound using a Logig-5 Ultrasound Machine with a 10 MHz linear
transducer (General Electric, Boston, MA, USA). For the caliper, two diameter
measurements were taken and the tumor volume was calculated using the following

formula:
T
tumor volume [mm3] = length [mm] * with?[mm] * Z

Ultrasound allows a more precise measurement and with the following formula,

tumor volume was calculated:

tumor volume [mm3] = length [mm] = width [mm] * depth[mm] *%

2.4.5 Lomeguatrib administration and radiation therapy

When tumors reached a volume of 60 — 100 mm?, lomeguatrib or sodium chloride
as a control substance was administered followed by local radiation therapy using a
Small Animal Radiation Research Platform (SARRP, XStrahl Ltd, Camberley, UK).
24 hours prior to radiation therapy mice received 20 mg kg' lomeguatrib
intraperitoneally, control mice received the corresponding volume of sodium chloride.
Afterward, mice were anesthetized with 3 % isoflurane and oxygen as carrier gas. After
Bepanthen® eye ointment was applied mice were placed onto the mouse bed within
the SARRP and the tumor-bearing flank was exactly positioned. Anesthetic
maintenance with 1 — 2 % isoflurane was ensured during the whole procedure and
mice were monitored with an in-built camera. Mice were randomly assigned to either
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the sham, 5 Gy or 15 Gy group, where the dose was precisely delivered to the tumor.
Mice from the sham group underwent the same procedure without delivering any dose.
A cone-beam computer tomography (CBCT) was acquired at 60 kV and 0.8 mA from
each mouse. Muriplan preclinical treatment planning software (XStrahl) was used to
calculate the dose distribution and arrange the beams precisely to the tumor. The
dose was delivered at 220 kV and 13 mA using a 10 x 10 mm? collimator and an
anterior to posterior and posterior to anterior (AP-PA) arrangement of two beams.
AP-PA is an irradiation technique also used for breast cancer patients to deliver a
uniform dose within the tumor and avoid radiation toxicities to the surrounding
healthy tissue and the skin. Immediately after irradiation mice were closely monitored
for one hour. Tumor volume measurement was followed up until tumors reached the

fourfold output volume or a termination criterion was reached.

2.4.5.1 Radiation therapy at Gulmay irradiation device

During the irradiation of the mouse study, the SARRP machine produced an error
and could no longer be used. Unfortunately, some of the mice were not irradiated at
this time point but tumors were already implanted. From an ethical point of view as
well as to retain the three R principles — Replacement, Reduction, and Refinement —
it was decided to irradiate the tumors of the remaining mice in the Gulmay RS225
irradiation cabinet (Gulmay, XStrahl, Camberley, UK) at a dose rate of 0.9 Gy min™!
at 15 mA and 200 kV with a 0.5 mm copper filter and a distance to the x-ray tube of
15 cm. Mice were anesthetized using 1 mg ml' Medetomidin, 5 mg ml! Midazolam,
and 0.05 mg ml! Fentanyl (MMF) and fixed on Plexiglas plates using Leukofix with
the tumor-bearing flank stretched out. Lead plates of 8 mm were used to cover the
body of the mice to deliver the dose only to the stretched flank with a safety margin

of 1 mm. Small lead shields were used to cover the foot of the mice. The tumor-bearing
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flank was positioned at the isocenter of the Gulmay and the dose of either 5 Gy or 15

Gy was delivered with a single beam.

2.5 Statistics

Mean values were calculated and are presented as + standard error of the mean
(SEM). Student’s t-test was used to calculate differences in mean values between
groups. Differences between pre- and post-plating as well as the 0 pM, 1 pM, and 20
nM lomeguatrib treated cells were calculated by applying Two-Way ANOVA in
GraphPad Prism. Probability values of p < 0.05 were regarded as statistically
significant. In order to ensure reproducibility of the results, each experiment was

repeated at least three times.
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3. Results

3.1 Comparison of pre- vs. post-plating in clonogenic survival

During the preparation of this thesis, the experimental setup of the colony-forming
assay had to be changed due to the change from using MGMT knockdown cell lines
to MGMT inhibition using the inhibitor lomeguatrib. Therefore, CFAs with post-

plating and pre-plating were performed and their survival curves are presented in

Figure 3.1.
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Figure 3.1: Colony-forming assay (CFA) to compare survival fractions after
pre- and post-plating. Shown are (a) LN18, (b) LN229, (c) T98G, and (c) U251 cell lines
seeded in 12-well plates before (pre-plating) or after (post-plating) x-ray irradiation.
Experiments were performed at least three times and error bars present the SEM. Two-Way
ANOVA was used to calculate differences between post- and pre-plating, Student’s T-test was
applied to compare single doses. (* p < 0.05, ** p < 0.01).

The plating efficiency for LN18 post-plating was 47.7 % 4 6.5 %, and 30.2 % +
7.6 % for the pre-plating setup. Significant differences in the survival curves were

observed at 1 Gy (p = 0.041), 2 Gy (p = 0.029), 6 Gy (p = 0.017), and 8 Gy (p =
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0.011). For LN229 the post-plating PE was 71.4 % + 5.58 % and was therefore very
similar to the pre-plating PE of 71.5 % =+ 10.6 %. Differences were detected at 1 Gy
(p = 0.047) only. The PE for T98G post-plating was 30.2 % + 4.5 % and 10.4 % +
0.9 % for pre-plating. Significant differences in the survival curves were observed at 1
Gy (p = 0.020), 2 Gy (p = 0.027), 4 Gy (p = 0.016), and 8 Gy (p = 0.004). In the
U251 cell line PE were also different with 50.4 % =+ 4.5 % for post-plating and 65.3 %
+ 5.3 %. However, statistical analysis did not reveal significant differences between

post- and pre-plating.

Table 3.1: D50 values. Shown are the D50 values of LN18, LN229, T98G, and U251
cell lines after pre- and post-plating. Dose in Gy required to reduce survival to 50 %
of the cells.

Cell line method Dso [Gy] p-value

pre-plating 2.27 + 0.24

LN18 0.033 *
post-plating 1.59 £ 0.10
pre-plating 1.58 £ 0.04

LN229 0.070 ns
post-plating 2.19 + 0.22
pre-plating 3.29 + 0.14

TI8G 0.010 *
post-plating 2.25 + 0.19
pre-plating 2.25 + 0.14

U251 0.302 ns

post-plating 2.62 + 0.25

Table 3.1 shows the dose required to reduce survival to 50 %. Significant
differences between pre- and post-plating were detected for LN18 (p = 0.033) and

T98G (p = 0.010).
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3.2 Radiosensitivity of different GBM cell lines

Radiosensitivity of six established human glioblastoma multiforme cell lines was
determined using the colony-forming assay (CFA). Cells were pre-plated into 12-well
plates followed by exposure to 0 Gy, 1 Gy, 2 Gy, 4 Gy, 6 Gy, and 8 Gy ionizing

radiation. Figure 3.2 shows the survival curves of the six investigated cell lines.
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Figure 3.2: Colony-forming assay (CFA) of six established human
glioblastoma cell lines. Shown are the survival curves of A172, LN18, LN229, T98G, U118,
and U251 fitted to the linear-quadratic model. Experiments were repeated at least four times
and error bars present the standard error of the mean.

A172 was the most radiosensitive cell line with a Dsy of 1.55 £ 0.03 Gy, followed
by U118 with a Ds of 1.62 + 0.14 Gy, while T98G was the most radioresistant cell
line with a Ds of 3.29 + 0.22 Gy. LN18, LN229, and U251 were comparable
intermediate radiosensitive with Dsy values of 2.27 + 0.24 Gy, 2.19 4+ 0.22 Gy, and

2.25 + 0.14 Gy.
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Table 3.2: Radiobiological parameters of the established human
glioblastoma cell lines.
Cell line  Ds [Gy]® Do [Gy]® a [Gy™]° B [Gy™]
A172 1.55 £ 0.03 3.88 + 0.31 0.5195 £+ 0.2598 0.0093 £+ 0.0046
LN18 2.27 + 0.24 5.52 + 0.33 0.2353 + 0.1358 0.0333 = 0.0192
LN229 2.19 + 0.22 4.59 £ 0.26 0.1526 + 0.0881 0.0773 £ 0.0447
TI8G 3.29 +£0.14 7.34 + 0.03 0.1264 + 0.0632 0.0255 + 0.0127
U118 1.62 £ 0.14 4.53 £ 0.21 0.3912 + 0.2259 0.0264 + 0.0153
U251 2.25 +0.14 5.42 + 0.03 0.2276 + 0.1314 0.0363 = 0.0210

a: Dyy dose [Gy] required to reduce cell survival to 10%.
b: D5y dose [Gy] required to reduce cell survival to 50%.
c: a and B values calculated from the linear-quadratic equation: In SF = - x D — § x D2

3.3 MGMT promoter methylation and MGMT protein

expression

In order to verify the MGMT methylation status of the six human glioblastoma
cell lines, MethyQESD was established according to Bettstetter et al. [44]. Two cell
lines were unmethylated (LN18 and U118), two cell lines were methylated (A172 and
LN229), and two cell lines were hemi-methylated (T98G and U251). The methylation

of the MGMT promoter region in % is presented in Table 3.3.
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Table 3.3: MGMT promoter methylation.

Cell line  Methylation [%] Status

A172 116.50 =+ 17.99 M
LN18 0.82 4+ 0.32 UM
LN229 176.87 + 21.92 M
T98G 50.01 + 4.10 UM/M
U118 13.75 + 5.97 UM
U251 29.72 + 2.42 UM/M

M: methylated; UM: unmethylated; UM/M: hemi-methylated

Since the methylation status alone is not directly associated with MGMT protein
expression Western Blot analysis was performed in order to verify MethyQESD results

and determine cell lines with high MGMT protein expression.

A172  LNI8 LN229 TG Ulls U251

—acti §as

MGMT v, -

Figure 3.3: Western Blot analysis of all parental cell lines. Parental cell lines

were analyzed regarding MGMT protein expression. Shown is the representative blot for the
expression of MGMT and the housekeeper B-actin.

In line with the MethyQESD results LN18, T98G, and U118 are MGMT
expressing cell lines, while A172 and LN229 do not express MGMT. The hemi-

methylated U251 cell line shows low MGMT expression.
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3.4 MGMT protein inhibition using Lomeguatrib

Since LN18, T98G, and U118 cells revealed the highest MGMT protein expression
among the six tested cell lines, these three cell lines were subject to all further
investigations.

In order to determine optimal conditions for MGMT inhibition, Western Blot was
performed testing different concentrations of lomeguatrib for different time points.
The representative blots are presented in Figure 3.4 and the quantification of MGMT
relative to the B-actin expression is shown in Figure 3.5.
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Figure 3.4: Western Blot analysis of LN18, T98G, and U118 cell lines.
Increasing concentrations of lomeguatrib were added for 4 h, 6 h, 8 h, 24 hours, and 48 h prior
to lysate preparation. Shown are the representative blots for the expression of MGMT and

the housekeeper $-actin. Figure reprint from [45].

Significant MGMT inhibition was observed in LN18 cells only from the 6-hour
time point on, while in T98G cells lomeguatrib significantly decreased MGMT protein
expression already after 4 hours in all tested concentrations. U118 cells show
significant MGMT inhibition at the 4-hour time point as well, however, after 8 hours
and 48 hours MGMT inhibition was only significantly altered at 20 ptM respectively

0.01 pM lomeguatrib.
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Figure 3.5: Western Blot quantification of LN18, T98G, and U118 cell lines.
Quantification of at least three independent replicates with increasing concentrations of
lomeguatrib for 4 h, 6 h, 8 h, 24 hours, and 48 h prior to lysate preparation. Error bars present
the SEM of three replicates. Shown are LN18 (a-e), T98G (f-j), and U118 (k-0). (* p < 0.05,
¥ p < 0.01, ¥ p < 0.001, ¥ p < 0.0001).

Since a significant reduction in MGMT protein levels after 24 hours of lomeguatrib

treatment was observed in all cell lines this treatment time was chosen for all following

experiments with a concentration of 1 ptM and 20 pM.

3.5 Cell proliferation

In order to determine the effects of lomeguatrib on cell proliferation, the
alamarBlue proliferation assay was performed. 1 pM and 20 pM lomeguatrib were
added for 24 hours and proliferation was measured every 24 hours for 72 hours.

LN18 and T98G were fast proliferating cell lines with doubling times of 16.4 h +

5.4 h, and 16.1 h + 1.8 h respectively. U118 was slower proliferating with a doubling
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time of 20.1 + 4.8 h (Table 3.4). Neither 1 pM lomeguatrib nor 20 pM lomeguatrib

changed the doubling times of the tested cell line.

Table 3.4. Doubling times of glioblastoma cell lines. Combination with 0 ptM, 1 pM,
and 20 pM lomeguatrib for 24 hours. P-values were calculated using Student’s t-test.
Table reprint from [45].

Cell line Lomeguatrib [pM] Doubling time [h] p-value
0 164 £54
LN18 1 16.1 £ 4.8 0.9541
20 22.6 £5.3 0.3065
0 16.1 £1.8
TI8G 1 252 +£18 0.5238
20 30.6 £ 4.2 0.5135
0 20.1 £438
U118 1 180 £ 7.3 0.7425
20 214 £ 9.7 0.8757

3.6 Cell survival upon lomeguatrib treatment

GBM cell lines were exposed to increasing concentrations of lomeguatrib for 8 to
12 days in order to determine its effect on cell survival without irradiation. A
significant reduction in cell survival was seen in all cell lines upon 50 ptM lomeguatrib
treatment (Figure 3.6). In the T98G cell line already 10 pM and 20 nM, lomeguatrib

significantly decreased cell survival.
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Figure 3.6: Cell survival after lomeguatrib treatment. Shown are the survival
curves of LN18, T98G, and U118 exposed to increasing lomeguatrib concentrations for 8 to
12 days before colony fixation. Error bars present the SEM of three replicates. (* p < 0.05,
¥ p < 0.01, ¥ p < 0.001, ¥ p < 0.0001).

3.7 Lomeguatrib on cell cycle distribution

Cell cycle distribution was analyzed via FACS analysis 24 hours after treatment

upon different lomeguatrib concentrations (Figure 3.7).
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Figure 3.7: Cell cycle distribution after lomeguatrib treatment. (a) LN18, (b)
T98G, and (c) U118 cells were treated with increasing concentrations of lomeguatrib for 24
hours prior to cell cycle FACS analysis. Significances were calculated in comparison to the
untreated sample using Two-Way ANOVA. Error bars present the SEM of three replicates.
Figure modified from [45]. (* p < 0.05, ** p < 0.01, *** p < 0.001).

Lomeguatrib doses from 0.01 pM to 20 pM did not change cell cycle distribution
in the three tested cell lines. However, 20 pM lomeguatrib decreased U118 cells in S
phase (p = 0.0411) compared to the untreated sample. Upon 50 pM lomeguatrib G1

phase distribution was increased in LN18 (p = 0.0016) and U118 (p = 0.0059) cells.
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G2/M phase was decreased in all cell lines (LN18: p = 0.0031; T98G: p = 0.0061;

U118: p = 0.0686).

3.8 MGMT expression, ionizing radiation, and lomeguatrib

As it is known that radiation decreases DNA methylation the effect of 8 Gy
ionizing radiation alone as well as in combination with lomeguatrib was tested using
Western Blot analysis. Figure 3.8 shows the representative blots for LN18, T98G, and
U118 cell lines and the respective quantification of MGMT relative to $-actin

expression.
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Figure 3.8: Western Blot analysis after combined irradiation and lomeguatrib
treatment. Increasing concentrations of lomeguatrib were added for 24 hours before 0 Gy
and 8 Gy irradiation. Lysates of (a) LN18, (b) T98G, and (c) U118 were prepared 24 hours
after irradiation. Shown are the representative blots as well as the quantification of MGMT
relative to B-actin expression. Error bars present the SEM of three replicates. Figure modified
from [45]. (* p < 0.05).

Upon 8 Gy ionizing radiation alone no change in MGMT expression was observed
in any cell line. The combination of lomeguatrib and irradiation did not change the
expression of MGMT as well. Only in T98G upon 8 Gy ionizing radiation and 0.01

nM lomeguatrib MGMT expression is higher compared to the sham irradiated sample.
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3.9 Clonogenic cell survival upon combined lomeguatrib

treatment

Lomeguatrib treatment of 1 pM and 20 pM for 24 hours prior to irradiation
significantly changed the cell survival in all three tested MGMT unmethylated cell

lines in a dose-dependent manner.
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Figure 3.9: CFA of LN18 cells treated with 0 pM, 1 pM, and 20 pM
lomeguatrib. Shown are the survival curves fitted to the linear-quadratic model.
Significances between 0 pM and 1 pM are indicated below the curve, differences between 0
M and 20 pM are shown above the curve, calculated applying Student’s t-test. Error bars
present the SEM of at least three replicate experiments. Figure reprint from [45]. (* p < 0.05,
p < 0.01, ¥ p < 0.001).

24 hours of 1 pM or 20 ntM lomeguatrib treatment significantly changed cell
survival in LN18 cells (Figure 3.9). While 1 pM lomeguatrib shows an enhanced
radiosensitizing effect (p = 0.0126), no effect was seen upon 20 pM lomeguatrib
treatment. Significant differences between 0 ptM and 1 uM were calculated only at 1
Gy (p = 0.0074 for 1 nM) applying Student’s t-test. However, significant differences
between 0 Gy and 20 nM were calculated at 4 Gy (p = 0.0452), 6 Gy (p = 0.112),

and 8 Gy (p = 0.0004). The D5 value required to reduce cell survival to 50 % of 2.27
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Gy in the untreated LN18 cell line increased to 3.05 Gy + 0.04 Gy upon 20 pM
lomeguatrib (p = 0.0447), and did not significantly change to 1.71 Gy £ 0.16 Gy upon
1 uM lomeguatrib treatment (p = 0.1396). The Sensitization Enhancement Ratio
(SER) indicates the degree of the sensitizing agent with a value greater than 1 showing
a radiosensitizing effect. Here, 1 pM lomeguatrib shows a radiosensitizing effect with

an SER of 1.36 + 0.08, while 20 pM shows a decrease in SER to 0.76 £0.06.
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Figure 3.10: Colony-forming assay of T98G with 1 nM or 20 pM lomeguatrib.
Shown are the survival curves fitted to the linear-quadratic model of T98G cells treated with
0 nM, 1 pM, and 20 uM lomeguatrib for 24 hours before x-ray irradiation. Error bars present
the SEM of three replicates. Significances between 0 utM and 1 pM are indicated below the
curve, differences between 0 pM and 20 pM are shown above the curve. Error bars present
the SEM of at least three replicate experiments. Figure reprint from [45]. (* p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001).

Figure 3.10 shows the survival curves of T98G cells treated with 0 uM, 1 nM or
20 pM lomeguatrib. Here, 1 pM lomeguatrib exhibits a radiosensitizing effect (p =
0.0150), while 20 pM lomeguatrib increases radioresistance (p < 0.0001). Significant
differences were calculated at all doses for the 20 pM treatment (p = 0.0075 for 1 Gy,
p = 0.0093 for 2 Gy, p = 0.0023 for 4 Gy, p < 0.0001 for 6 Gy, and p = 0.0002 for 8

Gy). The Ds; of the untreated T98G cells is 3.29 Gy + 0.12 Gy, indicating a higher

45



Results

radioresistance than LN18 cells. Upon 1 nM lomeguatrib treatment the Ds, reduces to
2.54 Gy £+ 0.18 Gy (p = 0.0280) and increases to 4.72 Gy + 0.08 Gy (p = 0.0010)
after 20 pM lomeguatrib treatment. Accordingly, the SER for 1 pM lomeguatrib is
1.30 £ 0.05, indicating a radiosensitizing effect, while the SER for 20 pnM lomeguatrib

treatment is 0.70 £ 0.01 indicating an enhanced radioresistance.
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Figure 3.11: Colony-forming assay of U118 with 1 pM and 20 pM lomeguatrib.
Shown are the survival curves fitted to the linear-quadratic model of U118 cells treated with
0 nM, 1 pM, and 20 pM lomeguatrib for 24 hours before x-ray irradiation. Significances
between 0 pM and 1 pM are indicated below the curve, differences between 0 pM and 20 pM
are shown above the curve. Error bars present the SEM of at least three replicate experiments.
Figure reprint from [45]. (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

The same results were found for the third cell line U118 (Figure 3.11), as well.
Differences in the survival curves were only detected between 0 pM and 20 pM (p =
0.0008) applying Two-Way ANOVA. Upon 1 pM lomeguatrib the D5, changed to 1.36
Gy £ 0.09 Gy compared to 1.67 Gy + 0.11 Gy of the untreated cells. 20 pM
lomeguatrib significantly increased radioresistance with a Ds of 2.51 Gy £+ 0.20 Gy (p
= 0.0082). Significant differences between the untreated cells and the 1 pM treated
cells were determined at 4 Gy (p = 0.0300), and 6 Gy (p = 0.0300). Upon 20 pM

lomeguatrib significant differences were determined at 1 Gy (p = 0.0018), 2 Gy (p =
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0.0494), 4 Gy (p = 0.0132), 6 Gy (p = 0.0032), and 8 Gy (p = 0.0014). The SER
shows a radiosensitizing effect of the lower lomeguatrib treatment with a value of 1.32
+ 0.12 and enhanced radioresistance at the higher concentration with an SER of 0.66
+ 0.08.

Table 3.5 summarizes all Dy, D5y, and SER values.

Table 3.5: Linear-quadratic parameters. Shown are the biological parameters of
LN18, T98G, and U118 cells with 0 pM, 1 pM, and 20 uM lomeguatrib treatment.
Table modified from [45].

e WM DulGy DaleyP SOl aley 8 [Gy?)"
0 pM 555 £0.30 227 +0.24 1 0.2353 £ 0.1358  0.0333 &+ 0.0192
LN18 1 nM 5.26 £ 0.18 1.71 = 0.16 1.36 = 0.08 0.3974 £+ 0.1777  0.0065 £ 0.0029
20 pM - 728 £ 0.06 3.05 + 0.04 0.76 £ 0.06 0.1517 = 0.0876  0.0249 £ 0.0144
0 uM 7.05 £0.03 329 +0.12 1 0.1264 £ 0.0730  0.0255 &+ 0.0147
TIRG 1 1M 6.66 £ 0.12 2.54 £ 0.18 1.30 = 0.05 0.2439 + 0.1408 0.0116 £ 0.0067
20 pM  9.28 + 0.08 4.72 + 0.08 0.70 £ 0.01 0.0456 £ 0.0263 0.0214 £+ 0.0123
0 pM 4.63 £+ 0.13 1.67 = 0.11 1 0.3789 £+ 0.1694 0.0246 £ 0.0110
U118 1 nM 4.14 £+ 0.25 1.36 = 0.09 1.32 &+ 0.12 0.4360 £ 0.2517 0.0581 £ 0.0336
20 pM - 592 £ 0.26 2.51 + 0.20 0.66 = 0.08 0.1637 = 0.0819  0.0474 £ 0.0237

a: Dyg dose [Gy] required to reduce cell survival to 10%.

b: D5y dose [Gy] required to reduce cell survival to 50%.
c: SER (50%) Sensitization enhancement ratio calculated from Dso(untreated)/Dso(treated)

d: a and 8 values calculated from the linear-quadratic equation: In SF = - x D — § x D2

3.10 Cell cycle distribution after lomeguatrib and radiation

To further investigate the effects of lomeguatrib on cell cycle distribution, samples
were irradiated 24 hours after lomeguatrib addition and subjected to cell cycle FACS

analysis 24 hours afterward. Figure 3.12 shows the data for LN18 cells.
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Figure 3.12: Cell cycle distribution in LIN18 cells. (a) shows cell cycle distribution
after 1 pM lomeguatrib and irradiation. (b) shows cell cycle distribution after 20 pM
lomeguatrib and irradiation. Error bars present the SEM of three replicates. Asterisks indicate
significances of the different treatments versus the 0 Gy 0 pM lomeguatrib sample of the
respective cell cycle phase, while hash symbols represent significances between 0 Gy 0 pM to
0 Gy 1 pM or 20 pM and 8 Gy 0 pM to 8 Gy 1 uM or 20 pM. Figure reprint from [45].
(Student’s t-test; * and # p < 0.05, ** and ## p < 0.01, *** p < 0.001, **** p < 0.0001).

8 Gy ionizing radiation enhanced the G2/M cell cycle fraction (p < 0.0001) and
decreased G1 fraction (p < 0.0001). Neither 1 uM lomeguatrib nor 20 pM lomeguatrib
alone did change cell cycle distribution nor did 1 pM lomeguatrib combined with 8
Gy irradiation compared to the sample das was irradiation only. However, the
combination of 20 pM lomeguatrib with 8 Gy ionizing radiation decreased the fraction
of cells in G2/M phase (p = 0.0085) and simultaneously increased G1 phase (p =
0.0332) but only a trend towards a decreased S phase (p = 0.0687) was observed

compared to the sample that received 8 Gy irradiation only
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Figure 3.13: Cell cycle distribution after lomeguatrib and radiation treatment
in T98G cells. (a) shows cell cycle distribution after 1 pM lomeguatrib and radiation
treatment. (b) shows cell cycle distribution after 20 pM lomeguatrib and 8 Gy irradiation.
Error bars present the SEM of three replicates. Asterisks indicate significances of the different
treatments versus the 0 Gy 0 pnM lomeguatrib sample of the respective cell cycle phase, while
hash symbols represent significances between 0 Gy 0 pM to 0 Gy 1 pM or 20 pM and 8 Gy 0
nM to 8 Gy 1 uM or 20 pM. Figure reprint from [45]. (Student’s t-test; * and # p < 0.05, **
p < 0.01, ¥ p < 0.001, **** p < 0.0001).

Similar results were obtained in the T98G cell line; G2/M fraction decreased after
8 Gy ionizing radiation (p = 0.0003), as well as 1 pM lomeguatrib alone, did not affect
cell cycle distribution. 20 pM lomeguatrib in contrast decreased cells in G2/M phase
(p = 0.0140). G1 phase increased (p = 0.0342) and a trend towards a decreased G2/M
phase (p = 0.0511) was observed in the 8 Gy irradiated and 20 pM lomeguatrib treated

samples, compared to the sample of 8 Gy irradiation only.
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Figure 3.14: Cell cycle distribution after lomeguatrib and radiation treatment
in U118 cells. (a) shows cell cycle distribution after 1 pM lomeguatrib and radiation
treatment. (b) shows cell cycle distribution after 20 pM lomeguatrib and 8 Gy irradiation.
Error bars present the SEM of three replicates. Asterisks indicate the significances of the
different treatments versus the 0 Gy 0 uM lomeguatrib sample of the respective cell cycle
phase. Figure reprint from [45]. (Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p < 0.0001).

A G2/M arrest was observed in U118 cells after 8 Gy irradiation as well (p <
0.0001). Neither 1 pM lomeguatrib treatment alone nor 20 pM lomeguatrib did affect
cell cycle distribution. Also, no significant differences were detected comparing the 8
Gy irradiated sample to the 8 Gy and 1 pM lomeguatrib or 8 Gy and 20 pM
lomeguatrib treated sample. Only a trend towards a decreased G2/M (p = 0.0941)
and S phase (p = 0.0532) was observed upon 1 pM lomeguatrib. Further, a trend
towards an increase in G1 cells was observed (p = 0.0809) comparing the sample that
received 8 Gy only to the sample that received 8 Gy and 20 pM lomeguatrib.

Taken together all these results, these data suggest that lomeguatrib counteracts
the radiation-induced G2/M arrest. A detailed list of all p-values is presented in

Appendix Table A.1.
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3.11 DNA damage and DNA repair

In order to analyze DNA double-strand breaks upon lomeguatrib treatment or
ionizing radiation treatment alone as well as in combination yH2AX foci were analyzed
30 minutes as well as 24 hours after irradiation, i.e. 24 hours, respectively 48 hours
after O ptM, 1 pM or 20 pM lomeguatrib addition. Figure 3.15 shows the foci per LN18

cell nucleus 30 minutes and 24 hours after irradiation.
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Figure 3.15: yH2AX foci in LN18 cells. (a) shows the mean foci per cell 30 minutes
after irradiation and (b) shows the mean residual foci after 24 hours. Error bars present the
SEM of three replicates. (Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001).

Mean yH2AX foci per cell significantly increased 30 minutes after 8 Gy ionizing
radiation with and without lomeguatrib. No differences were detected between the
untreated and the 1 pM or 20 pM lomeguatrib treated samples with or without
irradiation. 24 hours after 8 Gy irradiation mean yH2AX foci reduced in all tested

samples. No difference was detected between the lomeguatrib treatment groups.
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Figure 3.16: Exemplary figures of yH2AX foci staining in LN18 cells.
yH2AX foci were stained 30 minutes, as well as 24 hours after 0 Gy and 8 Gy irradiation

(green stain), and cell nuclei were stained using Hoechst (blue stain).

Figure 3.16 shows representative pictures of LN18 cell nuclei (blue stain) with

yH2AX foci (green stain).
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Figure 3.17: yH2AX foci in T98G cells. (a) shows the mean foci per cell 30 minutes
after irradiation and (b) shows the mean residual foci after 24 hours. Error bars present the
SEM of three replicates. (Student’s t-test; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001).

Figure 3.17 shows the mean yH2AX foci per cell nucleus in T98G cells. 30 minutes
after 8 Gy irradiation the mean number of yH2AX foci significantly increased in all
lomeguatrib treatment groups. Significant differences were detected in the
unirradiated samples between 0 pM and 1 pM lomeguatrib (p = 0.0378) and between
0 pM and 20 pM (p = 0.0041). 24 hours after irradiation the number of mean residual
yH2AX foci was still significantly increased compared to the unirradiated samples (0
pM: p = 0.0079; 1 pM p < 0.0001; 20 pM: p < 0.0001). A significant difference between
the lomeguatrib treatment groups was observed between 1 pM and 20 pM treated

samples in combination with 8 Gy irradiation (p = 0.0156).
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Figure 3.18: Exemplary figures of yH2AX foci staining in T98G cells.

yH2AX foci were stained 30 minutes, as well as 24 hours after 0 Gy and 8 Gy irradiation

(green stain), and cell nuclei were stained using Hoechst (blue stain).

Figure 3.18 shows representative pictures of T98G cell nuclei (blue stain) with

yH2AX foci (green stain).
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Figure 3.19 shows the foci per U118 cells after (a) 30 minutes and (b) 24 hours.
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Figure 3.19: yH2AX foci in U118 cells. (a) shows the mean foci per cell 30 minutes
after irradiation and (b) shows the mean residual foci after 24 hours. Error bars present the
SEM of three replicates. (Student’s t-test; * p < 0.05, **** p < 0.0001).

A significant increase in yH2AX foci 30 minutes after irradiation was observed for
all lomeguatrib treatment groups (p < 0.0001). Significantly increased residual yH2AX
foci were observed after 24 hours only upon 1 uM lomeguatrib treatment (p = 0.0209).
However, no difference was observed upon lomeguatrib alone, or in combination with
8 Gy ionizing radiation, neither after 30 minutes nor after 24 hours.

In Figure 3.20 representative pictures of U118 cell nuclei (blue stain) with yH2AX

foci (green stain) are presented.
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Figure 3.20: Exemplary figures of yH2AX foci staining in U118 cells.

yH2AX foci were stained 30 minutes, as well as 24 hours after 0 Gy and 8 Gy irradiation

(green stain), and cell nuclei were stained using Hoechst (blue stain).

In summary, lomeguatrib does not affect radiation-induced DNA damages.
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3.12 Apoptosis

In order to investigate apoptosis induction upon lomeguatrib and the combination

of lomeguatrib and radiation, caspase-3/-7 activation was analyzed by flow cytometry.
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Figure 3.21: Apoptosis after lomeguatrib and radiation treatment in LIN18 cells.
Shown are the percentage of apoptotic cells 72 hours after 0 uM, 1 pM or 20 pM lomeguatrib
treatment, and 48 hours after 0 Gy or 8 Gy ionizing radiation. Asterisks indicate significances
between the treatment groups. Figure reprint from [45]. (Student’s t-test; * p < 0.05, ** p <
0.01, *** p < 0.001).

Figure 3.21 shows the apoptotic cells 48 hours after irradiation, i.e. 72 hours after
lomeguatrib treatment in LN18 cells. 1 pM as well as 20 ptM lomeguatrib alone
significantly decreased the number of apoptotic cells compared to the untreated
sample. No effect was observed after combined radiation and lomeguatrib treatment.
Radiation-induced apoptosis was observed after 8 Gy irradiation in combination with

1 puM lomeguatrib.
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Figure 3.22: Apoptosis after lomeguatrib and radiation treatment in T98G
cells. Shown are the percentage of apoptotic cells 72 hours after 0 pM, 1 pM or 20 pM
lomeguatrib treatment, and 48 hours after 0 Gy or 8 Gy ionizing radiation. Asterisks indicate

significances between the treatment groups. Figure reprint from [45]. (Student’s t-test; * p <
0.05, ¥ p < 0.001, ¥** p < 0.0001).

Neither 1 pM nor 20 pM lomeguatrib alone or in combination with ionizing
radiation affected apoptosis in T98G cells (Figure 3.22). 8 Gy ionizing radiation shows
induction of apoptosis, as well as after 1 pM and 20 ptM lomeguatrib compared to the

respective untreated samples.

. |
. Il oM
S |
w3 1 pM
—3;’ M 20 pM
22
o
2 1
o1+
o,
il
0- T

|
0 Gy 8 Gy
Figure 3.23: Apoptosis after lomeguatrib and radiation treatment in U118 cells.
Shown are the percentage of apoptotic cells 72 hours after 0 pM, 1 pM or 20 pM lomeguatrib
treatment, and 48 hours after 0 Gy or 8 Gy ionizing radiation. Asterisks indicate significances
between the treatment groups. Figure reprint from [45]. (Student’s t-test; *p < 0.05).
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Radiation-induced apoptosis was observed in U118 cells as well (Figure 3.23).
However, lomeguatrib alone nor in combination with ionizing radiation affected
apoptosis.

In summary, these data suggest that lomeguatrib does not affect radiation-induced

apoptosis.

3.13 Migration capacity of GBM cell lines

Since glioblastoma is characterized by intense migration, the migratory behavior
was analyzed by the migration wound healing assay. Cells were exposed to 0 pM, 1
pM or 20 pM lomeguatrib for 24 hours before 0 Gy or 8 Gy irradiation followed by
migration for 48 hours. Initial pictures were taken 24 hours after lomeguatrib
treatment, i.e. immediately after irradiation, and denoted as 0 hours.

The basal migratory capacity of the LN18 cell line is presented in Figure 3.24 (a)

without irradiation.
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Figure 3.24: Relative wound closure LN18 cells. LN18 cells were exposed to 0 pM,
1 uM, or 20 pM lomeguatrib for 24 hours before (a) 0 Gy and (b) 8 Gy irradiation. Cells were
allowed to migrate for 48 hours. Student’s t-test was applied to calculate differences between
0 pM and 1 pM, and 0 pM and 20 pM indicated with asterisks. (* p < 0.05, * p < 0.01).
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LN18 cells show significant basal migration behavior. Upon 20 pnM lomeguatrib a
significant increase in migration was observed after 24 hours (p < 0.0001), 30 hours
(p = 0.0015), and 48 hours (p = 0.0170, Figure 3.24 a). After 8 Gy irradiation an
increased migration behavior was detected after 24 hours (p = 0.0167) and after 48
hours (p = 0.0288, Figure 3.24 b) in the lomeguatrib untreated cells. 1 pM lomeguatrib
only affected migration behavior in combination with irradiation after 48 hours (p =
0.0177). 20 uM lomeguatrib significantly decreased migration behavior 48 hours after
8 Gy irradiation compared to the 20 pM lomeguatrib unirradiated sample (p =

0.0004).

The basal migratory capacity of the T98G cell line is presented in Figure 3.25 (a)

and in combination with 8 Gy ionizing radiation in Figure 3.25 (b).
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Figure 3.25: Relative wound closure T98G cells. T98G cells were exposed to 0 pM,
1 nM, or 20 pM lomeguatrib for 24 hours followed by 0 Gy (a) or 8 Gy (b) irradiation. Cells

were allowed to migrate for 48 hours.

Student’s t-test neither revealed differences between the untreated and the 1 pM
or 20 pM lomeguatrib treated cells nor in combination with ionizing radiation at any

time point.
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The migration behavior of U118 is presented in Figure 3.26 (a) for 0 Gy and (b)
for 8 Gy in addition to 0 pM, 1 pM, or 20 nM lomeguatrib.
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Figure 3.26: Relative wound closure U118 cells. U118 cells were exposed to 0 pM,
1 nM, or 20 pM lomeguatrib for 24 hours followed by 0 Gy (a) or 8 Gy (b) irradiation. Cells
were allowed to migrate for 48 hours. Student’s t-test was applied to calculate differences
between 0 pM and 1 pM, and 0 pM and 20 pM indicated with asterisks. (* p < 0.05).

U118 cells show high basal migration behavior, which is not altered by
lomeguatrib. No significant differences were detected between the lomeguatrib
untreated and treated samples except after 24 hours a significant difference in the 20
nM lomeguatrib compared to the untreated cells was detected (p = 0.0238, Figure
3.26 a). 24 hours after 8 Gy irradiation migration was significantly decreased upon 1
nM lomeguatrib compared to the 0 pM lomeguatrib sample (p = 0.0264; Figure 3.26
b). Significantly altered migration behavior was observed 6 hours, 30 hours, 24 hours,
and 48 hours upon 0 pM, 1 pM, and 20 uM lomeguatrib in the unirradiated cells, as
well as upon irradiation only (see Table A.2 for p-values).

All p-values are presented in Table A.2 and A.3 in the Appendix.
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3.14 Tumor growth delay

In order to investigate the effects of lomeguatrib on tumor growth in vivo LN18
and U118 cells were injected subcutaneously into the right flank in NMRI
immunodeficient nude mice. Mice were randomly distributed into either lomeguatrib
or control (NaCl) group and further divided into sham group (0 Gy), 5 Gy, or 15 Gy
irradiation groups. Tumor size was measured twice per week using caliper and
ultrasound.

During the experiment, the SARRP irradiation device broke in the course of mice
irradiation, therefore a switch to the Gulmay irradiation cabinet was required. A total
of 15 mice were irradiated at the SARRP and ten mice at the Gulmay; eleven mice
were sham irradiated. Since the irradiation devices exhibit different dose rates
comparison of the results is required first.

The duration in days to reach the 4-fold initial tumor volume after 5 Gy and 15

Gy irradiation are presented in Table 3.6.

Table 3.6: Tumor growth of LN18 tumors. Shown is the time in days for the
tumors to reach the 4-fold initial volume comparing Gulmay and SARRP irradiation.

Gulmay SARRP
Dose [Gy] NaCl Lomeguatrib NaCl Lomeguatrib

5 21.7 + 3.5 21.9 £ 9.7 42.5 + 13.1 58.0 + 20.4
Caliper

15 18.8 + 2.8 23.3 £ 8.8 375 +£53 41.1 + 20.8

5 46.2 + 19.9 37.5 +£13.4 103.1 £ 25.9 70.1 4+ 42.3
Ultrasound

15 38.8 £ 9.5 64.4 +49.0 81.0 +£42.4 75.1 + 11.7

Unirradiated tumors of the control group reached the 4-fold initial volume after
32.3 days £ 11.6 days (caliper) respectively 79.9 days + 33.1 days (ultrasound), while
the lomeguatrib group reached the 4-fold initial volume after 35.8 days + 20.9 days

according to the caliper measurement and 51.7 days + 14.2 days according to the
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ultrasound measurement. Tumors irradiated at the SARRP took longer to reach the
4-fold initial volume (see Table 3.6 and 3.7). The difference between Gulmay and

SARRP irradiation is presented in Table 3.7. below.

Table 3.7: Difference in tumor growth of LN18 tumors irradiated at Gulmay
or SARRP. Shown is the difference in days for the tumors to reach the 4-fold initial
volume comparing Gulmay and SARRP irradiation as well as the p-values calculated
from Student’s t-test.

Measurement  Treatment  Dose [Gy] Difference [d] p-value
) 20.8 £9.0 0.1046
NaCl
15 18.7 £ 4.3 0.0027
Caliper
) 36.1 £ 17.4 0.0505
Lomeguatrib
15 179 £ 16.6 0.3274
) 56.9 + 29.8 0.0665
NaCl
15 422 £ 279 0.2586
Ultrasound
) 32.5 £ 32.1 0.4730
Lomeguatrib
15 10.7 £ 40.5 0.6656

Great deviations were detected between the tumor quadrupling time upon
irradiation at the Gulmay and SARRP, which was significant in the 15 Gy NaCl group
(p = 0.0027).

Figure 3.27 presents the relative tumor growth of LN18 derived tumors measured
via caliper. Two-Way ANOVA revealed significant differences between Gulmay and
SARRP irradiation in the NaCl treated tumors (p = 0.0027) and in the lomeguatrib
treated tumors (p = 0.0305).

Figure 3.28 presents the relative tumor growth of LN18 derived tumors measured
via ultrasound. Two-Way ANOVA revealed a significant difference between Gulmay
and SARRP irradiation in the NaCl treated tumors (p = 0.0410) but no difference in

the lomeguatrib treated tumors (p = 0.5083).
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Figure 3.27: Relative tumor growth of LN18 tumors in vivo after

irradiation and caliper measurement.
Tumors were treated with (a) NaCl and (b) LM.
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Figure 3.28: Relative tumor growth of LN18 tumors in vivo after
irradiation and ultrasound measurement.
Tumors were treated with (a) NaCl and (b) LM.
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Since significant differences between Gulmay and SARRP were detected and U118
implanted tumors were all irradiated at the SARRP, only the data from LN18 mice
irradiated at the SARRP were used for further analysis.

Figure 3.29 presents the relative tumor growth of LN18 tumors. Two-Way
ANOVA did not reveal any significant differences between the NaCl and the
lomeguatrib treated mice. A significant increase in tumor quadrupling time was
detected between the lomeguatrib 15 Gy irradiated tumors compared to the
lomeguatrib unirradiated tumors upon ultrasound measurement (p = 0.0332).

However, significant differences were observed between the caliper and ultrasound

measurements (see Table 3.8).

Table 3.8: Calculated p-values for caliper vs. ultrasound measurement. Shown
are the p-values calculated using Student’s t-test comparing the tumor quadrupling
time of caliper to ultrasound.

Treatment Dose [Gy] p-value
0 0.0163 *
NaCl b} 0.0153 *
15 0.0880 *
0 0.1842 ns
Lomeguatrib ) 0.4784 ns
15 0.0293 *
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Figure 3.29: Relative tumor growth of LN18 tumors in vivo after

irradiation.
Tumor volumes were measured by (a) caliper and (b) ultrasound and normalized to the
volume of the day of irradiation.

67



Results

Table 3.9 presents the tumor growth delay in days of LN18 cells. After 5 Gy
irradiation, the tumor growth delay was greater compared to the 15 Gy irradiated
tumors. There was no difference in growth delay between NaCl and lomeguatrib

treatment.

Table 3.9: Tumor growth delay of LN18 tumors. Shown is the tumor growth
delay upon 5 Gy and 15 Gy irradiation compared to the unirradiated tumors in days.

Caliper Ultrasound
NaCl [days] LM [days] NaCl [days] LM [days]
0 Gy to 5 Gy 10.2 £ 11.7 22.2 £20.3 23.2 £ 33.1 18.4 £+ 30.7
0 Gy to 15 Gy L 5.2 £88 5.3 £ 18.9 1.1+ 44.8 234 £ 122

LM: lomeguatrib

All U118 implanted tumors were irradiated at the SARRP. Table 3.10 summarizes
the time in days of the U118 tumors to reach the 4-fold initial volume and Figure 3.30

presents the corresponding relative tumor growth of U118 cells in vivo.

Table 3.10: Tumor growth of U118 tumors. Shown are the days for the tumors

to reach the 4-fold initial volume.

Measurement Dose [Gy] NaCl Lomeguatrib
0 65.5 = 49.0 93.5 £ 51.2
Caliper 5 65.5 £+ 20.6 73.5 +£ 229
15 80.1 £+ 40.3 93.6 + 284
0 50.3 £ 11.5 57.8 £17.6
Ultrasound ) 64.1 £ 12.9 63.9 £ 64
15 67.4 £ 134 73.7T £ 228

Student’s t-test did not reveal any significant differences between lomeguatrib and

NaCl treatment, or radiation treatment, or between the caliper and ultrasound

measurements.
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Table 3.11 summarizes the tumor growth delay in days for U118 implanted cell

lines.

Table 3.11: Tumor growth delay of U118 tumors. Shown is the tumor growth
delay upon 5 Gy and 15 Gy irradiation compared to the unirradiated tumors in days.

Caliper Ultrasound
NaCl [days] LM [days] NaCl [days] LM [days]
0 Gy to 5 Gy 0.0 £ 33.8 -20.0 £ 33.1 13.8 £ 12.2 6.1 + 10.7
0 Gy to 15 Gy s 14.6 + 45.2 0.1 +35.6 17.0 £ 124 159 £ 18.1

LM: lomeguatrib

Tumor growth was delayed upon irradiation, with 15 Gy irradiation resulting in
a greater tumor growth delay compared to the 5 Gy irradiated tumors. There was no

difference in growth delay between NaCl and lomeguatrib treatment.
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Figure 3.30: Relative tumor growth of U118 tumors in vivo after

irradiation.
Tumor volumes were measured by (a) caliper and (b) ultrasound and normalized to the
volume of the day of irradiation.
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Two-Way ANOVA did not indicate significant differences for U118 implanted
mice as well. Control NaCl mice and the lomeguatrib treated mice did not show any
difference at any dose and also no differences between the irradiated and non-

irradiation groups in either of the treatment groups were observed.

In order to determine a difference in the growth rate between the two cell lines in
vivo Figure 3.31 shows the tumor growth curves measured via caliper and Figure 3.32
via ultrasound measurement for LN18 and U118 after irradiation and (a) NaCl
treatment and (b) lomeguatrib treatment.

Significant differences between the two cell lines were found only after lomeguatrib
treatment via caliper measurement between the unirradiated group (p = 0.0461), and

the 15 Gy group (p = 0.0251).

71



Results

~
®
~
[o.2]
|

e U118 0 Gy
] - = U118 5 Cy
T -« U118 15 Gy
o LNI80 Gy
8- LN18 5 Gy
A LNI8 15 Gy

D
|
|
1

normalized tumor volume

0 | T A
0 20 40 60 100

(b) 8- Days after irradiation
UL18 0 Gy

UL18 5 Gy
U118 15 Gy
LN18 0 Gy
LN18 5 Gy

LN18 15 Gy

6 ¢ 4 x W ¢

0 20 40 60 80 100
Days after irradiation

Figure 3.31: Relative tumor growth of LN18 and U118 tumors in vivo.
Tumor volumes were measured by caliper after (a) NaCl and (b) Lomeguatrib treatment and
normalized to the volume of the day of irradiation.
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Figure 3.32: Relative tumor growth of LN18 and U118 tumors in vivo.

Tumor volumes were measured by ultrasound after (a) NaCl and (b) Lomeguatrib treatment
and normalized to the volume of the day of irradiation.
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4. Discussion

Glioblastoma multiforme is still a deadly disease where most cases of death occur
in the first 15 months after diagnosis. Despite extensive research in finding alternative
treatment options as well as predictive biomarkers, such as MGMT promoter
methylation status, the 5-year survival is still less than 3 % making GBM the deadliest
of all cancers [46]. It is long known that MGMT promoter methylation is favorable
during temozolomide therapy [30], however, advances and alternative treatment
options for MGMT unmethylated patients have not yet proven beneficial. O6-
benzylguanine [31; 35; 36, poly(ADP-ribose) polymerase (PARP) inhibitors [47-49] as
well as micro RNAs (miRNAs) [50-52] present several approaches that have been or
are currently tested in clinical trials for MGMT unmethylated patients; however, none
of these approaches have been approved for daily GBM treatment. O6-benzylguanine
was tested in phase I and phase II clinical trials but due to severe side effects was
never included in standard GBM therapy [35; 36]. The PARP inhibitor veliparib
inhibited cell proliferation in MGMT unmethylated cell lines in vitro as well as in vivo
[48] but did not improve overall survival in a randomized phase I/II clinical trial [49)].
Lastly, several miRNAs were found to regulate MGMT expression (summarized in
[52]) but delivery to their target sites especially across the blood-brain-barrier is still
a limiting factor.

In order to improve therapy for MGMT promoter unmethylated patients, the
effects of lomeguatrib, a highly potent inhibitor of MGMT, in combination with
ionizing radiation was investigated on MGMT unmethylated human glioblastoma

multiforme cell lines.
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4.1 Identification of MGMT expressing cell lines

The first step in this project was to identify MGMT promoter unmethylated cell
lines with high MGMT protein expression. The MethyQESD results revealed an
unmethylated promoter region in LN18 and U118 cells, while A172 and LN229 were
promoter methylated. T98G and U251 were considered hemi-methylated. Western
Blot analyses also showed high MGMT expression in LN18, T98G, and U118 cells,
while no MGMT protein expression was detected in A172 and LN229 cells and only
weak expression in U251 cells. These results are following the findings from Aasland
et al. They analyzed the MGMT promoter methylation status via methylation-specific
qPCR (MSP) and detected an unmethylated promoter region in LN18 and U118 cells
as well and a methylated region in A172 and LN229 cells [53]. Only T98G and U251
were analyzed as unmethylated respectively methylated while in this work the
promoter status was categorized as hemi-methylated in accordance to Yoshino et al
[54]. Since the percentages of promoter methylation are not mentioned in the paper
by Aasland et al. it is unknown how the cut-off values were defined. Aasland et al.
further analyzed the correlation between promoter methylation, MGMT mRNA
expression, MGMT protein expression, and MGMT activity and found differences
among the cell lines but close correlations within each tested cell line [53]. This
correlation was found by Yoshino et al. as well who also linked a correlation to TMZ
resistance in MGMT expressing cell lines [54]. Also, Aasland et al. detected a negative
effect after 6 Gy irradiation on MGMT promoter activity, but no difference in MGMT
expression [53]. In this thesis, similar results were reported in the correlation between
MGM promoter methylation status and MGMT protein expression (Table 3.3 and
Figure 3.3). Upon 8 Gy ionizing radiation no differences in MGMT protein expression
were observed 24 hours after irradiation (Figure 3.8). These findings and other

experiments led Aasland et al. to the conclusion that MGMT protein levels are mainly
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regulated by the transcription factor SP1 and that miRNAs are not essential in
regulating MGMT protein expression. Further, they concluded that MGMT is not
transcriptionally regulated upon radiation or alkylating agent treatment and that
epigenetic factors play a major role [53].

Since the findings from the literature concerning the correlation between MGMT
promoter status and MGMT protein expression [53-55] support the data of this thesis
the two MGMT promoter unmethylated cell lines LN18 and U118, as well as the hemi-
methylated cell line T98G were chosen for further investigations using lomeguatrib
treatment. It was assumed that lomeguatrib only affects MGMT expression and that
the promoter methylation status is not affected, which was also published by Ugur et

al. [56].

4.2 Optimal MGMT inhibition using lomeguatrib

Different lomeguatrib concentrations ranging from 0.01 pM to 20 pM were tested
for various durations from four hours to 48 hours. Assessment of MGMT protein
inhibition was based on Western Blot analysis. The low concentration of 0.01 pM
lomeguatrib reduced MGMT protein level by 60 % after six hours in all three cell lines
(Figures 3.4 and 3.5). A comparable low IC50 of 0.004 pM lomeguatrib was identified
by Reinhard et al. in HeLa S3 cervix adenocarcinoma cells [57] as well as 0.006 pM
after two hours of lomeguatrib treatment in MCF-7 breast adenocarcinoma cells by
Clemons et al. [58]. A highly significant decrease in MGMT protein was observed 24
hours after 20 pnM lomeguatrib treatment as it was also observed by St-Coeur et al.
[59]. Taspinar et al. [60] and Ugur et al. [56] also tested higher concentrations up to
50 pM lomeguatrib in human GBM and anaplastic astrocytoma cells and
demonstrated a decrease in MGMT protein expression. Therefore, lomeguatrib is a

highly potent inhibitor of MGMT protein already at low concentrations.
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Since highly significant MGMT protein inhibition was observed upon 1 pM
lomeguatrib treatment in all three cell lines and other works demonstrated MGMT
reduction after higher concentrations as well, 20 ptM lomeguatrib treatment for 24
hours (Figures 3.4 and 3.5) was additionally included in this thesis for all further

experiments.

4.3 Lomeguatrib does not affect cell proliferation and cell

survival

Doubling times were determined for the three cell lines without lomeguatrib as
well as in combination with 1 pM and 20 pM lomeguatrib. For LN18 a doubling time
of 16.4 hours 4+ 5.4 hours was determined, while Diserens et al., who established this
cell line in 1981, determined a doubling time of 72 hours after 115 passages [61]. For
T98G a doubling time of 16.1 hours + 1.8 hours was calculated and Oraiopoulou et
al. identified 29.9 hours by generating a growth curve as well [62]. U118 cells were a
slower proliferating cell line with a doubling time of 20.1 hours + 4.8 hours and Ying
et al. even calculated 43.5 hours [63]. This deviation might be explained due to the
fact that in this thesis the alamarBlue cell viability assay was used to calculate
doubling times, which is based on cell metabolism while Diserens et al., Oraiopoulou
et al., and Ying et al. generated growth curves from total cell numbers. Also, Diserens
et al. passaged the cells up to passage 115, while in this work cells were passaged only
up to passage 20.

Upon 1 pM or 20 pM lomeguatrib treatment the doubling times of the three cell
lines did not change. This is in line with the results of Clemons et al. [58] who also
did not observe a growth inhibitory effect after 0.006 pM lomeguatrib in MCF-7 cells.

Cell survival was significantly decreased upon 50 ptM lomeguatrib in all cell lines

(Figure 3.6). In T98G cells, lomeguatrib concentrations of 10 pM and 20 pM already
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significantly reduced cell survival. Likewise, Signorell et al. [64] demonstrated no
reduced cell viability in low concentrations ranging from 1.25 pM to 10 pM, but in
higher concentrations of 20 ptM and 40 pM lomeguatrib for 24 hours. Similar results
were observed by Clemons et al., who observed reduced cell viability after 20 ptM and
40 pM lomeguatrib as well [58]. St.-Coeur detected reduced cell viability to 72.5 %
after 20 pM lomeguatrib in human GBM cell lines [59] and also Shi et al. reported
reduced cell proliferation and cell survival in a pancreatic cancer cell line, but did not
specify the administered lomeguatrib concentration [65]. Despite different entities, all
published results reported reduced cell survival and cell proliferation after higher doses

of lomeguatrib, which is well in line with the findings in this thesis.

4.4 High dose lomeguatrib decreases radiation-induced G2/M

arrest

Cell cycle distribution was not significantly altered by low-dose lomeguatrib
(Figure 3.7). Upon 20 pM lomeguatrib S phase significantly decreased in U118 cells
and after 50 pM lomeguatrib G2/M phase decreased in all cell lines. In LN18 and
U118 cells this result was complemented with an increase in G1 phase. These results
are quite contrary to the results reported by Taspinar et al. and Ugur et al. [56; 60].
Both report no changes in cell cycle distribution after 50 pM lomeguatrib treatment.
These deviations might occur due to the fact that they analyzed primary GBM cells
respectively anaplastic astrocytoma cell lines.

Cell cycle plays a critical role during radiotherapy: while cells in S phase are least
radiosensitive, cells in G2/M phase are most radiosensitive [66]. An inevitable G2/M
arrest was observed 24 hours after 8 Gy ionizing radiation in all three cell lines (Figure
3.12 — 3.14). These results are confirmed in LN18 cells [67] and T98G cells [68]. It is

long known that the cell cycle is arrested at the G2 checkpoint upon radiation damage
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to the DNA [69] allowing the cells to repair the DNA before completing the cell cycle
and therefore prevents mutations and chromosome aberrations.

At lower concentrations of 1 pM lomeguatrib did not affect cell cycle distribution
in any of the tested cell lines, however, after 20 pM lomeguatrib treatment a reduced
G2/M fraction was observed in T98G only (Figure 3.13). After the combination of 1
nM lomeguatrib and 8 Gy ionizing radiation a radiation-induced G2/M arrest was
observed, but lomeguatrib did not have an additional effect (Figures 3.12 — 3.14).
Only the combination of 20 pM lomeguatrib with 8 Gy radiation reduced the
radiation-induced G2/M arrest and consequently increased G1 and S cell cycle
fraction. A reasonable explanation for the reduced G2/M cell cycle fraction after
irradiation might be a radioprotective property of high dose lomeguatrib.

This radioprotective property might be accounted for by the not yet identified
interaction of lomeguatrib with key regulators of cell cycle checkpoints, such as the
G2/M checkpoint. The G2/M checkpoint, also known as the DNA damage checkpoint,
is regulated by CyclinB-Cdc2 complex activity. This complex is inactive upon
phosphorylation and prevents cell cycle progression upon the G2/M checkpoint [70].
Only a positive feedback loop can activate Cdc25, a phosphatase, to dephosphorylate
the inhibitors of the Cdc2-Cyclin B complex Weel and Mytl [70]. However, a
threshold needs to be passed since the accumulation of CyclinB-Cdc2 complex follows
the all-or-nothing switch to enter mitosis [71]. Since there are limited papers published
investigating lomeguatrib in GBM and none investigated lomeguatrib in combination
with radiation, these findings are novel and need further investigation. One hypothesis
explaining the decreased G2/M arrest only after the combination with ionizing
radiation might be an inhibition of cyclin B or Cdc2 by lomeguatrib preventing their
accumulation to initiate cell cycle progression beyond G2/M. A step further might
also involve an upstream overexpression of Weel and Mytl, which are the direct

inhibitors of the essential CyclinD-Cdc2 complex.
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The second most important cell cycle checkpoint is the G1/S checkpoint which is
responsible to check for sufficient growth factors in the environment. Upon deprived
growth factors or other growth-inhibitory signals in the early-to-mid G1 phase
withdrawal from cell cycle progression occurs [72]. This checkpoint admits cells for
DNA replication and cell division and is mainly regulated by pRb (retinoblastoma
protein) and E2F (transcription factor). pRb in its active form binds E2F so that E2F
is unable to bind to the promoter regions of genes coding for necessary S phase
transition proteins [73]. Inactivation of pRb via phosphorylation by the cyclin E:CDK2
and cyclin D:CDK4/6 complexes allows for cell cycle progression beyond G1 [73]. Since
pRb is dysfunctional in many cancer types it is regarded as a tumor suppressor [72].
GBM is amongst the cancer types with a dysfunctional pRb signaling pathway and a
CDK4/6 amplification [74] leading to a defective G1 to S cell cycle transition. As in
this work, a growth inhibitory effect was observed in higher lomeguatrib
concentrations as well as a G1 arrest, it can be hypothesized that lomeguatrib is also
an inhibitor of CDK4/6. This may result in a lack of cyclin D:CDK4/6 complex unable
to phosphorylate pRb leaving it always active with no cell cycle progression upon G1
phase.

In order to investigate the underlying mechanisms upon the decreased radiation-
induced G2/M arrest upon 20 pM lomeguatrib, it was hypothesized that lomeguatrib

also enhances radioresistance in the clonogenic survival assay.

4.5 Lomeguatrib enhances radioresistance at high lomeguatrib

doses

The clonogenic survival assay is the gold standard in radiation biology to
determine the radiosensitivity of cell lines. Only cells that have survived a given dose

of radiation and in addition have retained their reproductive integrity can divide
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indefinitely and grow into colonies; these are called clonogenic cells [39]. The degree
of radiosensitivity is an important tool to predict treatment outcomes and also to test
new radiation modalities or drugs and inhibitors. By applying the linear-quadratic
model to the survival data dose-survival curves are obtained which describe the loss
of reproductive integrity in relation to the dose applied.

Since the different GBM cell lines are derived from different patients of different
ethnicities, ages, and gender as well as from different regions within the brain it is not
surprising that these cell lines differ in their radioresistance. Therefore, A172 and U118
are the most radiosensitive cell lines while T98G is the most radioresistant cell line.
LN18, LN229, and U251 show comparable intermediate radioresistance. Wank et al.
could also show that LN18 and LN229 are comparable radioresistant [75]. For the
combined treatment of lomeguatrib and radiation, only the MGMT unmethylated cell
lines were chosen including one of the most radiosensitive (U118), the most
radioresistant (T98G), and one of the intermediates (LN18) cell lines. Concluding from
these results there is no correlation between the MGMT status and the radiosensitivity
of the cell lines.

As hypothesized, after combined 20 pM of lomeguatrib and ionizing radiation
treatment all cell lines became more radioresistant compared to the cells that received
radiation only (Figures 3.9 — 3.11). This is explained by the increased G1 and S cell
cycle population upon high dose lomeguatrib and radiation, which are the
radioresistant phases of the cell cycle. Interestingly, a radiosensitizing effect was
detected after combined 1 nM low dose lomeguatrib and radiation treatment. These
data are not explained by the cell cycle data presented earlier since in low doses of

lomeguatrib no change in cell cycle was observed.
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4.6 Radiation-induced DN A damage is not affected by

lomeguatrib

In order to investigate the reason for the reduced G2/M arrest after combined
high dose lomeguatrib and radiation DNA damage was analyzed by staining for
YH2AX DSB repair foci 30 minutes and 24 hours after radiation.

The predominant direct target of ionizing radiation is the DNA, making DNA
double-strands breaks responsible for the therapeutic efficacy of radiotherapy. Upon
DNA damages e.g. caused by ionizing radiation, cells can either die or survive. As
mentioned earlier ATM, ATR, and DNA-PKcs are sensors for DSBs and
phosphorylate the histone H2AX to YH2AX at the site of the DSB to induce DNA
repair via HR or NHEJ. Quantification of the phosphorylated form yH2AX provides
direct inside into the amount of DNA DSBs, as well as into the cell’s capacity to repair
these breaks over time since YH2AX foci remain until the DSBs are repaired [76; 77].
As expected, a significant increase in YH2AX foci was observed 30 minutes after 8 Gy
ionizing radiation in all tested cell lines. A decrease in YH2AX foci, i.e. repaired DNA
DSBs, was observed in all cell lines 24 hours after irradiation due to the activated
DNA DSB repair mechanisms. This is in accordance with the cell cycle results where
a G2/M arrest was observed 24 hours after irradiation since the cells still show
remaining DSB repair foci which are repaired during G2/M arrest.

Lomeguatrib alone or in combination with irradiation did not affect DNA repair
in LN18 and U118 cells, since no significant differences were observed between
untreated samples and samples treated with 1 pM or 20 pM lomeguatrib. However, in
T98G 1 nM as well as 20 pM lomeguatrib exposure without irradiation significantly
increased the number of YH2AX foci per cell nucleus (Figure 3.17).

Taspinar et al. investigated DNA damages using the COMET assay upon 50 nM
lomeguatrib and observed a significant increase in DNA fragmentation in U118 and

T9I8G cells [60]. These findings are contrary to our findings since we were not able to
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detect significant differences in DNA double-strand breaks upon lomeguatrib
treatment. These differences are explained by the fact that Taspinar et al. did not
specify the duration of lomeguatrib treatment, used a higher concentration, and
investigated DNA fragmentation, which includes DNA double- as well as single-strand
breaks. In this thesis, only DNA double-strand breaks were analyzed, but it still might

be possible to detect an increased YH2AX foci upon 50 nM lomeguatrib as well.

4.7 Lomeguatrib does not affect radiation-induced apoptosis

Since DSB induction is not the mechanism leading to an increased radiosensitivity
at low lomeguatrib concentrations it was hypothesized that cell death, i.e. apoptosis
is responsible for the results.

The ultimate success of radiotherapy in treating cancers is due to the death of the
tumor cells [40]. The radiobiological more accurate term for cell death is the
“permanent loss of clonogenic capacity” [40] and highly depends on the DNA damage
response.

Apoptosis is one of the cell death pathways which is highly regulated and occurs
not only after e.g. radiation-induced DNA damages (intrinsic) but also upon external
signals from the surroundings (extrinsic) [40; 78]. In order to activate apoptosis pro-
apoptotic molecules need to be activated, or anti-apoptotic molecules need to be
inhibited. Since intracellular apoptosis-controlling pathways are often deregulated in
GBM new treatment options are investigated in order to restore apoptosis [78]. Here
it was hypothesized that lomeguatrib enhances apoptosis. However, a decreased
number of apoptotic cells were detected upon 1 pM and 20 pM lomeguatrib treatment
in LN18 cells, while T98G and U118 did not show differences compared to the
untreated controls. Upon 8 Gy irradiation induction of apoptosis was observed in all

cell lines 48 hours after irradiation but no effect was observed upon the combined
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treatment of radiation and lomeguatrib. Here, contradictory results were published
first by Taspinar et al. [60] and Ugur et al. [56] who reported no effect upon 50 pM
lomeguatrib in GBM cells, while Shi et al. [65] reported induction of apoptosis by
lomeguatrib in pancreatic cancer cells. These deviations might be explained due to the
different tumor entities, however, pancreatic cancer is also prominent for high radio-
and chemoresistance and mechanisms to avoid apoptosis [79)].

Since apoptosis is not the mechanism explaining the increased radiosensitivity
after low dose lomeguatrib it can be hypothesized that lomeguatrib exhibits a
radiosensitizing effect through other cell death pathways, such as autophagy, mitotic
catastrophe, senescence, or necrosis.

As Shi et al. [65] reported induction of apoptosis by increased expression of
Caspase-3 and Bax, which are both pro-apoptotic proteins [79], they also reported
suppressed autophagy upon lomeguatrib treatment in pancreatic cancer cells. They
observed a decrease in Bcl-2 (anti-apoptotic), Beclinl, and Atgh, which are essential
components of the autophagosome [80]. Here, it might be interesting to investigate
the difference to pancreatic cancer if autophagy is the responsible mechanism in GBM.

Mitotic catastrophe, however, is the leading cause of cell death upon ionizing
radiation [81] and occurs post-mitotic. After activation of cell cycle checkpoints and
completion of DNA repair via the DNA damage response some cells with unrepaired
DNA lesions are still able to enter mitosis [81]. Some tumor cells are additionally
deficient in apoptosis pathway and cell cycle checkpoints and therefore enter mitosis
with DNA lesions [82]. These lesions include chromosome aberrations such as dicentric
and acentric fragments, and ring chromosomes [40]. Since chromosomes with one or
more centromeres cannot be separated during metaphase, these cells will die from
mitotic catastrophe eventually. If, however, these cells omit the mitotic checkpoint
and complete mitosis with a tetraploid DNA content a giant polyploidy cell with the

remaining acentric fragment forming micronuclei will be formed [82]. Genetic material,
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however, will be lost upon next mitosis, which will ultimately result in cell death via

delayed apoptosis, delayed senescence, or delayed necrosis [82].

4.8 Migration is suppressed upon high dose lomeguatrib and

irradiation

GBM is characterized by extensive migration and invasion into the surrounding
healthy brain tissue [5] contributing to the high probability of recurrence and relapse.
Infiltration occurs via preexisting structures such as blood vessels and myelinated
nerve fibers and depends on the stiffness of the extracellular matrix (ECM) [83].
Therefore, GBM with high invasive potential produces large amounts of collagen,
fibronectin, and laminin promoting stiffness of the ECM required for cell migration
[83; 84]. Upon hypoxia or nutrient depletion glioma cells tend to migrate (“Go”), while
they proliferate (“Grow”) if sufficient amounts of oxygen and nutrients are available.
This principle is called “Go or Grow” [83]. Other factors contribute to the “Go or
Grow” principle as well, such as miRNAs [85], transcription factors [86], and also
ionizing radiation [87].

Increased migration potential upon low LET as used during radiotherapy is still
a negative side effect yet to overcome. As previously reported, ionizing radiation
increases migration of GBM cell lines in vitro [88-92]; here we could show increased
migration in LN18 and U118 cells upon 8 Gy ionizing radiation, but not in T98G cells
although this was published earlier [88; 89]. As Shi et al. demonstrated in pancreatic
cancer cells migration as well as invasion behavior was suppressed after lomeguatrib
treatment [65]. This finding is partially in accordance with the results of this work.
Here, a significant increase in migration was observed in LN18 cells upon 20 pM
lomeguatrib treatment compared to the untreated control. Interestingly, migration

was significantly decreased when 20 1M lomeguatrib was combined with 8 Gy ionizing
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radiation (Figure 3.24). However, 1 pM lomeguatrib had no effect on migration
behavior. Similar results were observed in U118 cells; no change in migration was
observed upon 1 pM or 20 pM (except after 24 hours migration was significantly
decreased) lomeguatrib compared to the untreated control (Figure 3.26 a). The
combination of lomeguatrib and irradiation did not reveal any significant differences
to the irradiate control samples, except after 24 hours migration was significantly
decreased upon 1 pM lomeguatrib (Figure 3.26 b).

In the T98G cell line, no migration behavior was detected in any of the tested
samples although reported otherwise [88; 89] and therefore, no effect of lomeguatrib
was observable (Figure 3.25). Differences in the results may be explained due to the
application of different assays (transwell assay or wound healing), chemoattractants,
or serum starvation.

Cell migration is an important process during embryonic development and tissue
homeostasis but also leads to cancer and promotes metastases [93]. Migration is a
complex process involving five stages: polarization, protrusion, cell-matrix adhesion,
ECM degradation, and retraction [94]. Polarization is the preparation of the leading
edge with membrane proteins to form protrusions, which require actin polymerization
for movement, followed by adhesion of the protrusion to the ECM via integrins to
generate traction [94]. Matrix metalloproteinases (MMPs) degrade the ECM to enable
further migration and final retraction of the cells' trailing edge [94]. MMPs are hereby
the important players for carcinogenesis; secreted by tumor cells MMPs degrade
interstitial matrix releasing cytokines to promote tumor movement also in surrounding
tumor cells [95]. MMP-2 and MMP-9 e.g. activate latent transforming growth factor
(TGF)-8, which enhances invasion and migration by upregulation of integrin av§3,
stimulates ROS production, and suppresses PTEN (tumor suppressor gene) [83].
Differential expression of MMPs [96] and TGF-8 [97] among cell lines might explain

the differences in migration behavior and different responses upon inhibitor treatment.
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Other factors influencing migration also involve growth factors, chemoattractants,
miRNAs, transcriptions factors, or mutations [84]. Internal factors vary between cell
lines since every cell line has its unique mutation pattern and unique expression of

miRNAs contributing to the observed differences in migration.

4.9 Lomeguatrib does not affect tumor growth in vivo

In order to further investigate the effects of MGMT inhibition upon radiotherapy
a subcutaneous xenograft mouse model was used. Mice were injected with lomeguatrib
24 hours before irradiation to ensure MGMT inhibition at the time of irradiation.
Middleton et al. [37] and Clemons et al. [58] reported extensive MGMT depletion in
all tested host tissues including the kidneys, liver, lung, and bone marrow already two
hours after a single i.p. dose of 20 mg kg-1 lomeguatrib. Complete inactivation of
MGMT in a subcutaneous MCF-7 xenograft was observed two to eight hours after
administration [58]. In the brain, MGMT depletion was 24 % only, but 100 % in a
subcutaneous melanoma tumor [37]. Based on these publications the dose of 20 mg
kg-1 i.p. was chosen and based on previous Western blot findings a duration of 24
hours before irradiation was chosen. MGMT depletion in the tumors or other tissues
was not further investigated.

Also, Hu et al. reported significantly reduced MGMT activity in T98G and
USTMG derived subcutaneous tumors after daily administration of 8 mg kg-1
lomeguatrib for three weeks [98].

Here, tumor growth delay was investigated in mice subcutaneously injected with
LN18 and U118 cells and irradiated at 0 Gy, 5 Gy, or 15 Gy ionizing radiation 24
hours after lomeguatrib treatment. First, significant differences in tumor growth were
detected between mice irradiated at the Gulmay and mice irradiated at the SARRP.

This might be due to the different energies of the devices (200 kV at the Gulmay vs.
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220 kV at the SARRP) as well as the difference in beam orientation. At the SARRP,
which allows for high precision and targeted irradiation, two beams were applied from
opposing directions to the delineated tumor. In contrast, imaging was not possible at
the Gulmay and the dose was delivered in a single beam.

Also, a significant difference between caliper and ultrasound measurements was
observed in the LN18 tumors, only. This is due to the fact that tumor cells were
injected too deep under the skin into the muscles of the mice. Therefore, caliper
measurements revealed smaller tumors compared to ultrasound measurements.

No significant tumor growth delay was detected upon lomeguatrib treatment
compared to the sodium chloride treated mice in either cell line. Also, no tumor growth
delay was observed upon 5 Gy or 15 Gy irradiation in any of the implanted cell lines,
although tumor quadrupling times were higher in both cell lines upon irradiation.
Interestingly, LN18 showed higher tumor quadrupling times after 5 Gy irradiation as
after 15 Gy, but U118 revealed opposing results with higher tumor quadrupling times
after 15 Gy irradiation.

The differences in tumor growth delay among the two cell lines might root in the
different radiosensitivity of the cell lines in vitro. However, U118 is a radiosensitive
cell line with a D50 of 1.62 Gy + 0.14 Gy, while LN18 is an intermediate radioresistant
cell line with a D50 of 2.27 Gy + 0.24 Gy. Therefore, opposing results would have
been expected and do not explain the difference in tumor growth delay times. Since
the mechanism behind the radioresistance of GBM is not fully understood it is
impossible to explain the results from the tumor growth delay experiment. It can be
hypothesized that migration might be important since both cell lines have shown
differential initial migration behavior. Further, invasion is a crucial process in GBM
as well and might contribute to tumor resistance not only to radiation but also to

other treatments, such as chemo- and inhibitor therapy.
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Also, lomeguatrib did not reveal any significant effect on tumor growth delay in
either cell line, which is in accordance with the results from Clemons et al. [58] and
Hu et al. [98] who both reported no effect on tumor growth upon 20 mg kg-1
respectively 8 mg kg-1. Here it was shown, that in contrast to the findings from the
in vitro experiments lomeguatrib in combination with irradiation did not show a
favorable effect in vivo.

However, MGMT inhibition was only assumed but not proven during this thesis
after lomeguatrib administration. Therefore, insufficient MGMT inhibition might be
a reason for the inconclusive results. As seen from the in vitro results low
concentrations of lomeguatrib revealed opposing results to high concentration
lomeguatrib treatments. As a direct translation of in vitro concentrations to in vivo
concentrations is almost impossible the already published lomeguatrib concentration
was administered during this thesis. It is possible that the concentration was too low
or too high to observe the hypothesized effects or the treatment duration was too

short and consequently, MGMT inhibition was insufficient.
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5. Conclusion and Outlook

The overall aim of this thesis was to investigate the role of MGMT in radiation
therapy. The highly specific and potent MGMT inhibitor lomeguatrib was used to
inhibit MGMT expression in MGMT promoter unmethylated cell lines, i.e. MGMT
expressing cell lines in vitro, as well as in xenograft tumors in vivo.

It is of great importance to mention that this is the first work investigating the
MGMT inhibitor lomeguatrib in combination with irradiation in vitro as well as in
VIV0.

First, it was demonstrated that lomeguatrib significantly inhibited MGM'T protein
expression in the three tested cell lines with different radiosensitivity. Already low
concentrations resulted in significantly reduced MGMT expression rather shortly after
administration. Interestingly, lomeguatrib exhibited different effects at different
concentrations; low concentration (1 pM) resulted in increased radiosensitivity while
higher concentrations (20 pM) resulted in increased radioresistance in all cell lines.
This observation was shown in other cellular processes as well, such as a reduced
radiation-induced G2/M arrest upon 20 pM but no change upon 1 pM. However,
apoptosis, induction of DNA double-strand breaks as well as DNA damage repair were
not altered by lomeguatrib.

While LN18 and U118 cells showed opposing results in the migration assay as well
as in the in vivo experiments, similar results were shown in the colony-forming assay,
cell cycle, and apoptosis analysis. In contrast, T98G, which was the most
radioresistant cell line, showed opposing results to the previously mentioned cell lines
when they showed similar results. E.g. DSB repair foci were increased in T98G cells
upon 1 pM and 20 pM, while LN18 and U118 showed no response. Also, T98G cells

were injected subcutaneously into NMRI nude mice but no tumor growth was
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observed while LN18 and U118 cells rapidly developed tumors. Also, no migration was
observed in T98G, while LN18 and U118 cells showed high migratory potential.

Since the three tested cell lines with initial different radiosensitivity showed
different outcomes in almost every experiment the underlying molecular differences of
the cell lines need to be further investigated, as well as the individual mutation
patterns. E.g. differential p53 expression greatly influences the cell cycle and different
miRNA expression patterns might be responsible for different migration behavior.
Future experiments need to investigate the underlying mechanisms contributing to
the different results upon different lomeguatrib concentrations and need to optimize
in vivo dosage, timing, and possible fractionated radiotherapy.

Still, this study gives new insights on the dose-dependent effects of lomeguatrib
in combination with ionizing radiation, which might be beneficial in the treatment of

MGMT promoter unmethylated GBM patients.
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Table A.1: Calculated p-values from cell cycle FACS analysis. Calculated applying

Student’s t-test. p-values in bold are statistically significant. Table reprint from [45].

p-value
cell line comparison
G1 G2/M S
0Gy 0uM -0 Gy 1 uM 0.7216 0.2716 0.5557
0Gy0uM -8 Gy 0 uM < 0.0001 < 0.0001 0.0957
0Gy1uM -8 Gy 1 uM < 0.0001 0.0002 0.3799
LN18 8Gy 0uM - 8 Gy 1 uM 0.6659 0.9615 0.6854
0 Gy 0 uM - 0 Gy 20 1M 0.8523 0.9020 0.9125
0 Gy 0uM -8 Gy 0 uM 0.0025 0.0003 0.0849
0 Gy 20 uM - 8 Gy 20 pM 0.0100 0.0374 0.6565
8 Gy 0 uM - 8 Gy 20 1M 0.0332 0.0085 0.0687
0Gy 0uM -0 Gy 1 uM 0.8923 0.3786 0.8771
0 Gy 0uM -8 Gy 0 uM 0.0580 0.0003 0.1098
0Gy1uM -8 Gy 1 uM 0.0419 0.0002 0.0510
TO8G 8 Gy 0 uM - 8 Gy 1 utM 0.7003 0.9021 0.8021
0 Gy 0 uM - 0 Gy 20 1M 0.6737 0.0140 0.1019
0 Gy 0uM -8 Gy 0 uM 0.0006 0.0024 0.9001
0 Gy 20 uM - 8 Gy 20 pM 0.0025 0.0001 0.1456
8 Gy 0 uM - 8 Gy 20 1M 0.0342 0.0511 0.9310
0Gy0uM -0 Gy 1 uM 0.1068 0.7759 0.8115
0 Gy 0uM -8 Gy 0 uM < 0.0001 < 0.0001 0.0007
0Gy1uM -8 Gy 1 uM < 0.0001 < 0.0001 0.0041
Ulls 8 Gy 0 uM - 8 Gy 1 utM 0.6896 0.0941 0.0532
0 Gy 0 uM - 0 Gy 20 1M 0.2950 0.0545 0.6297
0 Gy 0uM -8 Gy 0 uM 0.0047 0.0006 0.2414
0 Gy 20 uM - 8 Gy 20 pM 0.0124 0.0019 0.1552
8 Gy 0 uM - 8 Gy 20 ntM 0.0809 0.2753 0.7805
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Table A.2: Calculated p-values from migration assay. Calculated applying

Student’s t-test compared to the relative initial area (0 h). p-values in bold are

statistically significant.

. . . 0 Gy 8 Gy
cell line time point

0 nM 1 pM 20 nM 0 nM 1 pM 20 nM

6 h 0.7305 0.0063 0.0549 0.6121 0.4098 0.9972

LN18 24 h 0.0385 0.2289 <0.0001 0.1332 0.6353 0.2025

30 h 0.0262 0.1352 0.0015 0.0167 0.3219 0.1346

48 h 0.0458 0.1494 0.0001 0.0288 0.0177 0.0929

6 h 0.1794 0.0620 0.9388 0.4388 0.9864 0.9970

TO8G 24 h 0.2691 0.6208 0.0655 0.9880 0.4590 0.0105

30 h 0.0788 0.6823 0.0659 0.8503 0.4443 0.0081

48 h 0.0979 0.2985 0.1526 0.3844 0.7570 0.0005

6 h 0.0200 0.0079 0.0030 0.0027 0.0076 0.0001

U118 24 h 0.0071 0.0038 0.0042 0.0015 0.0011 0.0045
30 h 0.0017 0.0043 0.0104 0.0074 0.0627 < 0.0001

48 h 0.0019 0.0007 0.0186 0.0132 0.0126 0.0422

Table A.3: Calculated p-values from migration assay. Calculated applying

Student’s t-test compared to the relative initial area (0 h). p-values in bold are

statistically significant.

dose time point comparison LN18 TI8G U118
61 0 pM vs. 1 pM 0.1974 0.0868 0.9725
0 pM vs. 20 uM 0.5113 0.7358 0.6716
94 I 0 pM vs. 1 pM 0.5498 0.9731 0.9638
0 Gy 0 pM vs. 20 uM 0.0063 0.1553 0.0238
30 h 0 pM vs. 1 pM 0.4850 0.9813 0.6255
0 pM vs. 20 uM 0.0075 0.4845 0.3734
AS T 0 pM vs. 1 pM 0.4699 0.9495 0.4396
0 pM vs. 20 uM 0.0037 0.4064 0.5125
6h 0 pM vs. 1 pM 0.5093 0.9056 0.1200
0 pM vs. 20 uM 0.7461 0.8321 0.0944
94 I 0 pM vs. 1 pM 0.4434 0.3814 0.0264
§ Gy 0 pM vs. 20 uM 0.2944 0.5151 0.7733
: 30 h 0 pM vs. 1 pM 0.3822 0.2449 0.5004
0 pM vs. 20 uM 0.1929 0.8852 0.1343
48 h 0 pM vs. 1 pM 0.4017 0.1765 0.2011
0 pM vs. 20 uM 0.0980 0.2300 0.040
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