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Abstract

Introduction: High grade gliomas (HGG) are the most frequent and most aggressive type of
brain tumors with WHO grade Ill and IV. Especially gliomas of grade IV (glioblastomas) remain
incurable and are associated with a short median survival. Therefore, there is an urgent need
for improving the understanding of biological markers involved in pathogenesis and therapy
response of gliomas. Inhibitor of apoptosis proteins (IAPs) are essential for regulation of apop
tosis. Particularly Survivin and the X linked inhibitor of apoptosis protein (XIAP) are strongly
expressed in many tumors, driving malignant transformation, tumor progression, and most
importantly enabling tumor cells to resist therapy induced apoptosis. In turn, IAPs are regu
lated themselves by pro apoptotic factors, amongst which the XIAP associated factor 1 (XAF1)
is an important tumor suppressor, frequently downregulated in different tumor entities.
Methods: Cellular survival was analyzed by colony formation assay and cell viability assays in
the background of ectopic Survivin overexpression in glioma cells. In this here established cell
model, induction of apoptosis, necrosis, senescence, DNA damage, and DNA repair capacity
was investigated depending on the subcellular localization of Survivin. The epigenetic regula
tion of survivin and XAF1 was analyzed in glioma cells and HGG patient samples by methylation
specific PCR and methylation sensitive high resolution melt analysis. Kaplan Meier survival
estimates were calculated to determine survival differences in dependency of the XAF1 meth
ylation status in HGG patients.

Results: Predominantly cytoplasmic Survivin was found to mediate cellular resistance to the
alkylating anti cancer drug temozolomide (TMZ). Upon overexpression, Survivin led to an im
proved cellular survival and a reduced proportion of senescent cells. Both observations could
be linked to a lower induction of DNA damage (double strand breaks) that was caused by an
increased homologous recombination repair (HRR) capacity. In contrast, cells with overexpres
sion of mutant Survivin, accumulating within the cell nucleus, sensitized the cells towards the
applied treatment and were associated with increased DNA damage and an impaired HRR ac
tivity. In search for putative biomarkers, the methylation in the promoter regions of survivin
and XAF1 was analyzed. In glioma cells, no clear gene regulation of survivin by promoter meth
ylation was observed. However, CpG methylation in the XAF1 promoter was found to be in
versely correlated with XAFI mRNA and protein expression and furthermore to a strongly im
proved survival of patients with grade Ill gliomas. In these tumors, the occurrence of XAF1
methylation was strictly associated to a specific mutation in the IDH1 gene, which is widely
used as prognostic marker for HGG.

Discussion: Here, a yet unknown participation of Survivin in the HRR is described in the re
sponse to TMZ. It was shown that this protective effect relies on the intracellular localization
of Survivin. Thus, the expression and localization of Survivin might provide valuable infor
mation about the prognosis and the response to chemotherapy in HGG. Furthermore, XAF1
methylation was determined as a prognostic marker for grade Ill gliomas, being associated
with an improved survival and IDH1 mutations. Thus, analyzing this factor may improve the
accuracy of the prognosis in HGG and eventually predict the response to TMZ based therapy.



Abstract (deutsch)

Einleitung: Hochgradige Gliome (WHO Grad Ill und V) stellen die hdufigste und aggressivste
Tumorform unter den Hirntumoren dar. Besonders Glioblastome (Grad IV) sind mit einer du
Berst schlechten Prognose assoziiert und sind kaum therapierbar. Daher ist die Erforschung
von prognose oder therapieassoziierten Marker unabdingbar. Inhibitor of apoptosis proteins
(IAPs) sind in der Regulation der Apoptose beteiligt und in Tumoren haufig liberexprimiert.
Die wohl wichtigsten IAP Vertreter Survivin und X linked inhibitor of apoptosis protein (XIAP)
sind mitverantwortlich fir die maligne Transformation von Zellen, die Tumorprogression und
die Resistenzbildung gegenlber zytostatikainduzierter Apoptose. Die Inhibierung dieser IAPs
kann durch das pro apoptotische Tumorsuppressorprotein XIAP associated factor 1 (XAF1) er
folgen, welches seinerseits haufig in verschiedenen Tumorentitdten herunterreguliert ist.
Methoden: Zur Analyse des zelluliren Uberlebens wurden Koloniebildungstests und Zellviabi
litatstests in Abhdngigkeit von ektopischer Survivin Expression durchgefiihrt. In diesem hier
etablierten Zellmodell wurden auRerdem die Induktion von Apoptose/ Nekrose, Seneszenz,
DNA Schdden und der DNA Reparaturkapazitat in Abhangigkeit von der subzelluldaren Survivin
Lokalisation bestimmt. Die epigenetische Regulation von survivin und XAF1 wurde mittels me
thylierungsspezifischer PCR und high resolution melt Analyse untersucht. Um den Einfluss bei
der epigenetischen Faktoren auf das Uberleben von Gliompatienten zu ermitteln, wurden Ka
plan Meier Uberlebenszeitanalysen durchgefiihrt.

Ergebnisse: Zytoplasmatisch lokalisiertes Survivin vermittelte in den hier durchgefiihrten Ex
perimenten eine Resistenz gegeniliber dem alkylierenden Zytostatikum Temozolomid (TMZ).
Nach der Uberexpression von Survivin konnte ein stark verbessertes Uberleben und eine Re
duktion des Anteils seneszenter Zellen beobachtet werden. Beides konnte auf eine signifikant
reduzierte Zahl an DNA Doppelstrangbriichen und eine erhdhte DNA Reparaturkapazitat zu
rickgefihrt werden. Dagegen blieb dieser protektive Effekt in Zellen, in denen Survivin im
Kern lokalisiert war, aus. Zur Evaluation von survivin und XAF1 als potentielle Biomarker in
hochgradigen Gliomen wurde die epigenetische Stilllegung beider Promotorregionen unter
sucht. Wahrend fir survivin keine epigenetische Regulation beobachtet werden konnte,
wurde flir XAF1 eine eindeutige, inverse Korrelation zwischen der Promotormethylierung und
der XAF1 mRNA und Protein Expression festgestellt. Ein methylierter XAF1 Promotor war po
sitiv mit dem Uberleben von Gliompatienten (Grad lll) assoziiert und trat in dieser Tumoren
titat strikt in Zusammenhang mit einer Mutation im /IDH1 Gen auf, welche ein gut etablierter
Biomarker fur hochgradige Glioma darstellt.

Diskussion: In der vorliegenden Arbeit konnte eine neuartige Rolle von Survivin bei der Repa
ratur von TMZ induzierten Doppelstrangbriichen (iber die Homologen Rekombination be
schrieben werden. Dies war stark abhangig von der Lokalisation des Proteins. Die Information
Uber die Expression und Lokalisation von Survivin in Gliomen kdnnte daher einen vielverspre
chenden molekularen Marker darstellen. Die prognostische Bedeutung der Methylierung des
XAF1 Promotors wurde fiir Grad Il Gliome nachgewiesen und kénnte aufgrund seiner strikten
Assoziierung mit Mutationen im IDH1 Gen zur Unterstlitzung der Prognose und der Vorher
sage des Therapieansprechens herangezogen werden.
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Introduction

1 Introduction

The constantly increasing knowledge of genes involved in tumorigenesis and the pathology of
tumors is the basis of modern tumor biology. Identification of new biological tumor markers,
either specific for certain tumor types, or ubiquitous among different tumor entities, allows a
highly differential diagnosis and clears the way for a precise and personalized therapy ap
proaches. Also, the identification of genetic markers that are associated with a predisposition
to cancer help to improve treatment possibilities due to preventive medical checkups. At pre
sent, there are well established prognostic and therapy guiding markers for different cancer
types. A well characterized example is breast cancer (BC). Two decades ago, certain heterozy
gous germline mutations in BRCA1 and BRCA2 were linked to a predisposition for developing
breast and ovarian cancer [1,2]. Mechanistically, this susceptibility to cancer was explained
when both gene products were identified to be involved in repair of DNA double strand breaks
(DSB) via homologous recombination (HR) [3,4]. These markers became increasingly im
portant not only for prognosis but also for the choice of therapy, indicating a treatment with
platinum drugs and PARP inhibitors [5]. A “BRCAness” could also be observed in non heredi
tary/ sporadic breast cancer, ovarian cancer and other cancers which opened the possibility
of a wider application of BC treatment regimens [6], emphasizing the huge importance of mo

lecular markers.

1.1 Molecular markers in cancer therapy

In BC, combining molecular markers with other (classical) predictive markers like estrogen re

ceptor (ER), progesterone receptor (PR), or human epidermal growth factor receptor 2 (HER2)
positivity has provided a good basis for an individual therapy of BC. Hormone receptor positive
tumors are responsive to an anti hormonal therapy with selective ER response modulators,
ER downregulators, and others. HER2 positive BCs are sensitive to trastuzumab (inter alia), a
humanized monoclonal antibody against HER2. Triple negative BCs on the other hand, not
showing ER, PR, or HER2 positivity, require a different type of treatment. The importance of
guiding an effective molecular therapy of these biologically different tumors by clinical testing
has been emphasized by recent efforts for standardization of the diagnostic methods for de

tecting the hormone receptor status and HER2 status [7,8].
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In case of gliomas, the use of molecular markers in therapy is less advanced. Most of the time,
a diagnosis of this disease is devastating for the patients, as therapy options are still missing.
The current standard type of care usually involves a combination of surgery and radiation
therapy (RT) and chemotherapy (CT). Indeed, there is a constant progress with regard to the
discovery of new markers and the possibility of a precise molecular subgrouping of tumor

entities, but these efforts are mostly of sheer prognostic implications.

1.2 Gliomas represent the most common type of malignant brain tumors

Gliomas belong to tumors of the central nervous system (CNS) which are mainly affecting the
brain and brain stem (95 %) [9]. The remaining 5 % represent very rare tumors of the menin

ges, cerebral nerves, the spinal cord amongst others [ibid.]. Depending on the histopathology
and more and more on the use of molecular markers, CNS tumors are subdivided into different
tumor types with distinct pathological features. Since over 100 tumor entities are described,
diagnosing a tumor correctly is a demanding task, as prognosis and further clinical treatment
depend on this initial histopathological work. Clinicians and neuropathologists can find advice
for their diagnosis in the “WHO Classification of Tumours of the Central Nervous System”,
which is released by the World Health Organization (WHO) with regular updates. The WHO
grading of tumors ranges from grade | =1V and is performed in parallel to the classification
system, based on histological criteria. This grade provides an important tool for defining the
malignancy and aggressiveness of the tumor to aid therapy decisions. The criteria for WHO
grading of CNS tumors are summarized in Table 1 according to Kleinhues et al. [10]. Besides
the grading, the WHO guideline gives an overview of all tumor entities currently being imple

mented (Table 2) [11].
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Table 1: WHO grading for tumors of the CNS. The different WHO tumor grades depend on distinct
histopathological features. The occurrence of several features at once suggest the classification into a
higher grade. Tumor grading was summarized according to Kleinhues et al. [10].

WHO Tumor characteristics histopathological features
grade
| lesions with low proliferative potential, frequently

discrete nature, and the possibility of cure by surgi
cal resection alone

1l lesions are generally infiltrating and show low mi | 0 or 1 feature; usually nu
totic activity; tumors might also progress to lesions | clear atypia
of higher grades

n clear histological signs of malignancy: increased mi | 2 features; usually nuclear
totic activity, infiltrative growth, anaplasia atypia and mitotic activity

v mitotically active neoplasms that are necrosis | 3 features; usually nuclear

prone and associated with a rapid pre and postop | atypia, mitoses, endothelial
erative disease progression; strong infiltration of | proliferation, and/ or necro
neighboring tissue might add to the tumor proper | sis

ties

Gliomas are tumors originating from probably different glial progenitor cells which make up
the non neuronal supportive CNS tissue. This includes astrocytes, oligodendrocytes, ependy

mal cells, and microglia. Gliomas account for 30 — 40 % of all primary intracranial tumors [12]
or 27 % according to the American Brain Tumor Association (ATBA) in 2016 [13]. With this high
percentage, gliomas are also representing the majority (~80 %) of all primary malignant brain
neoplasms [13], while 32.8 % of brain and CNS tumors are diagnosed as being malignant, and
more than two thirds are of benign nature [14]. In the age group of adolescents and young
adults (15 — 39 years), malignant brain and CNS tumors are the 3" most common cause of
cancer death [15], whereas in adults they rank on place 8., despite being a relatively rare can

cer overall with about 3 % of the estimated new cases in the US in 2016 [16]. The 5 year sur

vival rates of CNS tumors of about 22 % or even only 8 % for glioblastomas (GB) are miserable
in comparison to other cancers (breast cancer: 80 %; colorectal cancer: 52 %; overall men:
52 %; overall women: 58 %) [9] and have not improved much in the last decade. These facts
underline the importance of research aiming at the discovery of new glioma markers and

thereby potential therapy targets especially for high grade gliomas (HGG).

Most cases of malignant gliomas (> 50 %) are astrocytomas of WHO grade 1V, also referred to
as GB, with the worst prognosis among the brain tumors [17,18]. Despite the advances in the
treatment by a combination of surgery (maximum safe resection) with subsequent RT with
concomitant plus adjuvant temozolomide(TMZ) based CT, median overall survival (OS) is

3
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14.6 months only [19]. This is @ minor improvement in comparison to 12.1 months after sur

gery and RT alone [ibid.] and demonstrates the destructive nature of this disease. Beside GB,
WHO II diffuse or WHO Il anaplastic astrocytomas (AA) make up 15.9 % of the gliomas and
WHO Il oligodendrogliomas or WHO Il anaplastic oligodendrogliomas (AO) are found in
13.6 % of the cases [17]. The residual percentages are allotted to ependymomas, pilocytic as

trocytomas, and others. Together, AA (WHO lll), AO (WHO lll), and GB (WHO IV) represent the
group of HGG which are highly invasive tumors that remain largely incurable. A small entity of
WHO Il tumors referred to as anaplastic oligoastrocytoma (AOA) also belongs to this group.
These tumors show histological features of astrocytes and oligodenrocytes and thus cannot
be classified as either tumor entity by classic histology. However, the diagnosis of AOA is
strongly discouraged by the recent WHO guideline, as nearly all of these tumors can be classi

fied as either astrocytoma or oligodendroglioma by genetic testing [20].

For now, steering glioma therapy on the basis of molecular markers is not performed gener

ally. In some cases, molecular markers can help to indicate the choice of treatment combina

tions. In GB patients with 1p/ 19q codeletion (codel) for instance, a combination of RT and CT
with procarbazine, CCNU, vincristine (PCV) can achieve a doubling of the survival time as com

pared to RT alone [21]. Though, a combined chemotherapy with PCV also clearly improves the
prognosis of patients without 1p/ 19q codel, and therefore stratification upon this marker is
not realized in all centers [21]. Furthermore, the methylation status of the ok methylguanine

DNA methyltransferase (MGMT) promoter is usually analyzed but not relevant for the choice
of therapy, e.g. whether to use alkylating agents or not. First evidence indicating a predictive
value of MGMT promoter methylation had already been published in 2005 by Stupp et al. and
Hegi et al., who demonstrated an improved OS for patients with methylated MGMT promoter
upon concomitant TMZ treatment [19,22]. In subsequent phase 3 trials, a predictive value of
the MGMT status for the treatment with TMZ was only found for elderly (> 65 years) patients
(NOA 08 [23] and Nordic [24]). NOA 08 revealed that patients with anaplastic astrocytoma
(AA) and GB older than 65 years, showing MGMT promoter methylation, benefit in terms of
an improved event free survival (EFS) from TMZ based chemotherapy alone, when compared
to the standard RT alone. An improved OS was not observed. The authors suggested to make

use of the MGMT status as predictive biomarker for the treatment of this particular patient

group.
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Table 2: 2016 WHO Classification list of tumor entities of the central nervous system. The British Eng-
lish spelling was adopted from the original source. Reproduced with permission from Louis, DN, Ohgaki,
H, Wiestler, OD, Cavenee, WK, Ellison, DW, Figarella-Branger, D, Perry, A, Reifenberger, G, Von
Deimling, A. World Health Organization Classification of Tumours of the Central Nervous System,
Fourth Edition revised. IARC, Lyon, 2016 (see appendix (p. 164) for reprint permission).

Diffuse astrocytic and oligodendroglial tumours Neuronal and mixed neuronal-glial tumours

Diffuse astrocytoma, IDH-mutant 9400/3 Dysembryoplastic neuroepithelial tumour 9413/0
Gemistocytic astrocytoma, IDH-mutant 9411/3 Gangliocytoma 9492/0
Diffuse astrocytoma, IDH-wildtype 9400/3 Ganglioglioma 9505/1
Diffuse astrocytoma, NOS 9400/3 Anaplastic ganglioglioma 9505/3
Dysplastic cerebellar gangliocytoma
Anaplastic astrocytoma, IDH-mutant 9401/3 (Lhermitte-Duclos disease) 9493/0
Anaplastic astrocytoma, IDH-wildtype 9401/3 Desmoplastic infantile astrocytoma and
Anaplastic astrocytoma, NOS 9401/3 ganglioglioma 9412/1
Papillary glioneuronal tumour 9509/1
Glioblastoma, IDH-wildtype 9440/3 Rosette-forming glioneuronal tumour 9509/1
Giant cell glioblastoma 9441/3 Diffuse leptomeningeal glioneuronal tumour
Gliosarcoma 9442/3 Central neurocytoma 9506/1
Epithelioid glioblastoma 9440/3 Extraventricular neurocytoma 9506/1
Glioblastoma, IDH-mutant 9445/3* Cerebellar liponeurocytoma 9506/1
Glioblastoma, NOS 9440/3 Paraganglioma 8693/1
Diffuse midline glioma, H3 K27M-mutant 9385/3* Tumours of the pineal region
Pineocytoma 9361/1
Oligodendroglioma, IDH-mutant and Pineal parenchymal tumour of intermediate
1p/19g-codeleted 9450/3 differentiation 9362/3
Oligodendroglioma, NOS 9450/3 Pineoblastoma 9362/3
Papillary tumour of the pineal region 9395/3
Anaplastic oligodendroglioma, IDH-mutant
and 1p/19g-codeleted 9451/3 Embryonal tumours
Anaplastic oligodendroglioma, NOS 9451/3 Medulloblastomas, genetically defined
Medulloblastoma, WNT-activated 9475/3*
Oligoastrocytoma, NOS 9382/3 Medulloblastoma, SHH-activated and
Anaplastic oligoastrocytoma, NOS 9382/3 TP53-mutant 9476/3*
Medulloblastoma, SHH-activated and
Other astrocytic tumours TP53-wildtype 9471/3
Pilocytic astrocytoma 9421/1 Medulloblastoma, non-WNT/non-SHH 9477/3*
Pilomyxoid astrocytoma 9425/3 Medulloblastoma, group 3
Subependymal giant cell astrocytoma 9384/1 Medulloblastoma, group 4
Pleomorphic xanthoastrocytoma 9424/3 Medulloblastomas, histologically defined
Anaplastic pleomorphic xanthoastrocytoma 9424/3 Medulloblastoma, classic 9470/3
Medulloblastoma, desmoplastic/nodular 9471/3
Ependymal tumours Medulloblastoma with extensive nodularity 9471/3
Subependymoma 9383/1 Medulloblastoma, large cell / anaplastic 9474/3
Myxopapillary ependymoma 9394/1 Medulloblastoma, NOS 9470/3
Ependymoma 9391/3
Papillary ependymoma 9393/3 Embryonal tumour with multilayered rosettes,
Clear cell ependymoma 9391/3 C19MC-altered 9478/3*
Tanycytic ependymoma 9391/3 Embryonal tumour with multilayered
Ependymoma, RELA fusion—positive 9396/3* rosettes, NOS 9478/3
Anaplastic ependymoma 9392/3 Medulloepithelioma 9501/3
CNS neuroblastoma 9500/3
Other gliomas CNS ganglioneuroblastoma 9490/3
Chordoid glioma of the third ventricle 9444/1 CNS embryonal tumour, NOS 9473/3
Angiocentric glioma 9431/1 Atypical teratoid/rhabdoid tumour 9508/3
Astroblastoma 9430/3 CNS embryonal tumour with rhabdoid features 9508/3
Choroid plexus tumours Tumours of the cranial and paraspinal nerves
Choroid plexus papilloma 9390/0 Schwannoma 9560/0
Atypical choroid plexus papilloma 9390/1 Cellular schwannoma 9560/0
Choroid plexus carcinoma 9390/3 Plexiform schwannoma 9560/0
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Melanotic schwannoma 9560/1 Osteochondroma 9210/0
Neurofibroma 9540/0 Osteosarcoma 9180/3

Atypical neurofibroma 9540/0

Plexiform neurofibroma 9550/0 Melanocytic tumours
Perineurioma 9571/0 Meningeal melanocytosis 8728/0
Hybrid nerve sheath tumours Meningeal melanocytoma 8728/1
Malignant peripheral nerve sheath tumour 9540/3 Meningeal melanoma 8720/3

Epithelioid MPNST 9540/3 Meningeal melanomatosis 8728/3

MPNST with perineurial differentiation 9540/3

Lymphomas
Meningiomas Diffuse large B-cell lymphoma of the CNS 9680/3
Meningioma 9530/0 Immunodeficiency-associated CNS lymphomas
Meningothelial meningioma 9531/0 AIDS-related diffuse large B-cell lymphoma
Fibrous meningioma 9532/0 EBV-positive diffuse large B-cell lymphoma, NOS
Transitional meningioma 9537/0 Lymphomatoid granulomatosis 9766/1
Psammomatous meningioma 9533/0 Intravascular large B-cell lymphoma 9712/3
Angiomatous meningioma 9534/0 Low-grade B-cell ymphomas of the CNS
Microcystic meningioma 9530/0 T-cell and NK/T-cell lymphomas of the CNS
Secretory meningioma 9530/0 Anaplastic large cell ymphoma, ALK-positive 9714/3
Lymphoplasmacyte-rich meningioma 9530/0 Anaplastic large cell ymphoma, ALK-negative 9702/3
Metaplastic meningioma 9530/0 MALT lymphoma of the dura 9699/3
Chordoid meningioma 9538/1
Clear cell meningioma 9538/1 Histiocytic tumours
Atypical meningioma 9539/1 Langerhans cell histiocytosis 9751/3
Papillary meningioma 9538/3 Erdheim-Chester disease 9750/1
Rhabdoid meningioma 9538/3 Rosai-Dorfman disease
Anaplastic (malignant) meningioma 9530/3 Juvenile xanthogranuloma
Histiocytic sarcoma 9755/3

Mesenchymal, non-meningothelial tumours
Solitary fibrous tumour / haemangiopericytoma** Germ cell tumours

Grade 1 8815/0 Germinoma 9064/3

Grade 2 8815/1 Embryonal carcinoma 9070/3

Grade 3 8815/3 Yolk sac tumour 9071/3
Haemangioblastoma 9161/1 Choriocarcinoma 9100/3
Haemangioma 9120/0 Teratoma 9080/1
Epithelioid haemangioendothelioma 9133/3 Mature teratoma 9080/0
Angiosarcoma 9120/3 Immature teratoma 9080/3
Kaposi sarcoma 9140/3 Teratoma with malignant transformation 9084/3
Ewing sarcoma / PNET 9364/3 Mixed germ cell tumour 9085/3
Lipoma 8850/0
Angiolipoma 8861/0 Tumours of the sellar region
Hibernoma 8880/0 Craniopharyngioma 9350/1
Liposarcoma 8850/3 Adamantinomatous craniopharyngioma 9351/1
Desmoid-type fibromatosis 8821/1 Papillary craniopharyngioma 9352/1
Myofibroblastoma 8825/0 Granular cell tumour of the sellar region 9582/0
Inflammatory myofibroblastic tumour 8825/1 Pituicytoma 9432/1
Benign fibrous histiocytoma 8830/0 Spindle cell oncocytoma 8290/0
Fibrosarcoma 8810/3
Undifferentiated pleomorphic sarcoma / Metastatic tumours

malignant fibrous histiocytoma 8802/3 ———
Leiomyoma 8890/0 ;rheomor;l)holo% Soges7ir2e Afrolgn Lhe _Inter_natioga(lj(/‘,(l)afssifki)cat_ion ;)f Diseases
Leiomyosarcoma 8890/3 /?rfornlfr?sg?c,:éied, bo)riierliné', o? uiézl:;ilr? gghgviour;()/; fi? Icgarl]rc?r:gomuzgsiﬁ
Rhabdomyoma 8900/0 situ and grade |1l intraepithelial neoplasia; and /3 for malignant tumours.
Rhabdomyosarcoma 8900/3 The classification is modified from the previous WHO classification, taking
Chondroma . s
Chondrosarcoma 9220/3 ltalics: Provisional tumour entities. **Grading according to the 2013
Osteoma 9180/0 WHO Classification of Tumours of Soft Tissue and Bone.

In principle, these data are in line with the Nordic study by Malmstrom et al 2012 [24]. Here,
a total of 342 patients with GB were randomized into three treatment groups, comparing TMZ
treatment vs. hypofractionated RT vs. standard RT. Median OS was reported to be longer in
TMZ treated group (8.3 months) than in the group that received standard RT (6.0 months)

with a hazard ration of 0.70 (95 % Cl 0.52 — 0.93; p = 0.01). In contrast, there was no significant
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difference when compared to hypofractionted RT (7.5 months; hazard ratio: 0.85 (95 % Cl
0.64 —1.12; p = 0.24). A clear influence of the MGMT methylation status, however, could not
be demonstrated, as survival differences were not statistically significant. Nevertheless, the
authors concluded that for elderly patients (>70) the use of the MGMT promoter methylation
status could indicate the option of a TMZ based therapy. Although these and other reports
speak in favor of the use of MGMT methylation as therapy determining marker, “stratification
of patients by the use of one biomarker (still) is not an established approach in neuro oncology

[...]" [23].

As demonstrated above, the use of molecular markers for glioma therapy is heterogeneous
and inconsequent. However, recent advances in tumor characterization by means of genetic
and epigenetic analyses have led to a complete revision of the WHO classification system pub

lished in 2016 [20]. The so far valid classification system published 2007 mostly utilizes histo

pathological and immunohistochemical parameters for tumor classification [25]. Now, for the
first time, molecular markers are utilized in addition to classic histological characteristics to
define many tumor entities [11]. One groundbreaking discovery that might have paved the
way into the molecular era of brain tumor classification was made in 2008. A mutation in the
isocitrate dehydrogenase gene (IDH1) was identified by sequencing 20661 protein coding
genes in GB, and it was found to have huge implications for the prognosis of GB patients [26].
The transition of guanine to adenine (G395A) causes a substitution of an arginine with a histi

dine in the active site of the protein (R132H) and was evident in 12 % of GB patients analyzed
[ibid.]. It was noticeable that this IDHI mutation preferentially occurred in younger GB pa

tients (mean age of 33 years in IDH1 mut vs. 53 years in IDH1 wt) and surprisingly in nearly all
patients with secondary GB. Furthermore, the IDH1 mut was associated with a significantly
improved prognosis (median OS of 3.8 years as compared to 1.1 years). In the following, IDH1
mutation status advanced to one of the most important and researched molecular markers
for the diagnosis of gliomas and the definition of different glioma entities. This discovery did
not only lead to the recent fundamental revision of tumor classification (Figure 1), but also
generated a molecular understanding of distinct glioma subgroups with significantly different

clinical pictures and cell physiology.
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Classification of diffuse gliomas according to the 2016
»WHO Classification of Tumours of the Central Nervous System*

( diffusely infiltrating gliomas '

astrocytoma (I1);
anaplastic astrocytoma (lll)

oligodenroglioma (I1);
anaplastic oligodendroglioma (ll1)

Oligoastrocytoma
(diagnosis discouraged)

glioblastoma (1V)

--a

IDH-mut (~10 %)
secondary GB;
arises from lower
grade, preferen-
tially in younger
patients

IDH-wt (~90 %)
de novo/ primary
GB; predominant

IDH-mut @ IDH-wt (rare)
(great majority) o IDHI-wt diffuse astrocy-
toma is an uncommon diag-

nosis: danger of misdiagno-

* ¢ sis of lower grade lesions,
such as gangliogliomas

e IDH1-wt anaplastic astrocy-

in patients over
55 years

t f thi tl '
ATRX loss 1p/ 199 omas of this group mostly .
P53 mutati deleti share genetic features e
mutation codeletion highly characteristicfor IDH | "7 ~
\/

wild-type glioblastoma

}

(not otherwise specified)

IDH1/2 status not confirmed by sequencing
oligodendroglioma; or inconclusive testing results
anaplastic oligodendroglioma
diffuse astrocytoma

Figure 1: Classification procedure for diffuse gliomas involving histologic and genetic features ac-
cording to the 2016 WHO guidelines. This new classification incorporates grade Il and Il astrocytic
tumors, the grade Il and grade Il oligodendroglial tumors, and grade IV glioblastomas (GB) to the group
of diffuse gliomas. The controversial group of oligoastrocytomas of grade Il and Il are suggested to be
assigned to the NOS category (not otherwise specified) which is also used in the case of inconclusive
IDH testing results. The diagnosis of oligodendroglioma or anaplastic oligodendroglioma requires the
demonstration of an IDH mutation and a 1p/19q co-deletion. Asterisks indicate a characteristic but not
required genetic testing result. Based on a review of the WHO guidelines by Louis et al. (2016) [11].

1.3 Isocitrate dehydrogenase family and IDH mutations in gliomas

The influence of IDH1 mutations on the behavior of astrocytomas has yet not been fully un
derstood. IDHs catalyze the reversible oxidative decarboxylation of isocitrate to a ketoglu
tarate (aKG), utilizing NAD" or NADP" as electron acceptor, depending on the IDH class [27].
IDH1 is one of three highly similar human isoforms, which uses NADP" as co factor. IDH1 is
localized in the cytosol, the peroxisomes, and mitochondria [28]. The NAD" dependent en
zymes (IDH3 isoforms) catalyze a key step in the citric acid cycle in the mitochondria and act
as heterooctamer [29]. NADP" dependent cytosolic IDH1 and mitochondrial IDH2 act as ho

modimers and have also been shown to contribute to the cellular defense against oxidative
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damage [30]. The heterozygous, cancer related mutations in conserved amino acid residues
are found in the genes of IDH1 and IDH2 and are predominant for a subset of gliomas and also
AML [31]. These mutations mainly affect the amino acid 132 or the corresponding R172 in
IDH2. For IDH1, the substitution of Arg with His (R132H) occurs in more than 92 % of the mu

tations [32]. These changes are crucial for the enzyme’s function as they affect the active site
of the protein and thereby the binding of the ligands (Figure 2). Substitutions at the position
R132 have been reported to reduce the protein’s ability of converting isocitrate to aKG and
have originally been interpreted to dominantly inhibit the wild type IDH1 activity through het

erodimer formation [33]. However, these mutations have been identified as gain of function
mutations that allow the neomorphic conversion of aKG to 2 hydroxyglutarate (2 HG) [34,35].
Upon metabolite profiling, about 100 fold elevated levels of 2 HG were found in astrocytoma
cells expressing mutated (mut) IDH1 compared to IDH1 wildtype (wt) expressing control cells.
Noticeable amounts of 2 HG were also found in glioma samples, whereat no significant reduc

tion in aKG levels was observed. Furthermore, there is strong evidence showing that the IDH1
gain of function, to produce 2 HG, contributes to tumorigenesis by several molecular mecha

nisms. Biologically, the onco metabolite 2 HG functions as competitive inhibitor of non heme
iron dioxygenases that utilize aKG as a redox co factor [36]. Important enzymes involved in
processes of epigenetic regulation belong to this group, including JmjC domain containing his

tone demethylases [37] and the ten eleven translocation (TET) family enzymes that oxidize
5 methylcytosine (5 mC) to 5 hydroxymethylcytosine [38]. The inhibition of these enzymes by
2 HG causes enormous changes to the epigenome in terms of an extensive, coordinated hy

permethylation at specific loci which accounts for the so called G CIMP (glioma CpG island
methylator phenotype) [36,39]. This cancer related phenotype is associated with malignant
transformation, increased proliferation, and an inhibition of differentiation and tightly linked
to IDH mutations [40]. In gliomas, an IDH1 mutation is sufficient to establish the G CIMP by
mechanistically causing DNA hypermethylation of a large number of genes [41,42]. Alongside
with this characteristic methylation pattern, interestingly, also a small number of hypometh

ylated genes was found [ibid.].
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Figure 2: Crystal structure of human IDH1 homodimer in complex with NADP' and Ca**/
aKG. Protein chain of the first monomer is shown in blue with a-KG (green), Ca’* (grey),
NADP” (yellow). The arginine 132 in the active site is colored in red. Position 132 is fre-
quently mutated in different glioma entities. For reasons of clarity, the second monomer
is shown as surface model only (pale orange). This structural view was created using
RCSB Protein Workshop [43,44] with structural data of PDB entry 4L04 [36].

The discovery of IDH1 mutation in GB by Parsons et al. led to the awareness of this neomorphic
metabolic enzyme and its broad clinical implications [26]. Further studies identified /IDH mu
tations as being specific for WHO Il and Ill oligodendrogliomas and astrocytomas and GB, hav
ing evolved from the aforementioned, since more than 70 % of these tumors show /DH muta
tions [45]. In contrast, IDH1 mutations are very rare events in patients with primary GB (3 %),

whereas they are found in about 50 — 82 % of secondary GB [46 48].
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Because of the association with lower grade tumors, IDH1 mutations are discussed to occur
early during gliomagenesis and therefore might represent driver mutations that occur in
stem/ progenitor cells of the brain, causally linked to tumor development [32,49]. Despite a
better genetic understanding of gliomas, IDH1 targeting therapies have not brought a break
through in glioma therapy, yet. Small molecule inhibitors targeting mutant IDH1 and vaccine
immunotherapy with mutant IDH1 loaded onto MHC class Il complexes are currently under
investigation [50], but effectiveness in clinical trials has not been proven, yet. Hence, the de
manding search for new markers and, even more important, of new therapeutic targets is of
utmost importance. Of special interest in this context are proteins that exhibit a tumor spe
cific expression, as they would be highly suitable for selective cancer targeting strategies. Such
factors additionally involved in resistance mediating pathways like the inhibition of apoptosis

or activation of DNA repair processes further provide a promising target for this approach.

1.4 DNA repair pathways involved in glioma therapy

Types of DNA damage are manifold and so are the mechanisms involved in the repair of the
DNA and the maintenance of the genome. In normal cells, DNA repair pathways are essential
to avoid mutations and maintain the genomic stability upon various exogenous DNA damag
ing influences like UV irradiation, food carcinogens, e.g. aflatoxins, N nitroso compounds, and
others. Also, endogenous sources of DNA damage, like reactive oxygen species (ROS) or col
lapse of replication forks, lead to different DNA lesions. The instances of DNA repair protect
cells from malignant transformation and thereby ultimately prevent cancer formation. Vice
versa, defects in DNA repair pathways or upstream signaling pathways are associated with a
predisposition for cancer. Interestingly, tumors with such defects provide the possibility to
target the remaining “backup” pathways of DNA repair which creates a tumor specific “syn
thetic lethality”. On the other hand, DNA repair can also contribute to the cellular resistance

to CT or RT.

In the therapy of gliomas, ionizing radiation (IR) and the alkylating anti cancer drug TMZ are
used in the standard treatment regimen (see 1.2). These approaches aim at the induction of
apoptosis in cancer cells via causing different types of DNA damage. However, the most lethal
type of DNA damage in both cases are DSBs. DSBs are the source of chromosomal breaks and
exchanges and may cause a fatal loss of genetic information by which these lesions unfold

their enormous genotoxic potential.
11
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1.4.1 TMZ: Induction of DNA double-strand breaks

Ironically, in case of the alkylating anti cancer drug TMZ, the generation of DSBs involves DNA
repair mechanisms themselves. Alkylating agents or their intermediates are highly electro
philic reaction partners that are prone to a nucleophilic attack by ring nitrogen and extracyclic
oxygen atoms of DNA bases. In aqueous solution, temozolomide is converted to its interme
diates in a spontaneous and pH dependent reaction, ultimately releasing a highly electrophilic
methyldiazonium cation (Figure 3) [51]. Depending on the starting substance, covalent base
adducts are formed with methyl groups or larger alkyl moieties. Furthermore, the number of
reactive sites within an alkylating compound, in particular if they are monofunctional or bi
functional, gives rise to different base alkylation patterns [52]. Also, the nucleophilic reactivity
of the “target” atoms and the underlying mechanism of the nucleophilic substitution (one step
Sn1 vs. two step/ Sn2) play a crucial role for the alkylation frequency of different base posi
tions. The N7 position of guanine has a high nucleophilic reactivity and thus N7 methylgua
nine (7meG) is the major DNA lesion found in 60 — 80 % of all alkylations upon exposure to an
Sn1 type alkylating drug like TMZ (Figure 3) [52]. Although 7meG has no mutagenic or cyto
toxic effects on its own, it is susceptible to spontaneous depurination. The resulting apurinic
site (AP) can inhibit DNA polymerases and is a source of mutations due to misincorporations
during DNA replication [53,54]. The monofunctional Sy1 methylating chemotherapeutic drug
TMZ, together with dacarbazine and procarbazine, belongs to the group of triazine com
pounds. Beside 7meG, these agents form N3 methyladenine (3meA) in about 10 — 20 % of the
cases [55]. In contrast to 7megG, alkylations in N3 of adenine are highly cytotoxic, as most DNA
polymerases cannot bypass this lesion which leads to sister chromatid exchanges, chromo
some gaps/ breaks, and finally to S phase arrest [56]. The N1 position of adenine and the N3
position of guanine can also be alkylated by monofunctional agents, which leads to the for
mation of the mispairing and replication blocking lesions 1meA and 3meG, respectively
[52,57]. However, in double stranded DNA, these positions are mainly protected from alkyla
tion as consequence of the base pairing. These lesions are thus predominantly found in single
stranded DNA [ibid.]. Despite being a rather rare product of Sy1 type alkylations (0.3 to 8 %),
the methylation of the extracyclic oxygen of guanine (0°meG) accounts for the major muta
genic and cytotoxic effects of alkylating anti cancer drugs [58]. The mutagenic effect of 0°meG

is caused by its ability to mispair with thymine during DNA replication [59].

12



Introduction

i
H3C\N/\N/\ methyldiazonium cation
— | AY - N=N--CH,
N§ s —_—
N
/7 —NH>
O/
NH, NH,
5 +,.CHf.
N2 NN 9
3meA | 8 (V" | )1 imeA |8 (" | )1
NHZN\ ' 2 NHZ>\Z 2
9 3 9 3
CHj
+-,CH3
H,c Q
3\+ 6|| ||
N~ SNH N6 NH
7 7
7meG | 8 (/| //1\2 o'meG | 8 X | //1\
NH 4 ,gj NH, BJH4 |§1 2 "NH,

Figure 3: Formation of DNA base alkylations by TMZ. In aqueous solution, temozolomide is converted
to its intermediates in a spontaneous and pH-dependent reaction, releasing a methyldiazonium cation.
This cation can give rise to DNA base alkylations but also the methylation of RNA and protein. The most
common DNA base methylation products are N7-methylguanine (7meG), N3-methyladenine (3meA),
N1-methyladenine (ImeA), and the most cytotoxic lesion caused by TMZ 0°-methylguanin (0°meG).
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The resulting 0°meG : T base pair gives rise to complicated subsequent repair processes (Fig-
ure 4). Once the mispairing lesion is recognized by the MUTSa heterodimer (MSH2 MSH6),
MUTLa (PMS2 MSH1) is recruited and the mismatch repair (MMR) machinery causes a nick in
the DNA, which serves as starting point for the resection of the strand opposing the 0°meG
by EXO1 [52]. As the problematic lesion (0°meG) persists in the DNA, a re insertion of T is
performed during the DNA synthesis step of the MMR. Thus, MMR is not able to correctly
process the lesion, which culminates in several futile MMR cycles [60]. Gapped DNA is formed
as a consequence of these futile cycles, which in turn give rise to DSBs during further replica

tion. These DSB are the main cytotoxic event upon TMZ exposure, ultimately leading to apop

tosis [58,61]. If not recognized by the repair machinery, 0°meG : T would give rise to transition
mutations after a second cycle of replication, which explains the tumor initiating properties

of this base adduct and thereby the carcinogenicity of TMZ.

To circumvent the futile MMR cycles and to avoid mutations, the cellular defense against al
kylation damage also provides a fast and direct damage reversal by alkyltransferases. In case
of 0°meG, the ubiquitously expressed protein MGMT transfers the methylgroup to a cysteine
residue in its active site (Cys145) and thereby restores the damaged base [62]. The MGMT
mediated repair is not limited to methyl groups alone but also can target 0° chloroethylgua
nine introduced by nitrosourea compounds like carmustine (BCNU) for example. The charac
teristic feature of this direct damage reversal is its stoichiometric nature. Upon accepting the
alkyl group, MGMT is inactivated and is marked for proteasomal degradation by ubiquitina
tion [63]. This mechanism implies that one MGMT protein can repair one damaged base only,
and therefore MGMT often is referred to as “suicide enzyme”. N methylations of DNA bases
are thought to be critical at higher doses and only if 0°meG is repaired [64,65]. However, the
repair of these lesions is not of minor importance. While the major methylation adduct 7meG
is repaired via the multistep pathway of BER, 1meA, 3meC, 3meT, and 1meG are also repaired
in a direct damage reversal by the a ketoglutarate dependent dioxygenases ALKBH2 and

ALKBH3 in an oxidative dealkylation [52,66].

Beside the direct damage reversal and translesion synthesis [52], the DSB repair can addition
ally contribute to the tolerance of 0°meG lesions. In contrast to the DNA damage induced by

IR, there is strong evidence that DSBs originating from 0°meG formation are mainly repaired
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via HR [65,67]. HR thereby provides the ultimate survival mechanism in TMZ mediated geno
toxicity. Thus, enhancement of DSB repair in cancer cells would provide an ideal mechanism
to escape therapy induced apoptosis. As discussed later, Survivin has been reported to play a
supportive role in the repair of IR induced DSBs via the non homologous end joining (NHEJ)
(1.5.3). However, the exact nature of Survivin’s participation is yet not well understood but is

attributed to an interaction with different repair factors [68].
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Figure 4: Mechanism of action of TMZ-induced cell death. Especially the base alkylations at the O°-
position of guanine (0°meG) exhibit highly cytotoxic properties. If not repaired by MGMT, 0°meG can
mispair with thymine after one replication cycle. This mispair is recognized by the mismatch repair
(MMR) complex MUTSa and MUTSL which introduce a nick in the strand bearing the mispairing lesion.
After resection by the exonuclease EXO1, polymerase & or € can fill the gap. Since the 0°meG lesion
persists in the DNA, the polymerases reinsert thymine, which in turn is recognized by MMR. This leads
to several futile MMR cycles, ultimately causing single-stranded DNA that can give rise to double-strand
breaks (DSB) during replication. From here, either DNA repair by homologous recombination repair can
help the cell to survive the DNA damage or unrepaired DSBs cause cell death.
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1.4.2 Repair of DNA damage induced by ionizing radiation

The cytotoxic effects of different types of radiation are utilized in the cancer treatment with
IR. IR can hit and ionize the DNA directly and induce breaks in the sugar phosphate backbone
or ionize water molecules in proximity to the DNA which then attack the DNA as highly nucle

ophilic hydroxyl radicals (OHe) [69]. Aqueous free radicals like ROS can be generated in the
same manner but are of less importance for the induction of highly toxic DNA lesions [70,71].
Upon irradiation of 1 Gy (Gray; absorbed dose) approximately 3000 damaged bases, 1000 sin

gle strand breaks (SSBs) and 40 DSB can be found in one single cell [72]. This massive amount
of DNA damage demands sophisticated repair techniques that ensure the genomic stability
and thus survival. In the case of IR, these mechanisms involve pathways of the DNA DSB repair
which are of utmost importance, as the processing of the highly toxic DSBs are of priority. In
addition, base excision repair and SSB repair deal with less severe DNA lesions. The main re

pair pathway for dealing with IR induced DSB is the error prone NHEJ.

1.4.3 Repair of DNA double-strand breaks: HR vs. NHEJ

Depending on the nature of the arising DSB, different repair pathways become active due to
a sophisticated DNA damage signaling. Beside NHEJ, a competing pathway for processing DSBs
is provided by the HR. Similar to the process of genetic recombination during meiosis I, HR
repair (HRR) can only be performed if (undamaged) sister chromatids are available. This limits
the repair pathway to the S or G2 phase of the cell cycle, while NHEJ is active throughout the
cell cycle but is favored during G1 or GO [73]. The molecular decision making for the “selec
tion” of either of these two major pathways is highly complex. In NHEJ, a heterodimer con
sisting of Ku70 and Ku80 binds to the free dsDNA end, thereby preventing 5’ resection (the
first step of HRR) and holding the DSB ends in proximity to each other (Figure 5, B) [74]. The
NHEJ machinery ligates free double stranded DNA ends, irrespective of their initial origin.
Thus, this repair process allows a very fast way to get rid of DSB and to ban the danger of a
loss of genetic material. However, this goes at the cost of possible translocations and chromo
somal rearrangements or di / acentric chromosomes [74]. In contrast, HR enzymes process
DSB ends by generating 3’ ssDNA overhangs, which are then immediately covered and
thereby protected by replication protein A (RPA). The so processed DNA ends can then no

longer be targeted by NHEJ.
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1.4.3.1 From sensing DNA double strand breaks to pathway choice

Detection of DNA damage starts with the recognition of certain DNA lesions by damage sen

sors. These can trigger signal transduction processes which mediate the DNA damage check

point activation. The activated checkpoints prevent the progression through the cell cycle and
allow the repair of DNA damage before it can become manifest in the genome. Thereby,
checkpoints are the starting point of the complex signal transduction pathway of the DNA
damage response (DDR). If the damage is not minimal, the checkpoint signaling is activated
[75], initiating multi layered programs of decision making processes that determine whether
a cell will survive (through DNA repair), initiate a program of permanent duplication arrest
(senescence), or will undergo apoptosis [76]. The orchestration of the appropriate DNA repair
pathway in the correct place and at the right time is also mediated by the checkpoint signaling.
The DDR is initiated by the serine threonine protein kinases ATM, ATR, and DNA PK., which
belong to the phosphatidylinositol 3 kinase like protein kinase (PIKK) family. These proximal
or initiating kinases associate with other factors and serve as damage sensors that recognize
structural abnormalities of damaged DNA or chromatin and transduce the signal to distal
transducer kinases like CHK1 and CHK2 [77]. These transducer kinases can block the transition
from G1 toS phase (G1/ S checkpoint), slow down S phase (intra S checkpoint), or block entry
into mitosis (G2/ M checkpoint) via inhibition of cyclin dependent kinases (CDKs) [78]. ATM
(ataxia telangiectasia mutated) is a specific sensor of DSBs (occurring outside of the S phase)
and phosphorylates hundreds of downstream substrates involved in the cell cycle checkpoint
control, apoptosis induction, and DNA repair, including p53, H2AX, CHK2, and BRCA1l
[77,79,80]. The identification of ATM as essential part of the DSB repair was possible by the
analysis of a severe but rare genetic disorder affecting the ATM gene: Ataxia telangiectasia
(AT). AT patients suffer from cerebellar degeneration, immunodeficiency, genome instability,
clinical radiosensitivity, and most notably cancer predisposition [81]. These symptoms can be
attributed to an impaired ability to cope with DNA DSBs due to a lack of functional ATM. Be

side ATM, DSBs can also activate the DNA dependent protein kinase (DNA PK.) which in turn
phosphorylates a own set of proteins involved in the NHEJ [80]. AT and Rad3 related protein
(ATR) most commonly becomes activated by SSBs and thus responds to stalled replication or
collapsed forks during the S phase [82]. However, also processed DNA lesions like resected
DSB ends and ssDNA gaps can activate ATR. This leads to a complex but non redundant over

lap between the ATM CHK2 and the ATR CHK1 pathway.
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1.4.3.2 The ATM CHK2 pathway

Initial sensing of free DSBs ends is not primarily performed by ATM itself. The proteins MRE11
(meiotic recombination 11 homolog), RAD50 (radiation sensitive 50 homolog), and NBS1 (Nij

megen breakage syndrome protein 1) form the MRN complex which quickly covers the free
DNA ends of a DSB (Figure 5, Al). Then, ATM is recruited by Nbs1 [83] and phosphorylates
Ser139 residues of the histone variant H2AX in proximity to the DNA break (Figure 5, A2). This
posttranslational histone modification serves as recognition signal and leads to the recruit

ment of MDC1 (mediator of DNA damage checkpoint protein 1). The binding of MDC1 creates
a positive feedback loop, as it recognizes autophosphorylated ATM and is recognized by the
MRN complexitself. This enables the binding of further MRN complexes and ATM to the chro

matin [84]. Providing the scaffold for this ATM/ MRN accumulation, MDC1 allows the amplifi

cation of the damage signaling in terms of a phosphorylation of H2AX along larger chromoso

mal regions flanking the DSB site (Figure 5, A3). Due to this accumulation of phospho H2AX,
also called yH2AX, DSBs can be visualized by immunofluorescent methods as distinct foci by
YH2AX staining. Upon phosphorylation by ATM, MDC1 can recruit the E3 ubiquitin (Ub) ligase
RNF8 (RING finger protein 8) which then catalyzes the ubiquitination of histones near the
break site (Figure 5, A4) [85]. This non proteolytic chromatin ubiquitination is thought to pro

vide docking sites for the association of further signaling and repair factors [78]. After the
recruitment of additional E3 ligases this process is even extended leading to the accumulation
of repair factors like BRCA1 BARD1 (BRCA1 associated RING domain 1) and 53BP1 (p53 bind

ing protein 1) [84,86]. In association with CtIP (CtBP interacting protein), BRCA1 BARD1 drives
the end resection via the MRN complex [78] which paves the way for the start of the HRR.
The decision between HRR and NHEJ can be re directed at several stages. The end resection
is mainly impeded by the tight binding of the hetero dimer Ku70 Ku80 (Figure 5, B) under
conditions when CDK activity is low, i.e. in G1 [87]. Furthermore, the ATM dependent phos

phorylation of 53BP1 leads to its interaction with RIF1 (Rap1l interacting factor 1 homolog)
(Figure 5, A5b). Especially in G1, both factors antagonize the initiation of the end resection by
BRCA1 and CtIP, thereby favoring NHEJ [88]. Upon the entry into the S phase, CtIP gets phos

phorylated by CDK2 which promotes its interaction with BRCA1 BARD1. The complex is then
recruited to the Ub docking sites next to the DNA break, in turn antagonizing the attachment
of 53BP1 RIF1 [89]. Importantly, this CDK dependent phosphorylation of CtIP in the S phase

ensures the preference of HRR over the error prone NHEJ.
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1.4.3.3 Homologous recombination repair of DNA double strand breaks

In the presence of phosphorylated CtIP, MRE11 introduces a nick into the 5’ terminated DNA
strand about 15 — 20 nucleotides away from the break (Figure 5, A6) [90]. Due to its 5" 3’

exonuclease activity, the MRN complex can then degrade the nicked strand towards the DSB
which generates a short overhang of the 3’ terminated strand (7) [90,91]. Longer 5’ to 3’ re

section is then taken over by EXO1 (8) [87]. The so generated 3’ overhang is quickly covered
by hetero trimeric RPA complexes which is subsequently displaced by the central recombinase
RAD51 to form a nucleoprotein filament capable of strand invasion. To facilitate the homology
search and the invasion into sister chromatid, additional factors localize to the nucleoprotein
filament. Mediated by the interaction with BRCA1, PALB2 (partner and localizer of BRCA2)
recruits BRCA2 to the damaged site [92]. Via its binding sites BRCA2 can deliver the recom

binase RAD51, thereby assisting the filament formation, and stabilizing the repair structure
[78]. This process is further stimulated by the remodeling of the RAD51 filaments by its pa

ralogs RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3 [93]. In its search for a homologous se

quence, the filament invades the donor duplex for base pairing, forming the characteristic
displacement loop (D loop). The synthesis of new DNA at the 3’ end of the invading strand is
initiated by the translesion DNA polymerase n and v [94,95]. Depending on which free end of
the damaged DNA duplex is primed for DNA synthesis, different possible outcomes can arise
from this point (Figure 5, A11). First: after strand invasion, the newly synthesized strand is
reannealed to the second end of the break, thereby leaving the donor DNA unaffected and
generating non crossover products [96]. This outcome is referred to as synthesis dependent
strand annealing (SDSA). Second: the alternative 3’ priming of the second break end causes
the formation of a more complex DNA structure with both duplexes being covalently linked
and twisted with each other [ibid.]. These so called Holliday junctions (HJ) are then resolved
by the endonucleases GEN1, MUS81/ EME1, or SLX1/ SLX4 to generate either crossover or
non crossover DNA duplexes [97 100]. The enhancement of the cellular DNA repair capacity
provides a survival advantage for cancer cells during anti cancer treatment. For TMZ based
CT, the expression of MGMT provides such a mechanism [66]. Additionally, proteins facilitat

ing HRR would also render the tumor cells less susceptible to TMZ induced apoptosis as illus

trated in Figure 4. A protein that is being discussed to play an important role during DSB repair

is Survivin. However, whether Survivin also participates in HRR is not known.
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Figure 5: ATM-mediated DNA damage response and the homologous recombination repair of DNA
double-strand breaks. 1) The proteins MRE11, RAD50, and NBS1 form the MRN-complex which quickly
covers the free DNA ends of a DSB. 2) ATM is recruited by Nbs1 and phosphorylates Ser139 residues of
the histone variant H2AX in proximity to the DNA break. 3) MDC1 is recruited and serves as binding site
for additional MRN-complexes/ ATM, which creates a positive feedback loop by further phosphoryla-
tion of H2AX. 4) MDC1 recruits E3 Ub-ligase RNF8 which carries out a non-proteolytic chromatin ubiq-
uitination on histones adjacent to the DSB site. The Ub-signal serves as docking site for the repair fac-
tors (5a) BRCA1-BARD1, and the (5b) end-protecting factor 53BP1. 6) In association with CtIP (CtBP-
interacting protein) BRCA1-BARD1 drives the end-resection via the MRN-complex by introducing a nick
in the 5’-terminated strand. 7) The nicked strand is degraded by the 5’-3’-exonuiclease activity of the
MRN-complex. 8) Further end-resection is accomplished by EXO1 which marks the beginning of the
HRR. 9) The ssDNA is quickly covered by RPA (not shown) which is then subsequently displaced by the
central recombinase RAD51 to form a nucleo-protein filament capable of strand invasion. Filament for-
mation and stabilization is further aided by the association with BRCA2 the RAD51 paralogs RAD518B,
RAD51C, RAD51D, XRCC2, and XRCC3. 10) In its search for a homologous sequence, the filament invades
the donor duplex for base pairing, forming the characteristic displacement-loop (D-loop). The homolo-
gous strand is then used as template for DNA synthesis. 11a) The newly synthesized strand can be
reannealed to the second end of the break, thereby leaving the donor DNA unaffected and generating
non-crossover products (synthesis-dependent strand annealing (SDSA)). 11b) Alternatively, 3’-priming
of the second break end causes the formation of Holliday-junctions (HJ) with both duplexes being co-
valently linked and twisted with each other. The resolution of these structures requires the activity of
different endonucleases.
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1.5 The anti-apoptotic protein Survivin is selectively expressed in tumor cells

One of the most tumor specifically expressed genes is BIRC5 which encodes for the Survivin
protein. The transcription of BIRC5 gives rise to the expression of four alternative splice vari

ants (AEx3, 2B, 3B, and 2a) all of which play different roles alongside Survivin and have a dif
ferent subcellular localization [101,102]. While almost undetectable in normal differentiated
adult tissues, Survivin is expressed in embryonic/ fetal tissues and is found in virtually every
human tumor [103 105]. Because of this sharp differential expression in tumors and its in

volvement in multiple tumor pathways, the protein has been subject of intensive research,

aiming for cancer specific targeting strategies [106 110].

1.5.1 Apoptosis: the programmed cell death

Conventional RT and CT aim at the induction of cell death to fight tumor growth or eliminate
remaining tumor cells after surgery. Targeting the tumor tissue selectively is mostly an unre
alistic notion. Since normal tissues are affected in almost all therapy approaches as well, un
wanted side effects, e.g. apoptosis induction, often limit the treatment schemes. However,
recent advances in high precision radiation therapy, for instance, have minimized the side
effects on healthy tissues and thereby allowed to increase the dose that can be directed at
the tumor cells. IR and chemotherapeutic drugs damage the DNA. If the damage cannot be
repaired adequately, a coordinated cellular death protocol is induced. The main pathway of
programmed cell death is apoptosis. The Greek term “apoptosis” (anontwolg) was shaped by
Kerr, Wyllie, and Currie in 1972 and illustrates “falling off” of petals from flowers or leaves
from trees in autumn [111]. For multicellular organisms, apoptosis is a key mechanism in elim
inating dangerous mutations and thus prevents malignant transformation of cells, which oth
erwise might ultimately lead to tumor formation. Apoptosis also contributes to tissue home
ostasis and is important for developing organs and digits during ontogenesis [111]. Decades
after its first detailed morphologic description, the process of apoptosis has turned out to
comprise a plethora of different signaling cascades to perform a genetic program of cellular

suicide.

Apoptosis is driven by a family of cysteine aspartyl specific proteases (caspases) that cleave
peptide bonds C terminal to aspartic acid residues [112]. Caspases exist as inactive zymo

gens/ pro caspases within a cell and are activated by proteolytic cleavage themselves [113].
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Two major pathways for initiating apoptosis can be distinguished: the extrinsic and the intrin
sic one. Although the initiating caspases of both pathways are different, both ways converge
at later stages and lead to the activation of the same effector caspases. Excessive DNA damage
(and other stimuli) leads to changes in the mitochondrial transmembrane potential, which in
turn alters the membrane permeability. Upon these changes, proteins, most notably cyto
chrome c (cyt ¢) and SMAC [106], are released from the mitochondrial intermembrane space
into the cytoplasm. Cyt c then binds to the apoptotic protease activating factor 1 (APAF1) to
form a multimeric complex, named apoptosome, which favors the recruitment and the pro
teolytic activation of pro caspase 9 [114,115]. The activation of caspase 9 leads to the subse
guent activation of proteolytic cascades via the activation of the executioner/ effector caspa
ses 3, 6, and 7 [116]. Intracellularly, these proteases cleave various substrates and activate
other proteases that degrade nuclear or cytoskeletal proteins [ibid.]. Most importantly,
caspase 3 promotes the degradation of chromosomal DNA by the activation of the endonu
clease CAD (caspase activated DNase) [117]. This leads to a characteristic internucleosomal

DNA fragmentation into ~180 bp fragments, thus putting the final nail into the cellular coffin.

Crucial for the cellular “decision” between life and death in this pathway is the influence of
regulatory proteins. At the mitochondrial level, members of the BCL2 family tightly regulate
the mitochondrial transmembrane potential. The 20 mammalian members of the BCL2 family
exhibit at least one conserved BCL2 homology (BH) domain [118]. The complex balance be
tween opposing pro and anti apoptotic factors determines the release of mitochondrial pro
teins into the cytoplasm and thus controls the cellular fate. These factors either increase (BAX,
BAD, BAK, BIM, NOXA, PUMA ...) or decrease (BCL2, BCL X,, BCL w ...) mitochondrial permea
bility [105,119]. While BCL2 mediated regulation of apoptosis induction resides rather up
stream in the apoptotic cell death, the second group of regulatory proteins comes into play
after caspase activation: the family of inhibitor of apoptosis proteins (IAPs). The ability to
evade cellular suicide is a key step during tumorigenesis and is essential for malignant trans
formation, as the tumor cells usually have to overcome multiple stressors like hypoxia or nu
trient deprivation [120,121]. Thus, the upregulation of IAP expression, in particular, Survivin
and XIAP, provides a perfect survival strategy for tumor cells. Furthermore, the overexpression
of IAPs is a major cause of therapy failure, as cancer therapies mainly aim at the induction of
apoptosis in proliferative tumor cells. Ironically, these therapies can lead to the selection of

cell clones with strong IAP expression which then causes the inexorable relapse of the tumor.
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1.5.2 1APs: Apoptosis and beyond

IAPs were first described in baculoviruses over two decades ago [122,123]. Here, the genes
cplAP and OplAP encode for proteins that are able to interfere with apoptosis in insect host
cells after viral infection. Preventing the host cell from undergoing apoptosis allows the virus
to complete its replication cycle. A common characteristic feature of IAPs was identified: the
occurrence of a zinc finger like protein domain called baculovirus IAP repeat (BIR) [124]. This
domain promotes important protein protein interactions with different IAP targets. Following
this discovery, IAP homologues were also identified in yeast, nematodes, flies, and higher ver

tebrates [125]. In mammals, the evolutionary conserved BIR domain consists of ~70 amino
acids, coordinating a zinc atom via histidine and cysteine residues [ibid.]. Eight members of
the IAP family are known in humans, containing one to three BIRs: NAIP, clAP1, clAP2, XIAP,
Survivin, BRUCE/ Apollon, Livin, and Ts IAP (genes: BIRC 1 — 8) [126]. Survivin was discovered
in 1997, containing only one BIR domain, while other IAP specific protein features are missing
[103]. These can include a carboxyl terminal RING domain (Really Interesting New Gene) that
functions as E3 ubiquitin ligase and CARDs (caspase recruitment domains) of less clear func

tion [127]. The X linked inhibitor of apoptosis protein (XIAP) is encoded by the BIRC4 gene and
contains three BIR domains. In addition, XIAP contains the aforementioned carboxyl terminal
RING domain, capable of self ubiquitination and ubiquitination of associated proteins [125].
The RING domain thereby controls the stability of XIAP itself and mediates the proteasomal
degradation of bound proteins (e.g. caspase 3) [128]. Furthermore, a conserved ubiquitin as

sociated (UBA) domain for recognizing highly polymerized ubiquitin chains is located between
BIR 3 and the RING domain [129]. XIAP unfolds its anti apoptotic properties by binding directly
to initiator caspase 9 and the effector caspases 3 and 7 and suppressing their enzymatic activ

ity [130,131]. The binding of caspase 3 and 7 occurs at the linker region between BIR 1 and
BIR 2 [132,133], while caspase 9 inhibition is achieved by a critical hydrophobic pocket in the
BIR 3 surface [132]. Here, two important mitochondrial proteins (encoded in the nucleus)
come into play as pro apoptotic factors: SMAC/ DIABLO (second mitochondria derived activa

tor of caspases/ direct IAP binding protein with low pl) and Omi/ HtrA2. Due to sequence ho

mologies with the N terminus of the active caspase 9 APAF1 holoenzyme, SMAC and Omi can
bind to the BIR 3 of XIAP, thereby neutralizing the caspase’s inhibition [134]. In the case of the
protease Omi/ HtrA2, the proteolytic cleavage of XIAP is part of this negative regulation [135].
Beyond its anti apoptotic role, XIAP also participates in different signaling pathways reviewed
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by Lewis et al. [136]. Most prominently, XIAP stimulates NF KB and MAP kinase activation by
TAB1 (MAP3K7IP1) recruitment and TAK1 (MAP3K7) activation via the BIR 1 and thus is in
volved in developmental processes [137]. Due to its role in these pro survival pathways and
its ability to prevent apoptosis, XIAP is tightly interlaced with the malignant progression, and
thus is often found to be overexpressed in tumors. A study of a panel of 60 cancer cell lines
by Tamm et al. revealed a variable but wide protein expression in different tumor entities
[138]. Paradoxically, the overexpression of XIAP correlated with an increased sensitivity to
cytarabine, cyclocytidine, and other cytostatic drugs and could mechanistically not be ex
plained by the authors [ibid.]. Furthermore, the impact of high vs. low expression levels of
XIAP is controversially discussed in the literature. While no prognostic value of XIAP expression
for prognosis and response to chemotherapy was found in patients with advanced stages of
Non Small Cell Lung Cancer (NSCLC) [139], a high XIAP level was predictive for a lower risk of
tumor recurrence in prostate cancer [140]. However, there is also evidence that higher levels
of XIAP correlate with a shorter overall survival OS and metastasis in esophageal squamous
cell carcinoma (ESCC) [141] and a poor differentiation (higher stage), shorter median survival
[142], and shorter postoperative disease specific survival in renal cell carcinoma (RCC) [143].
In head and neck squamous cell carcinoma (HNSCC), high levels of XIAP are associated with
cisplatin resistance and a poor clinical outcome [144]. Also, AML patients showing low XIAP
levels benefited in terms of an improved OS [145]. Taken together, the discrepancies, regard
ing the prognostic impact of XIAP expression in different cancer entities illustrate that XIAP
either plays pivotal roles in different tissues, or that methods for categorizing as “high” or
“low” are not well standardized. In both cases, a therapeutic targeting of XIAP might be con

sidered with caution.

1.5.3 Survivin: a versatile protein with distinct functions and subcellular localization

Among the IAPs, Survivin has an exceptional role as being the smallest member (16.5 kDa) of
this family with one BIR domain only. The human Survivin gene (BIRC5) is located at the end
of chromosome 17 (17g25) with a TATA less promoter, containing two critical SP1 sites, es
sential for basal transcription [146]. Canonical CDE/ CHR boxes guide the sharp cell cycle de
pendent expression, which peaks in the G2/ M phase [147]. Interestingly, this cell cycle de
pendent transcriptional control is largely lost in most cancer cells [148]. A canonical CpG island

can be found in the promoter region of BIRC5. However, it was described to be unmethylated
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in both neoplastic and normal tissue [146]. Furthermore, the CpG methylation in the exon 1
was linked to a reduced expression of Survivin in ovarian cancer [149]. Strikingly, the CpGs
analyzed were unmethylated in ovarian cancer but methylated in non cancerous ovarian tis
sues [ibid.]. Other reports show no association with survival/ carcinogenesis in AML, as the
promoter region analyzed by MSP was unmethylated in all samples of AML patients and
healthy peripheral blood mononuclear cells [150]. As convincing data speaking in favor of an
epigenetic regulation of BIRC5 in cancers are missing [151,152], the impact of Survivin pro
moter methylation remains controversial. In astrocytomas, BIRC5 was among the genes show
ing a uniformly unmethylated pattern [153]. Interestingly, Nabilsi et al. were able to show an
increased Survivin expression (instead of a gene silencing) in hypermethylated endometrial
tumors [154]. Since p53 is an transcriptional suppressor of Survivin [155], an impaired binding
upon methylation of the binding sites in the BIRC5 promoter was found [154]. Thus, the op

posed effects of BIRC5 methylation strongly depend on the exact promoter region analyzed.

Survivin is a very versatile protein involved in diverse cellular networks. Its functions are reach
ing far beyond being a “simple” anti apoptotic protein. Nuclear Survivin (1) plays a role as
essential member of the chromosomal passenger complex (CPC). Survivin associates with Au
rora B, INCENP, Borealin and ensures the proper cell division (Figure 6). The hetero tetrameric
CPC orchestrates the correct chromatid segregation and is thereby crucial for maintaining ge
nomic stability [reviewed in 156]. (2) A newly described and not yet fully explored role of nu
clear Survivin is its putative participation in DNA repair pathways. DNA repair is important for
preventing cancer formation but also serves as resistance mechanism in tumors to evade ra
dio and chemotherapy induced cell death. Upon IR, Survivin was shown to facilitate the re
pair of DSBs by stimulating DNA repair via the pathway of the NHEJ in brain tumor and CRC
cells [68,157]. This repair enhancing effect was also shown to coincide with a nuclear accu
mulation of Survivin after IR and co localization with MDC1, yH2AX, 53BP1, and DNA PK.
siRNA mediated downregulation of Survivin caused a reduced activity of the DNA PK, leading
to an increased amount of yH2AX foci and apoptosis [ibid.]. Interestingly, the interaction with
factors of the DSB repair machinery was also confirmed in colorectal cancer (CRC) cells after
irradiation [157]. In line with the findings of Reichert et al., a reduced DNA PK. activity was
measured after Survivin knockdown [68]. (3) The view on Survivin as inhibitor of apoptosis has
changed much since its discovery in 1997. First being described as inhibitor of caspases, Sur
vivin was supposed to unfold its anti apoptotic properties by direct inhibition of caspase 3/ 7
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in vitro [158]. However, further research demonstrated that a binding of Survivin to caspases
does not occur under physiological conditions. Instead, it associates with XIAP and thereby
increases its stability against polyubiquitination and proteasomal degradation [159]. This
leads to a synergistic, indirect inhibition of the caspases 3, 7, and 9 by Survivin [159,160], as
XIAP is the only mammalian IAP capable of binding and inhibiting caspases [108,125]. Adding
another layer of complexity to this, a subcellular mitochondrial pool of Survivin was shown to
be able to sequester the pro apoptotic XIAP antagonist SMAC away from XIAP [161] or to pre
vent SMAC release during the intrinsic pathway of apoptosis [162]. Besides, cytosolic Survivin
also participates in the cellular stress response as interaction partner of different chaperones

like HSP90 [163].

The diverse roles of Survivin strongly depend on its intracellular localization and therefore on
a tightly regulated intracellular transport. Due to its small size (16.5 kDa), Survivin can enter
different cellular compartments by diffusion [164], while a nuclear localization signal (NLS) for
an active import is missing [165,166]. However, an active nuclear export was shown to be
involved in the regulation of Survivin’s subcellular localization [166]. The leucine rich nuclear
export signal (NES) in the Survivin protein serves as recognition site for the export receptor
CRM1 (chromosomal region maintenance 1), also known as Exportin 1 (XPO1) [167]. To allow
proteins to pass the nuclear membrane, structures that facilitate this transport are embedded
in the nuclear envelope. These nuclear pore complexes (NPCs) permit the diffusion of proteins
of up to 40-65kDa, while larger proteins are transported in association with specific
transport receptors [168]. Transport receptors like CRM1 mainly belong to the karyopherin
family of proteins [169]. Not only the transport of large proteins involves these mechanisms,
but also active transport processes require this export machinery. Including Survivin, CRM1
actively shuttles NES bearing proteins out of the nucleus in a RanGTP dependent manner
[170]. RanGTP is a small GTPase molecule (25 kDa) present in high concentrations in the nu

cleus [168]. The RanGTP concentration gradient is thought to provide the energy for the active
export process [171]. In complex with the transport receptor (CRM1) and the NES bearing
cargo protein, RanGTP enhances the binding affinity of the interaction partners and promotes
the export by facilitated diffusion [172]. After the transition to the cytoplasm, RanGTP is hy

drolyzed by a RanGTPase, and the transport complex dissociates, releasing the cargo protein

into the cytoplasm [168] (Figure 6).
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The NES of Survivin was found to be located between the amino acids 89 — 98, containing two
leucine residues being essential for the recognition process [167]. This NES has been shown
not only to be indispensable for the nucleo cytoplasmic shuttling of Survivin but also is essen
tial for tethering the CPC to the centromere [166]. The authors could show that CRM1 inhibi
tion by leptomycin B (LMB) or the loss of function mutations in the NES prevent the centro
meric targeting of Survivin, leading to mitotic defects and multinucleate cells. This was caused
by an impaired CRM1 Survivin interaction rather than blocking Survivin’s ability to dimerize
with CPC proteins. Furthermore, the predominant cytoplasmic localization of Survivin was
changed upon LMB treatment or NES mutation, causing an equal distribution between both
compartments. Hela cells expressing a NES deficient (L98A) Survivin mutant were sensitized
to IR and showed an increased activation of caspase 3 upon TRAIL treatment [173]. Thus, the
mutation of the NES abrogates the cytoprotective effect of Survivin. Beside this important
nucleo cytoplasmic shuttling, wt Survivin also translocates into mitochondria (see above).
Upon apoptotic stimuli like DNA damage, this mitochondrial Survivin pool can rapidly be re
leased into the cytosol to block apoptosis and was shown to be linked to tumorigenesis [174].
This means that Survivin is released from the mitochondrial intermembrane space alongside
death amplifiers like cyt ¢, during intrinsic induction apoptosis (Figure 6, 3a). This release was
shown to be dependent on the activation of CHK2, since CHK2 targeting caused an increased
DNA damage induced apoptosis due to an impaired release of Survivin from the mitochondria
[175]. However, the exact molecular mechanism underlying the anti apoptotic role of mito
chondrial Survivin remains controversial. As mentioned above, some reports attribute the
anti apoptotic properties of mitochondrial Survivin to its ability to bind to and prevent the
release of SMAC [161,162], thus, causing an abrogation of the XIAP inhibition via SMAC and
increasing caspase inhibition. Undoubtfully, mitochondrial Survivin contributes to the anti

apoptotic survival signaling during DNA damage induced apoptosis.
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Figure 6: Different cellular localizations and functions of Survivin. The 16.5 kDa Survivin protein may
enter different cellular compartments by passive diffusion, whereas no nuclear localization signal is
contained within the protein’s structure. Nuclear Survivin 1) plays an essential role as member of the
chromosomal passenger complex (CPC) in the chromatid segregation during mitosis. 2) Furthermore,
links to DNA repair processes have been described. After IR-induced DNA damage, Survivin was shown
to facilitate DNA repair by NHEJ. A putative role of Survivin in the homologous recombination repair
(HRR) is investigated in this work. Upon recognition of the leucine-rich nuclear export sequence (NES),
the export receptor CRM1/ XPO1 actively shuttles Survivin out of the nucleus via the nuclear pore com-
plex (NPC). This active transport also involves a nuclear-cytosolic RanGTP gradient. Once in the cyto-
plasm, Survivin can also localize to mitochondria 3a) where it is released upon DNA damage alongside
pro-apoptotic factors like cyt c and SMAC. A sequestration of the XIAP-inhibitor SMAC might also con-
tribute to Survivin’s anti-apoptotic functions. 3b) Cytosolic Survivin associates with XIAP, protecting it
from polyubiquitination and proteasomal degradation, thereby facilitating caspase inhibition. 4) Upon
formation of a trimeric complex, the tumor-suppressor XAF1 counteracts this process by promoting
Survivin’s ubiquitination via the RING domain of XIAP (see 1.5.4).
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1.5.4 Inhibiting IAPs — Tumor suppressor XAF1 counteracts XIAP and Survivin

Complex regulatory pathways like the interaction of BCL 2 proteins at the mitochondrial mem
brane balance the cellular decision between apoptosis and survival. IAPs tilt this balance to
wards survival by interfering with the executing proteins of apoptosis — the caspases. Target
ing IAPs by intrinsic regulators in turn provides an ideal point of attack for pro apoptotic fac
tors. The mitochondrial XIAP inhibitors SMAC and Omi are described for their pro apoptotic
functions (see 1.5.2). With XIAP being a central protein in the inhibition of apoptosis, the reg
ulation of this protein is crucial. XIAP associated factor 1 (XAF1) was shown to antagonize
XIAP mediated caspase inhibition and interestingly to be expressed at low levels in cancer cell
lines compared to normal human liver tissue [176]. XAF1 is a nuclear protein and was shown
to cause the sequestration of XIAP to the nucleus and reversed its cyto protective effects
[177]. On the contrary, adenoviral knockdown of XAF1 did enhance the resistance to apopto
sis. Later studies revealed that the pro apoptotic role of XAF1 could not only be attributed to
caspase dependent mechanisms. Interestingly, the overexpression of XAF1 leads to a down
regulation of Survivin despite no direct interaction between these two proteins [178]. The
Survivin expression was restored in the presence of a proteasome inhibitor (MG132) or an
XIAP RING mutant (defective in its E3 ubiquitin ligase activity), pointing to an XAF1 induced
proteasomal degradation of Survivin in the trimeric complex (Figure 6, 4). These findings sup
port the importance of XAF1 as a tumor suppressor, since it simultaneously targets two im
portant survival factors frequently overexpressed in cancer. Thus, a loss of XAF1 might be a
common event during cancer development. Hereby, the epigenetic silencing via promoter
methylation seems to play a crucial role in XAF1 inactivation. In a large study on 123 gastric
adenocarcinomas, normal gastric tissues, and 15 gastric cancer cell lines, a tumor specific
downregulation of XAF1 was found to be strongly correlated to a higher tumor stage and grade
[179]. Nearly all gastric tumors with abnormal XAF1 expression (18 out of 20) showed an ab
errant CpG methylation in XAF1 promoter. In contrast, no methylation of these CpG sites was
found in tumors with normal expression and normal tissues, respectively. To detect aberrant
methylation patterns, two fragments of the XAF1 promoter were analyzed by bisulfite DNA
sequencing ranging from 1831 to 23 bp upstream of the transcription start site, covering 34
CpGs. Especially seven CpGs in the region proximal to the transcription start ( 23 to 234 bp)

were found to be tightly linked to mRNA expression of XAF1. Additionally, XAF1 expression
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could be reactivated by treatment with 5 aza 2’ deoxycytidine (decitabine) in four non ex

pressing cell lines. The regulatory importance of this promoter region was also confirmed by
Zou et al., who link the major impact on transcriptional inactivation of the XAF1 promoter to
two CpG dinucleotides proximal ( 14 to 109 bp) to the transcription start [180]. In urogenital
tumors and cancer cell lines, the methylation of the promoter region ranging from 23to 692,
containing 14 CpG sites, could also be linked to a reduced mRNA expression [181]. Recently,
it was shown that methylation associated silencing of the XAF1 promoter is caused by the loss
of the binding of the gene regulator CTCF which normally promotes the open chromatin con

figuration of the XAF1 promoter [182].

Due to the pro apoptotic mode of action of XAF1, the restoration of its expression in tumors
might be an interesting therapy approach. Indeed, it was shown that tumor growth and angi

ogenesis is inhibited in HCC xenografts in mice upon expression of XAF1 [183]. Furthermore,
a high XAF1 expression was shown to be prognostic for the OS of pancreatic cancer patients
[184]. Here, an abnormal (low) XAF1 level was also linked to advanced tumor stage and higher
grade of bladder and kidney malignancies. However, convincing clinical studies clarifying the
implications of XAF1 expression are rare, and data elucidating the predictive or prognostic

potential of XAF1 methylation are still missing.
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1.6 Aims

This work deals with the role of inhibitor of apoptosis proteins (IAPs) and IAP related proteins
in the resistance of high grade glioma cells to anti cancer therapies. In the focus of this re
search is the role of the expression of the IAP Survivin (BIRC5) in the survival, the induction of
apoptosis, and senescence upon DNA damage caused by the alkylating anti cancer drug te
mozolomide. 1) To allow the molecular analysis of Survivin’s expression and localization in
these experimental approaches, a glioblastoma cell model should be established first. The aim
was to generate a cell system with overexpression of a Survivin GFP fusion protein and a Sur
vivin GFP variant with mutated nuclear export sequence. The GFP tag should serve for the
analysis of changes of the intracellular localization of the protein upon DNA damage by live
cell microscopy. 2) Particularly, the influence of Survivin’s subcellular localization on these
endpoints should be addressed by colony formation assay, flow cytometric analysis of apop
tosis/necrosis induction, and senescence associated B galactosidase staining. 3) One main ob
jective of this work is to elucidate the involvement of the IAP Survivin in non homologous end
joining and homologous recombination repair of TMZ induced DNA double strand breaks by
means of radioactive DNA PK activity assay and qPCR based HR activity assay, respectively.
The amount of DNA damage should be quantified by immunofluorescence staining of yH2AX

and visualization by confocal laser scanning microscopy.

In search of better classification possibilities and molecular targets of anticancer therapy, the
second part of this project aimed at the evaluation of Survivin and the IAP antagonist XAF1 as
putative biomarkers in high grade gliomas. 4) First, the epigenetic regulation of BIRC5 and
XAF1 should be addressed by methylation specific PCR in glioma cell lines, and then a high
throughput method for methylation analysis should be established, being suitable for analyz
ing DNA methylation in formalin fixed and paraffin embedded samples. 5) The epigenetic reg
ulation of both factors should then be analyzed in a cohort of 80 high grade glioma patients.
The promoter silencing of either factor should be investigated for an association with clinical

parameters including overall survival, progression free survival, age, and tumor grade.
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Material & Methods

2.1 Lists

Consumable Manufacturer

Amersham ECL Western Blotting Reagent
(Detection Reagent 1 + 2)
Amersham Hyperfilm ECL

Aqua ad iniectabilia (aliquoted for PCR and

DNA storage)
Cell culture flask 5 ml/ 10 ml

Cell culture microscope: Zeiss Axiovert 40C

Cell culture work bench: HeraSafe
Cellstar cell culture plates: 96-, 24-, 6-well;
35 mm, 60 mm, 100 mm

Cover slips H875 0.13 - 0.16 mm

Cryo vials, Cryo.s

Film: Amersham Hyperfilm™ ECL
FlowCytometry tubes

Hard-Shell PCR Plates 96-Well Clear well,
white shell

Kodak GBX developer and replenischer
Kodak GBX fixer and replenischer
Microseal 'B' PCR Plate Sealing Film, adhe-
sive

Mikrotiter plate (Bradford-Assay): Rotila-
bor F-Profile

Nitrocellulose membrane 0.2 pm Amer-
sham Protran

Nunclon Delta Surface

Polypropylen Réhrchen, konischer Boden,
50 ml und 15 ml

Whatman-Filter

GE Healthcare Europe GmbH, Freiburg, Germany

GE Healthcare Europe GmbH, Freiburg, Germany
B. Braun Melsungen AG, Melsungen

Nunc A/S Kamstrupvej, Denmark

Carl Zeiss GmbH, Oberkochen, Germany
Heraeus GmbH, Hanau

Greiner Bio-One GmbH, Frickenhausen

Carl Roth GmbH + Co. KG, Karlsruhe

Greiner Bio-One GmbH, Frickenhausen

GE Healthcare Europe GmbH, Freiburg, Germany
Sarstedt AG & CO., Nimbrecht, Germany
Bio-Rad Laboratories GmbH, Hercules (CA), USA

Sigma-Aldrich St. Louis (MO),USA

Sigma-Aldrich St. Louis (MO),USA

Bio-Rad Laboratories GmbH, Hercules (CA), USA
Carl Roth GmbH + Co. KG, Karlsruhe

GE Healthcare Europe GmbH, Freiburg, Germany

Nunc A/S, Kamstrupvej, Denmark
Greiner Bio-One GmbH, Frickenhausen, Germany

GE Healthcare Europe GmbH, Freiburg, Germany

Equipment Manufacturer

Axiovert 35 microscope

Biofuge Pico

Branson Sonifier 250

Centrifuge 5424R with rotor FA-45-24-11
Centrifuge for cell culture: Megafuge 1.0
with rotor #2704

CFX96 Real-Time PCR Detection System
ColorView SoftimagingSystem

Confocal microscope: LSM 710

Cryobox: Cryo 1 °C Freezing Container,
"Mr. Frosty"

Eppendorf Safe-Lock tubes 1.5 ml/ 2.0 ml
Flow cytometer FACS CANTO I

Carl Zeiss GmbH, Oberkochen, Germany

Heraeus GmbH, Hanau, Germany

Branson Ultrasonics Corporation, Danbury (CT), USA
Eppendorf AG, Hamburg, Germany

Heraeus GmbH, Hanau, Germany

Bio-Rad Laboratories GmbH, Hercules (CA), USA
Olympus Soft Imaging Solutions, Miinster, Germany
Carl Zeiss GmbH, Oberkochen, Germany

Nalgene (Thermo Scientific Inc.), Waltham (MA),
USA

Eppendorf AG, Hamburg, Germany

BD Biosciences, Heidelberg, Germany
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Gammacell Irradiator 2000 (Cs *’) Nuklear Data, Frankfurt, Germany

Incubator: Hera cell 150 Heraeus GmbH, Hanau, Germany

Liquid Scintillation Analyzer TRI-CARB Canberra Packard Central Europe GmbH, Schwadorf,

2100TR Austria

Luminometer Tristar? Multimode reader Berthold Technologies GmbH & Co. KG, Bad

LB942 Wildbad, Germany

NanoDrop 2000 Spectrometer Thermo Scientific Inc., Waltham (MA), USA

Odyssey infrared imaging 9120 LI-COR, Lincoln (NE), USA

PyroMark Q96 ID (Pyrosequencer) Qiagen, Venlo, Netherlands

SDS-PAGE PowerPac Basic 75W Bio-Rad Laboratories GmbH, Hercules (CA), USA

SDS-PAGE chamber Trans-Blot Cell Bio-Rad Laboratories GmbH, Hercules (CA), USA

T100 Thermal Cycler Bio-Rad Laboratories GmbH, Hercules (CA), USA

Thermomixer compact Eppendorf AG, Hamburg, Germany

UV-Vis Spectrophotometer NanoDrop 2000 Thermo Scientific Inc., Waltham (MA), USA

Vortexer REAX 2000 Heidolph Instruments GmbH & Co. KG, Schwabach,
Germany

VWR Rocking Platform VWR International, LLC, Radnor (PA), USA

BD FACSDiva Version 6 BD Biosciences, Heidelberg, Germany

Cell*A Imaging Software for Life Science ~ Olympus Soft Imaging Solutions, Miinster, Germany
Microscopy

CFX Manager 3.1 Bio-Rad Laboratories GmbH, Hercules (CA), USA
ChemSketch ACD/Labs, Toronto, Canada

EndNote Version X6 Thomson Reuters, New York City (NY), USA
Geneious 6.0 Biomatters, Auckland, New Zealand

GraphPad Prism Version 6 GraphPad Software, La Jolla (CA), USA

ICE software Berthold Technologies, Bad Wildbad, Germany

Image Studio Lite 5.2 (Western Blot Analy-  LI-COR, Lincoln (NE), USA
sis Software)

Image) U. S. National Institutes of Health, Bethesda (MD),
USA

IMB SPSS Statistics version 23 IBM corp., Armonk, NY, USA

InDesign CS5.5 Adobe Systems Software Ireland Limited, Dublin, Ire-
land

MS Office Version 2016 Microsoft, UnterschleiBheim, Germany

Odyssey Version 3.0 LI-COR, Lincoln (NE), USA

Precision Melt Analysis Software 1.2 Bio-Rad Laboratories GmbH, Hercules (CA), USA

Pyromark assay Designer 2.0 Qiagen, Venlo, Netherlands

Pyromark CpG Software Qiagen, Venlo, Netherlands

SnapGene Viewer 2.8.2/ SnapGene Trial GSL Biotech, Chicago (IL), USA

ZEISS ZEN Imaging Software 2.1 Carl Zeiss GmbH, Oberkochen, Germany
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2.2 Cell culture

Human glioblastoma and astrocytoma cell lines, provided from the Institute’s central cell
stock, were used for in vitro analyses (Table 3). The cells were kept in appropriate cell culture
medium (DMEM) at constant temperature (37 °C) and water vapor saturated atmosphere
with 7 % CO,. To provide complete growth medium, DMEM was supplemented with 10 % fetal
calf serum (FCS). Cells were kept in culture for up to three months. For long term storage cell
lines were frozen in DMEM + 10 % FCS and 10 % DMSO in a freezing container filled with 2

propanol at 80 °C and then stored in liquid nitrogen (gas phase). Normal passaging of cell
lines was performed twice a week before reaching confluence. Culture medium was removed
and residual medium was washed away with the same amount of PBS. Cells were then treated
with trypsin EDTA (1/10 of the culture medium) for 2 — 5 min at 37 °C until they had detached
from the culture vessel. An appropriate volume, usually one tenth of the cell suspension was
kept for culturing and refilled to the initial volume with fresh culture medium. Left over cells
were seeded for further experiments or rejected. For harvesting, the cells were treated in the
same way. To seed a defined number of cells, the cell amount was determined using a
“Neubauer improved” counting chamber, counting at least 100 cells. Cell densities, i.e. seeded
cell numbers were adjusted for each experiment to avoid confluence of the monolayer at the

day of the analysis. Specific cell numbers are indicated in the particular sections.

Table 3: List of glioma cell lines used with the corresponding medium used. Infor-
mation obtained from ATCC and Cellosaurus knowledge resource on cell lines provided by
the Swiss Institute of Bioinformatics (http://web.expasy.org/cellosaurus/)

Cell line Supplement
U118MG GB DMEM 10 % FCS
U343 AA DMEM 10 % FCS
LN428 GB DMEM 10 % FCS
GBP61 GB DMEM 10 % FCS
A172 GB DMEM 10 % FCS
LN308 GB DMEM 10 % FCS
U87MG GB DMEM 10 % FCS
LN229 GB DMEM 10 % FCS
LN319 AA DMEM 10 % FCS
LN18 GB DMEM 10 % FCS
U251 GB DMEM 10 % FCS
U373MG GB DMEM 10 % FCS
D247 GB DMEM 10 % FCS
U138MG GB DMEM 10 % FCS
MO059K GB DMEM 10 % FCS
MO059) GB DMEM 10 % FCS
GBP44 GB DMEM 10 % FCS
T98G GB DMEM 10 % FCS
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2.2.1 Mycoplasma detection

In order to detect “Mycoplasma” contaminations, maintenance cell cultures were routinely
controlled for the presence of different mollicutes, such as Mycoplasma, Acholeplasma, and
Spiroplasma DNA. Cell culture supernatants were subjected to PCR (Venor GeM Classic, Mi
nerva Biolabs), detecting common types of mollicutes. PCR products were run on a 1 % aga

rose gel and evaluated on the basis of positive and negative controls provided by the kit.

2.2.2 Treatment of cells with cytostatic drugs

To study the response of tumor cells to anti cancer drugs, relevant for the treatment of glio
mas, cells were treated with adequate concentrations of TMZ or topotecan (TPT). The first line
therapeutic drug TMZ was administered in a time frame of 24 — 144 h. A working solution of
35 mM was generated from 113.3 mM stock solved in DMSO by dilution with sterile water.
Both solutions were stored at 80 °C. Treatment was performed by adding working stock di
rectly to the culture medium to reach an end concentration of 50/ 100 uM or others. In case
of low volumes to be pipetted (< 1 pl), a pre dilution step in cell culture medium was per
formed. The corresponding amount of DMSO in H,O was added to the control cells in each
experiment. TPT stock was provided as patient’s formulation by the pharmacy of the Univer
sity Medical Center Mainz dissolved as 1 mg/ ml (2.18 mM) in H,0 and stored at 80 °C. Work
ing solutions were freshly prepared for each experiment with fresh cell culture medium and
then added to cell culture vessels directly. Control cells received treatment with the corre
sponding amount of fresh culture medium. TMZ/ TPT treated cells were incubated up to the

desired end point under normal cell culture conditions.

2.2.3 y-Irradiation of cells

For investigation of the cellular response to IR, cells were plated in 60 mm dishes and irradi
ated using a Cs**’ radiation source (Gammacell 2000). To reach a dose equivalent of 4 Gy, cells
were irradiated for 80 sec. Control cells were kept under the same conditions during the whole

procedure.
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2.2.4 Generation of transgenic cell lines/ stable transfections

2.2.4.1 Plasmids

Plasmids for expression of the Survivin GFP (Surv GFP) fusion protein and the NES mutated
Survivin variant were kindly provided by Prof. Dr.-- (Fakultat fur Biologie Univer
sitdt Duisburg Essen). The 432 bp CDS of BIRC5 (survivin) was cloned via BamHI and Nhel in
front of EGFP (711 bp) to generate Surv GFP plasmid (Figure 7). To verify the plasmid se
guence identity, plasmids were sequenced with standard T7 and SP6 primers by Sanger se
guencing by Starseq (Mainz). Both reads confirmed the error free sequence of the genes. For
inactivation of the NES, a second plasmid was generated by cloning of a mutated Sur
vivinNESmut variant to pcDNA3.1 analogously (see 3.1.2). Neomycin resistance (aminoglyco

side 3‘ phosphotransferase) was used as selection marker for positively transfected cells.

]
A
% K\,J

L
/‘//AmPR promoter

5000/

pcDNA3.1 - Surv-GFP
6566 bp

CAP binding site

(lac operator]

Figure 7: Map of pcDNA3.1 vector with fused CDS of BIRC5 and EGFP. One vector carried wt BIRC5
sequence whereas second vector carried NES mutated BIRC5 with mutations in codon 96 (TTA = GCA)
and 98 (CTT = GCT). Vector map was generated using SnapGene Viewer 2.8.2.
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Plasmids were amplified and purified by plasmid midi preparation. Chemically competent E.
coli (strain DH5a) were generated by pretreatment with CaCl,. In brief, over night culture was
grown in 250 ml Luria broth (LB) medium to an ODggo of 0.35 — 0.45. After centrifugation
(2 min; 8000 g; 4 °C), bacteria were resuspended in 50 mM CaCl, and incubated for 20 min on
ice. A second step of centrifugation was carried out and aliquots of the E. coli were prepared

in 50 mM CacCl; + 10 % glycerol at 80 °C.

1 ng of plasmid DNA was used for transformation of 100 pl competent bacteria suspension.
Plasmids and bacteria were incubated for 30 min on ice followed by 90 s at 42 °C. 300 ul LB
medium w/o antibiotics was then added to the suspension for incubation period of 1 h at
37 °C. For plating on LB agar plates with 100 pg/ ml ampicillin, transformation mixture was
spun down and bacteria were resuspended in 100 pl of the supernatant. Plated bacteria were
incubated over night at 37 °C. Positive colonies were then picked to inoculate ~300 ml LB me

dium in a 1000 ml Erlenmeyer flask. Bacteria were grown at 37 °C at constant shaking
(240 rpm) for approximately 18 h (overnight). Bacteria were spun down (2 min; 8000 g; 4 °C)
and plasmids were isolated from the pellet with NucleoBond Xtra Midiprep kit (Macherey &
Nagel) according to the manufacturer’s instructions. After isolation and purification, plasmids
were reconstituted and stored in an appropriate volume of TE buffer, typically 600 — 800 pl.
Purity of plasmid DNA was verified by UV spectrophotometry (NanoDrop 2000, Thermo Sci

entific). Concentration, Axgo/280 and Ajeo/230 ratios are provided in Table 4.

Table 4: DNA concentration following Midiprep plasmid isolation.

ng/ ul | Azeos280 | Aze0/230
pcDNA3.1 Surv GFP 4079.0 1.63 1.83
pcDNA3.1 SurvNESmut GFP | 2080.1 | 1.79 2.04

2.2.4.2 Stable/ transient transfection of GB cell lines

The described plasmids were used for generation of stably transfected cell lines with the non

liposomal lipid transfection reagent Effectene (Qiagen). In brief, cells were seeded on a 60 mm
dish to reach 60 — 70 % confluency on the day of transfection. According to the manufacturer’s
conditions, 1 pug plasmid DNA was diluted with DNA condensation buffer to a total volume of
150 pl. 8 pl enhancer were added and DNA was mixed by vortexing (1 s). After an incubation
period of 2 — 5 min the mixture was spun down and 25 pul Effectene reagent were added and

mixed by vortexing (10 s). During formation of the transfection complexes (5- 10 min),
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growth medium on the cells was aspirated, the cells were washed with PBS and 4 ml fresh
growth medium (with FCS) were added to the cells. 1 ml complete growth medium was added
to the transfection complexes, suspension was mixed by pipetting up and down twice, and
the complexes were added dropwise onto the cells immediately. Cells were then incubated
under appropriate cell culture conditions. For transient transfection, cells were analyzed or
treated at the desired time point after the transfection, usually 24 — 48 h. For stable transfec

tion, cells were passaged 1:10 after 48 h into selective medium. Medium was replaced twice
a week until colonies of resistant cell clones appeared. In case of Surv GFP and SurvNESmut

GFP colonies, positive for GFP, were picked under a fluorescence microscope and transferred
to a 24 well plate. Different Neo and GFP positive cell clones could be generated by this pro

cess. Clones were kept under constant selection pressure with 0.75 pg/ ml G418 and/ or

1 pg/ ml puromycin (different antibiotic combinations are provided in Table 5).

The GB cell line LN229 was used for generation of Surv GFP, SurvNESmut GFP, and Rad51_sh
+ Surv GFP clones. LN229 con and LN229 Rad51_sh were generated by Quiros et al. [185]. For
comparability reasons with Rad51_sh cells, SurvivinGFP expressing cell clones were generated
on basis of LN229 con cells. The LN229 con cell clone carries the empty pSuper and pSV2neo
vector as described [185]. pcDNA3.1 Surv GFP was co transfected with a puromycin resistance
plasmid for selection (Table 5) into LN229 con. pcDNA3.1 SurvNESmut GFP was transfected

directly into parental LN229.

Table 5: Genetic background of the generated LN229 Surv-GFP and SurvNESmut-GFP clones. The
transgencic cell lines used, were either generated on the basis of LN229 or LN229 con cells.

# Clone Plasmid Parental cell Resistance/ selec-
line tion marker
1 LN229con pSuper LN229 G418
pSV2neo
2 LN229 Surv GFP pSuper LN229 con (#1) G418
pSV2neo Puromycin
pcDNA3.1
pSV2puro
3 LN229 SurvNESmut GFP pcDNA3.1 Surv LN229 G418
GFP
4 LN229 Rad51_sh pSuper Rad51sh LN229
pSV2neo
5 LN229 Rad51_sh + pSuper Rad51sh LN229 G418
Surv GFP pSV2neo Rad51_sh
pcDNA3.1
pSV2puro
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This cell model was utilized to investigate the impact of Surv GFP expression and localization
in LN229 cells and allowed the direct comparison with Surv GFP expression in a Rad51 knock

down cells after genotoxic stimuli.

2.2.5 Transient siRNA-mediated gene knockdown

To achieve a temporary gene knockdown, cells were transfected with siRNA against targeted
gene products (BIRC5, XAF1). Lipofectamine RNAIMAX Reagent (Invitrogen) was used for
transfection. For knockdown of XAF1, LN229 cells were seeded in 6 well plates containing
26000/ well in 1.5 ml medium. After 24 h, 0.1 nmol siRNA were diluted in a total volume of
250 pl with DMEM (w/o serum). 3 ul transfection reagent were added to 247 ul DMEM (w/o
serum) and both preparations were combined and incubated for 5 min to allow complex for
mation. siRNA lipid complexes (500 pl) were then added to the cells dropwise, yielding a final
concentration of 50 nM siRNA. Cells were then incubated until analysis (24 — 96 h). Additional

treatment with TMZ was carried out 24 h after the transfection.

For analysis of HR efficiency under knockdown of BIRC5, cells were grown in 24 well plates
containing 10000/ well in 1 ml medium for treatment and 5000/ well in 1 ml for control cells,
respectively. Transfection was performed with volumes adjusted for 24 well format using 3 pl
Lipofectamine RNAIMAX Reagent with 50 nM siRNA (final concentration) as described. Addi

tional transfection with HR assay plasmids (see 2.10.2) were conducted after 24 h.

2.3 Protein extracts & Western blot

2.3.1 Cell lysates

To generate protein lysates different methods were used, depending on the subsequent anal
ysis. For whole cell extracts and fractionated cell extracts, cells were harvested as described

in 2.2. The cell pellet was then washed with PBS once.

Whole cell lysis was performed in NP 40 lysis buffer containing 25 mM Tris HCI (pH 8.0), 5 mM
EDTA, 0.5 % NP 40 and 500 mM NaCl. Protease inhibitors were added freshly to the buffer as
2 mM DTT, 1 mM PMSF and 1x Complete inhibitor (Roche). Samples were kept on ice and lysis
step was performed at 4 °C on a rotary shaker for 15 — 20 min, depending on the size of the

pellet. After incubation, insoluble parts were removed by centrifugation (20 min, 18407 g,
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4 °C) and supernatant could be used for western blot. Bradford protein quantification was
used for determining protein concentration using a BSA standard curve [186]. Bradford rea
gent was prepared with 0.01 % Coomassie Brilliant Blue G 250, 25 ml EtOH and 50 ml phos
phoric acid filled to 500 ml with dest. H,0. After stirring and filtration, the solution was stored

at4 °C.

For fractionated cellular extracts two separate buffers for nuclear and cytoplasmic extracts
were used. The cell pellet was resuspended in 500 ul PBS and split in half. To isolate cytoplas
mic protein fraction only, the first pellet was lysed in 200 pl lysis buffer 1 (10 mM NaCl, 3 mM
MgCl,, 10 mM Tris HCI (pH 7.4)) with freshly added 1 mM DTT and 1 mM PMSF on ice for
5 min. After adding 1% NP 40, suspension was incubated for 3 min and the centrifuged
(1 min, 18407 g, 4 °C). To extract the nuclear protein fraction of the cells, the second pellet
was first lysed with lysis buffer 1 on ice for 5 min and then for additional 6 min with 1 % NP
40. Nuclei were centrifuged (5 min, 3550 g, 4 °C), then resuspended in 500 pl lysis buffer 1 and
directly centrifuged. The so purified nuclei were then lysed in 100 pl lysis buffer 2 (20 mM
Tris HCI (pH 7.4), 40 mM Na4P,07, 5 mM MgCl,, 10 mM EDTA, 1 % Triton X100, 1 % SDS) with
freshly added 1 mM DTT and 1 mM PMSF. To ensure complete lysis of the nuclear membrane,
samples were sonicated with 3 x 10 pulses at 40 % duty cycle. After centrifugation of the lysate
(1 min, 18407 g, 4 °C), supernatant was frozen for further analysis. To avoid interference with
buffer components, protein quantification was carried out according to Lowry et al [187] using

a BSA standard curve.

“Blue” whole cell extracts were prepared for the analysis of protein phosphorylation. In brief,
cell culture vessels with adherent cells were washed with PBS once. After complete removal
of the washing medium, 100 — 200 pl preheated (96 °C) 1x RotiLoad (Carl Roth) was added
directly onto the cells. Cell lysate was transferred to Eppendorf tubes and sonicated with

3 x 10 pulses at 40 % duty cycle.

2.3.2 SDS Polyacrylamid-Gel electrophoresis (SDS-PAGE) & Western blotting

The desired amount of total protein, usually 20 pg, was filled with H,0 to a total volume of
30 pl. 10 pl 4x loading buffer (RotiLoad) were added and the samples were boiled for 5 min at
95 °C before loading on a denaturing SDS polyacrylamid (PAA) gel. “Blue” whole cells extracts

were loaded directly onto the gel. Gels with 12 % acryl amid (37.5 : 1 acrylamid — bisacrylamid)
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were used for protein separation. Spectra Multicolor Broad Range Protein Ladder (Thermo
Scientific) was run on each gel for protein size verification. Stacking gel separation was per
formed at 60 V using 1x running buffer (50 mM Tris HCI, 384 mM glycine, 0.1 % SDS). As soon
as the bromphenol blue front had entered the separation gel, voltage was increased to 120 V.
Shortly before reaching the lower gel border electrophoresis was stopped. The gel was rinsed
with blotting buffer once (25 mM Tris HCl, 192 mM glycine, 20 % MeOH). Proteins were then
blotted onto a nitrocellulose membrane in a tank blot system at constant current of 300 mA
for 2.5 h on ice. After the blotting procedure, protein transfer was confirmed by ponceau S
staining which was washed away with Tris bufferd saline and Tween20 (TBST) washing buffer

(20 mM Tris, 137 mM NaCl, 0.2 % Tween®20, pH 7.6) for 3 times for 5 min.

Unsaturated membrane binding sites were then blocked with 5 % nonfat dried milk (NFDM)

or BSA (w/v) in TBST for 1 h at constant shaking.

Incubation with primary antibody (Ab) followed for 2 h at RT or overnight at 4 °C, depending
on the Ab specifications, at constant shaking (Table 6). Before incubating with appropriate
secondary Ab, the membrane was washed with TBST 3 times for 5 min. After the incubation
period of 1 h at RT, washing was repeated and Ab signal could be detected either by conven
tional ECL method or at the Odyssey infrared imaging system. For ECL detection the blot was
incubated with a 1:1 mixture of ECL detection reagent 1 + 2 for 2 min at RT. A film was ex
posed, depending on the proteins expression, for 30 s — 5 min and then transferred to devel
oper for 1 min. After being rinsed with water, the stop of the developing reaction was intro
duced by incubating the film for 1 min in fixer solution. Detection via Odyssey infrared imaging
system required an incubation with an infra red fluorescent Ab. After incubation with second
ary Ab, the blot was washed with TBST 3 times for 5 min and scan of the membrane was per
formed on an Odyssey 9120 either in channel 700 (excitation at 685 nm) or in channel 800
(excitation at 785 nm) depending on the secondary Ab. Oversaturation was avoided by adjust

ing excitation intensity.
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Table 6: List of primary and secondary antibodies (Ab) used for Western blot detection. (abbr.: rb.
rabbit; m. mouse; d. donkey; g. goat; mAb. monoclonal antibody; pAb. polyclonal antibody)

Antibody Host/ re- Provider (cat.-no.) Incubation

activity

primary antibodies

Survivin rb. pAb. R&D Systems (#AF886) 1:1000 TBST + 5 % NFDM
XAF1 rb. pAb. Pro-Sci (#3207) 1:1000 TBST + 5 % NFDM
HSP90 m. mAb. Santa Cruz Biotechnology, Inc. 1:1000 TBST

(#13119)
YH2AX (Ser139) m. mAb. Millipore (JBW301) 1:1000 TBST + 5 % BSA
pCHK1 (Ser345) rb. pAb. Cell Signaling Technology, Inc. 1:1000 TBST + 5 % BSA

(#2341)
CHK1 m. mAb. Cell Signaling Technology, Inc.

(#2360)

secondary antibodies

Anti-m. peroxi- g. pAb. Rockland Immunochemicals Inc. 1:2000 TBST +5 % NFDM
dase conjugated (610-1302)
Anti-rb. peroxi- g. pAb. Rockland Immunochemicals Inc. 1:2000 TBST + 5 % NFDM
dase conjugated (611-1302)
IRDye 680LT anti- d. pAb. LI-COR 1:10000 TBST
mouse
IRDye 800CW d. pAb. LI-COR 1:10000 TBST
anti-rabbit

2.4 Cytotoxicity assays

To measure different end points of DNA damaging/ cytotoxic treatment, cell lines were inves
tigated by the analysis of metabolic activity (MTT), reproductive survival (colony formation
assay), induction of senescence, activation of caspase 3/ 7 as well as induction of apoptosis
and/ or necrosis. Furthermore, doubling time of different cell clones was determined as de

scribed in the flow cytometry section (see 2.4.6.3).

2.4.1 Cell viability assay (MTT)

The reduction of the water soluble 3 (4,5 dimethylthiazol 2 yl) 2,5 diphenyltetrazolium bro
mide (MTT) by metabolically active cells was determined in 96 plates [188]. Cells were seeded
in 200 pl medium at densities of 1500 — 5000 cells/ well depending on the observation period.
For measurement, cell culture medium was removed carefully and replaced with 100 pl
DMEM w/o phenol red, containing 0.5 mg/ ml MTT. The stock solution was prepared by dis
solving 5 mg/ ml MTT in PBS. After filtration, aliquots were stored at 20 °C for up to 3 months.

To allow the reduction of MTT to a water insoluble, purple formazan product, plates were
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incubated under normal cell culture conditions for 3 h. To solubilize the formazan crystals,
medium was removed carefully and 100 ul acidified isopropanol (containing 0.04 N HCl) was
added. After moderate shaking (550 rpm) absorbance at 570 nm was measured at TriStar? LB
942 multimode reader (Berthold, Bad Wildbad). Viability (%) was determined after normaliza

tion to control treated cells, using Prism 6 (GraphPad Software).

2.4.2 Colony formation assay (CFA)

Reproductive capability of glioma cells was determined by colony formation assay (CFA).
Changes in clonogenic/ reproductive survival were monitored upon treatment with cytotoxic
stimuli. 1000 cells were plated in 5 ml medium on 60 mm plates. After 24 h, particular treat
ment was applied. The plates were then incubated under cell culture conditions for
10 — 14 days depending on the size of the colonies. Cells were fixed on the plates with pure
methanol (5 min, RT), after removing the culture medium and washing the cells once with
PBS. Staining was performed for 30 min at RT by incubation with staining solution (1.25 %
Giemsa solution, 0.125 % crystal violet (w/v)). After removing excess staining solution (water),
and drying the plates, distinctly visible colonies of >50 cells were counted on each dish. Nor
malization to control and semi logarithmic graphing was performed, using Prism 6 (GraphPad

Software).

2.4.3 Senescence

Induction of permanent cell cycle arrest as one possible result of exogenous DNA damage was
determined via senescence associated (SA) B D galactosidase (B gal) activity. This stress in
duced senescence is a cellular protection mechanism to limit the replicative capacity of dam
aged cells with tumorigenic potential [189]. An increase of lysosomal B Gal activity is fre
guently used as cellular marker of senescence [190,191]. Other than in non senescent cells,
where B Gal activity is detectable at the optimal pH of 4 only. The increased SA B Gal activity
can also be measured at a suboptimal pH of 6 [192]. However, a direct involvement of the
enzyme in the senescent phenotype has yet not been established [193]. LN229 cell clones
were seeded on 35 mm dishes (3500/ control; 7000/ treatment) and cultured 24 h before
treatment. After 120 h or 140 h cells were fixed on the plates by treatment with 1 ml fixative

solution (2 % formaldehyde, 0.2 % glutaraldehyde in PBS) for 10 min at RT. After washing with
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PBS, B Gal staining was performed by over night incubation at 37 °C (no CO,) with 1 ml stain

ing solution containing 5 mM Ks[Fe(CN)g], 5 mM K4[Fe(CN)g], 2 mM MgCl,, 150 mM Nacl,
1 mg/ ml X Gal* dissolved in DMF. Staining solution was prepared in citric acid — Na,HPO4 —
buffer (pH 6), generated by mixing 36.85 ml of 0.1 M citric acid with 63.15 ml of 0.2 Na,HPO,.
pH was adjusted to 6.0, if necessary. During the staining, cell culture dishes were kept in a
humidified chamber sealed with parafilm, to avoid drying of the samples. Characteristic blue
coloring, was visible after ~18 h. Excess staining solution was then removed, plates were
washed and cells were covered in 75 % glycerol for preservation. Phase contrast or bright field
images, covering different spots of the growth area, were obtained on a Axiovert 35 micro

scope (Carl Zeiss GmbH) and digitalized with the Cell*A Software and a connected ColorView
SoftlmagingSystem camera (Olympus Soft Imaging Solutions) within a week upon fixation. Im

ages were analyzed for total cell number and senescent cell number by manual counting using
Imagel (U. S. National Institutes of Health) Cells were considered as “senescence positive” if

strong blue staining was visible in the cell body, as illustrated in Figure 8.

(‘/
\ : Figure 8. Example of senescent LN229
3 ‘{, cells after the treatment with 100 uM
‘\ TMZ. Cells evaluated as senescence-

positive are marked with red arrows
(phase-contrast, 40x).

! X-Gal also 5-bromo-4-chloro-3-indoxyl-B-D-galactopyranoside is a chromogenic substrate for f-Gal. Upon hy-
drolysis into galactose and 5-Bromo-4-chloro-hydroxyindole the latter spontaneously dimerizes and is oxidized
into a blue indigo compound (5,5’-dibromo-4,4’-dichloro-indigo).
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2.4.4 Caspase 3/ 7 activation

One central intersection of different cell death pathways is the activation of effector caspases.
Among these, caspases 3 and 7 carry out crucial pro apoptotic functions. Therefore, the acti

vation of these enzymes is a measure of the apoptotic signaling, induced by treatment with
toxic agents. The activity of caspase 3 and 7 was determined in a luminescent multiwell plate
assay (Caspase Glo 3/ 7 Assay, Promega). The assay relies on the cleavage of an luminogenic
caspase substrate (Z DEVD ), generating aminoluciferin + ATP + O,. Luciferase, contained in
Caspase Glo reagent, then generates a light signal depending on the available substrate. Thus,
luminescence is proportional to the caspase activity. LN229 cell clones were seeded in 50 pl
per well in a 96 well plate (half area, white walled) in appropriate densities (72 h: 2000/ 50 pl;
144 h: 1000/ 50 pl). Treatment occurred after 24 h, followed by an incubation of up to 144 h.
After the indicated period, cells were lysed by adding 50 ul Caspase Glo reagent directly to
the medium and mixing for 30 s at 500 rpm. Detection of luminescence was performed at a
TriStar? LB 942 mircoplate reader (Berthold) after 1 h at RT. Values of a blank reaction, con

taining reagent and cell culture medium (w/o cells) was subtracted from the sample values.

2.4.5 Cell Proliferation ELISA, BrdU-Incorporation assay

Influence of XAF1 knockdown on cell proliferation was analyzed with Cell Proliferation ELISA,
BrdU (colorimetric, Roche). Incorporation of the thymine analogue Bromodesoxyuridine
(BrdU) into the DNA of replicating cells is measured to quantitate cell proliferation. A mouse
anti BrdU mAb conjugated with HRP is used for detection. Oxidation of the peroxidase sub
strate 3,3’,5,5’ tetramethylbenzidine causes a color change to blue which can be quantified

by absorbance measurement at 450 nm.

For analysis of TMZ induced effects on proliferation, cells were reseeded after XAF1/ con
siRNA knockdown in 35 mm dishes. Knockdown was carried out with 50 nM final concentra
tion of siRNA as described (see 2.2.5). 750 cells were reseeded in a 96 well plate in triplicates
for each time point, ranging from 24 — 144 h. Inverse treatment with 100 uM TMZ was per

formed according to following time scheme (Figure 9).
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Seeding (100000/

35 mm dish)
TMZ 144 h TMZ 96 h TMZ 48 h BrdU labeling
Transfection 2h
@ SiIRNA TMZ 120 h TMZ 72h TMZ 24 h
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IFyrev ey
Figure 9: Seeding, transfection and treatment time scheme for the cell proliferation
ELISA (BrdU incorporation assay).

At the end of the treatment period, BrdU labeling solution was added into the cell culture
medium, yielding a final concentration of 10 uM. Cells were incubated for DNA labelling for
2 h under normal conditions. Subsequent steps were performed as described in the manufac
turer’s protocol. In brief, cells were fixed on the MTP after BrdU labeling and then incubated
with HRP labeled anti BrdU antibody for 90 min at RT. After several washing steps, 100 ul sub
strate solution as added to each well and the reaction was stopped after 30 min by adding
25 pl of 1 M H,S0O4. The absorbance was measured at 450 nm with a reference wavelength of

690 nm at the TriStar? LB 942 reader.
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2.4.6 Flow cytometry

Flow cytrometric analyses were conducted on a FACSCanto Il cell analyzer (BD).

2.4.6.1 Analysis of the cell cycle distribution and apoptotic cell fraction by Pl staining

To determine the proportion of cellsin G1 ,S and G2 phase and apoptotic (SubG1) cells, sam
ples were subjected to propidium iodide (Pl) staining. During apoptosis endonucleases
(caspase activated DNases (CAD)) cleave the DNA inter nucleosomaly in fragments of approx.
180 bp. Upon fixation with EtOH, the cell membrane gets permeable for this small oligo nu
cleotides (and other substances) which can leak out of apoptotic cells. By DNA staining with
Pl, differences in the DNA content can thus be visualized [194,195]. PI intercalates into the
DNA base stacks, allowing a quantification of the DNA content of a cell. G1 cells with diploid
(unreplicated) genome (2n2c) give rise to a peak, since these cells are representing the major
ity in vital cell populations (Figure 10, A). Cells that have gone through replication are charac
terized by a doubled PI fluorescence, representing cells in G2 (2n4c). A DNA content between
G1 and G2 is attributed to cells in the S phase. Furthermore, an amount of DNA below G1 can
be found in apoptotic cells, that have lost parts of their genome (see above). Therefore, this

method is suitable for the analysis of apoptosis induction and cell cycle distribution.
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Figure 10: Example of the SubG1 analysis, showing a histogram and dot-plot for gating the SubG1
fractions. A) Histogram with SubG1 gate of the distribution of the Pl fluorescence. Total counts of the
Pi-fluorescence measured as peak area (Pl (FL-3)-A) are shown. Different cell cycle phases are indicated
in the diagram. B) Gating for the exclusion of duplets was performed by blotting Pl-fluorescence peak
width (Pl (FL-3)-W) vs. Pl-fluorescence peak area (Pl (FL-3)-A). Cells/ events inside gate P1 were consid-
ered for determination of the SubG1 fraction.

48



Material & Methods

Figure 10 also shows exemplary “gating” of the SubG1 fraction. Gating defines a subpopula
tion of cells, e.g. cellsin SubG1/ G1 or others. To ensure accurate analysis of single cells, duplet
cells were excluded by a separate superordinate gate (Figure 10, B). Duplets were identified

and excluded by blotting Pl fluorescence (Width) vs. Pl fluorescence (Area).

Cells were seeded in appropriate numbers in 60 mm dishes. After the indicated incubation
period, cell culture medium was transferred to a centrifugation tube. The dishes were washed
with PBS, which was also collected in the tubes. Remaining cells on the plate were detached
by trypsinization and harvested with the cell culture medium and transferred to the corre

sponding tube. After centrifugation (4 min, 1500 rpm, RT), supernatant was removed and cell
pellet was resuspended in 200 pl PBS. For fixation and membrane permeabilization, cells were
fixed by dropwise addition of 2 mlice cold 70 % EtOH under constant vortexing. Samples were
kept for 1 up to 14 days at 20 °C. Before analysis of the cells, EtOH was removed by centrifu

gation (4 min, 1500 rpm, RT) and the pellets were allowed to dry. 330 ul PBS containing
0.1 mg/ ml RNase H (Roche) were used to resuspend the pellet. To reduce background stain

ing, RNase H digestion was performed for 30 min at RT and kept on ice until analysis. 170 pl
Pl solution (50 pg/ ml in PBS) was added to the samples directly before the measurement.
Data were analyzed using BD FACSDiva Software for quantification of the SubG1 fraction. Cell
cycle distribution was analyzed with the DNA analysis software ModFit LT 3.3 (Verity Software

House). Analysis was performed utilizing the diploid CC model 1nnOA_DSF.

2.4.6.2 Analysis of apoptosis/ necrosis by AnnexinV Pl co staining

In contrast to SubG1 analysis, fixation was not performed for AnnexinV Pi staining. AnnexinV
(A5) is a protein, capable of binding to phosphatidylserine (PS) residues which reside in the
inner plasma membrane of cells. During apoptosis PS residues flip to the outside of the mem

brane and are accessible to A5. APC tagged A5 is thus used for detection of apoptotic cells.
Necrosis is characterized by a rupture of the cellular membrane, allowing Pl and A5 to enter
the cell. Necrotic cells are therefore Pl and A5 positive. However, also cells in late stages of
apoptosis, show a disintegrated membrane and cannot not be distinguished from necrotic
cells. Living cells appear unstained in this analysis. Determination of necrotic/ late apoptotic
and apoptotic cells was achieved by dot blot analysis of Pl fluorescence vs. APC fluorescence

(Figure 11) using BD FACSDiva Software.
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Figure 11: Example of a AnnexinV-PI co-staining dot-plot showing the Pl-fluorescence peak area (Pl
(FL-3)-A) vs. APC-fluorescence peak area (APC-A). The apoptotic, necrotic/ late apoptotic, and living
cell fractions were gated in quadrants labeled in the diagram.

Cell pellets were obtained as described above (before EtOH fixation). Harvested cells were
resuspended in 48.5 pl AnnexinV binding buffer (BD Pharmingen). 1.5 pl AnnexinV APC (Invi
trogen) were added to the samples and incubation was carried out for 20 min on ice (in the
dark). 440 pul AnnexinV binding buffer, containing 10 pl Pl (50 pg/ ml) were added. After vor

texing the samples were kept on ice until measurement.

2.4.6.3 Cell clone growth curve (CountBright Absolute Counting Beads)

To determine the growth rate of different cell clones and to compare these to the doubling
time of the parental cell line, clones were seeded on 60 mm dishes in a starting density of
35000 cells. Every 24 h (24 — 96) cells were harvested (w/o supernatant) and fixed with EtOH,
as described (see 2.4.6.1). Upon EtOH removal, the cell pellet was resuspended in 500 pl PBS
and 20 pl CountBright Absolute Counting Beads (Molecular Probes) were added to each sam

ple. Cell number was determined by flow cytometry. 2500 events of CountBright Absolute
Counting Beads were counted, as gated in the FSC/ SSC dot blot. Cell number was determined

using the number of total events, the Lot specific beads concentration and the total volume:

eventSeorar — €VentSpeqaas beads (Lot)
*

n= * volume,,tar

eventSyeads volume

Exponential growth curves were then plotted in Excel 2016 (Microsoft) and doubling times

were calculated from the derived growth equations.
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2.5 Real-time RT-PCR

Two step real time RT PCR was performed for quantification of XAF1 gene expression. RNA

was isolated from cell lines, reverse transcribed to cDNA and then amplified by real time PCR.

2.5.1 RNA isolation and cDNA synthesis

Cell pellets of 16 glioma cell lines were generated and RNA was isolated with the silica mem
brane based RNA extraction kit NuceloSpin RNA (Macherey Nagel). In brief, the cells were
lysed, lysate was cleared by filtration and then, upon establishing appropriate high salt bind
ing conditions, loaded onto silica membrane column. After DNase digestion and several wash
ing steps, RNA was eluted in RNase free H,0. RNA concentration and purity was determined
by UV spectrophotometry (NanoDrop 2000, Thermo Scientific). Absorbance quotients Aze0/250
of ~1.8 and Aye0/230 ratios of 2.0 — 2.2 were generally accepted as pure. RNA was then reverse
transcribed to generate the cDNA first strand with Verso cDNA kit (Thermo Scientific). 1 ug
total RNA was used for the reverse transcription with random hexamer primers for 1 h at
42 °C. After inactivation of the added “RT Enhancer” 2 min at 95 °C, samples were diluted with

DNase free H,0 to 50 ul and stored at 20 °C.

2.5.2 gPCR

Quantification of gene expression was performed in triplicates on a CFX96 Real Time PCR De
tection System (Bio Rad) using 10 ul GoTaq qPCR Master Mix 2x (Promega), 300 nM primer
and 4 ng cDNA filled with water to a total volume of 20 ul. After reference gene analysis
(geNorm Kit, Primerdesign) and reference gene evaluation with the BestKeeper software
[196], ENOX2 and B actin (ACTB) were used as reference genes for normalization of XAF1
MRNA expression. ENOX2 and B actin primers were obtained from PrimerDesign (UK), and
XAF1 primers were self designed during this study and synthesized by Eurofins Genomics. PCR
amplification was performed according to the indicated protocol (Table 7). Fluorescence of
the intercalating DNA dye BRYT Green was detected after each run. The cycle of threshold is
the amplification cycle, at which fluorescence exceeds the defined threshold (determined by
the CFX manager software) and thereby the background fluorescence. Resulting Cr values
were then used for calculation of the normalized fold (NFE) gene expression according to the

2 2T method [197] with the Bio Rad CFX Manager 2.1 software. XAF1 mRNA expression of
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cell line GBP61 was used as calibrator. Melting curves were assessed after each run and were
checked for primer specificity (primer dimers, multiple amplification products). Samples with

unspecific amplification products were excluded from the analysis.

Table 7: gPCR protocol for quantification of gene expression of XAF1, ENOX2, and ACTB.

Step °C min cycle

1 50 2:00 -

2 95 10:00 -

3 95 0:10

4 56 0:20

5 72 0:20 45x

detection of fluorescence
6 95 0:10 -
7 65 95 (0.5 increments) 0:05 -

detection of melting curves -

2.6 Epigenetic Analyses

Epigenetic regulation of XAF1 and BIRC5 via CpG methylation was analyzed in genomic DNA
isolated from cell lines and formalin fixed and paraffin embedded (FFPE) tumor sections. Tu
mor cells in marked tumor areas on the slides were scraped off and transferred to a reaction

tube.

2.6.1 PCI DNA-Extraction

Extraction of genomic DNA was performed by phenol chloroform isoamyl alcohol extraction
with ethanol precipitation. Glioma cell pellets and scraped off FFPE tumor tissues were lysed
in 300 pl TE9 buffer (50 mM TRIS, 20 mM EDTA, 10 mM NaCl, pH 9) containing SDS (1 %) and
182.5 ug proteinase K (Roche). To ensure complete lysis, samples were kept at 48 °C for 18 h
under constant shaking (1100 rpm). An additional 125 ug proteinase K were added to the sam
ples and incubation was prolonged for 2 h at RT. DNA extraction was started using 700 pl PCI
(25:25:1; Carl Roth). After vortexing for 15 s, samples were centrifuged (5 min, 18407 g, RT)
and upper aqueous layer was transferred to a new tube. This procedure was repeated once.
Precipitation of the DNA was performed by adding 750 ul EtOH C,H30,NH; (8:1, 7.5 M
C,H30,NH,) with 2 pl glycogen (20 mg/ ml; Roche). After 1 h at RT, samples were centrifuged
(45 min, 18407 g, 4 °C). Supernatant was then discarded and the pellet retained was washed
with 70 % EtOH. Remaining EtOH was removed by centrifugation (45 min, 18407 g, 4 °C) and

the DNA was dissolved in 50 pl LoTE buffer (3 mM TRIS, 0.2 mM EDTA, pH 8) and evaluated by
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UV spectrophotometry (NanoDrop 2000, Thermo Scientific). Absorbance quotients Ajgo/280 Of

~2.0 and Aye0/230 ratios of 2.0 — 2.2 were generally accepted as pure.

2.6.2 Bisulfite-induced modification of genomic DNA

To make a differential methylation at CpGs of interest accessible for analysis, DNA has been
subjected to bisulfite induced modification (conversion). The bisulfite or hydrogen sulfite ion
(HSO3) is used for introducing sequence differences into DNA templates, depending on the
methylation of the CpGs contained. While 5 methylcytosine is protected from this conversion,
cytosine is converted during the reaction to uracil [198]. The resulting sequence alterations
can be analyzed by different methods, as elucidated in chapter 2.6.5. Here, EZ DNA Methyla
tion Kit (Zymo Research) was used for bisulfite conversion of 500 ng DNA according to the

manufacturer’s protocol. After conversion, DNA was eluted in 25 pl DNase free water.

2.6.3 Design of primers specific for bisulfite-converted DNA

The sequence of the XAF1 gene was obtained from the NCBI database sequence of chromo
some 17 NC_000017.11 (6755411..6775647) from reference assembly GRCh38.p7. The pro
moter region and the transcription start site of 5338 to +248 (Figure 12) was screened for
CpGs putatively involved in gene regulation using the Geneious 6 software (Biomatters). In
teresting areas were marked for further investigation. For primer design, the sequence was
bisulfite converted in silico, whereat all Cs contained in a CpG dinucleotide were treated as
methylated (5 mC). For these Cs no change was introduced into the DNA sequence. All Cs, not
contained in CpG dinucleotides, were converted to T. Primers were designed with the help of
Pyromark assay Designer software 2.0 (Bio Rad). Seven CpGs previously described by Byun et
al. were included in this promoter region [179] (see also 3.6.1). Two regions were found to

provide suitable primer binding sites for analysis of CpG methylation.
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For methylation analysis by methylation sensitive high resolution melt analysis (MS HRM),
HRM region 1 (HRM1) and 2 (HRM2) were chosen as depicted in Figure 12. Both XAF1 HRM
primer pairs covered three CpG sites. Primers previously published by Chen et al. were used

for methylation specific PCR (MSP) [199].

Byun et al. MS3
[TGTTAGTTTTAGGGAGGTAGA]

HRM1_fwd
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Figure 12: Bisulfite-converted DNA sequence of the XAF1 promoter and transcription start site (red
arrow) as excerpt from chromosome reference assembly GRCh38.p7. The XAF1 gene is located at po-
sition 6755411..6775647 from where the sequence was retrieved. Primer binding sites for MSP primers
(methylated template) and HRM primers are indicated. CpG dinucleotides are highlighted in yellow.
The HRM1 primer pair upstream of the transcription start site was used for the analysis. In validation
experiments HRM2 region was used to compare the methylation of both regions.

Analogously, HRM primers for BIRC5 were designed on the basis of the same reference as
sembly (GRCh38.p7), extracting the region of 78214196..78225635 to analyze the promoter
region reaching into the exon 1 of BIRC5 commonly described as CpG island (Figure 13). For
methylation analysis by MS HRM, HRM_fwd was used as forward primer in combination with
HRM_rev2 as reverse primer containing 36 CpGs within the amplicon. The combination of

HRM_fwd and HRM_revl was discarded due to low primer specificity.
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Figure 13: Bisulfite-converted DNA sequence of the BIRC5 promoter and transcription site as excerpt
from chromosome reference assembly GRCh38.p7. The BIRC5 gene is located at position
78214196..78225635 from where the sequence was retrieved. Primer binding sites for MSP primers
(methylated template) and HRM primers are indicated. CpG dinucleotides are highlighted in yellow.

2.6.4 Generation of DNA methylation standards by in vitro methylation

Fully methylated DNA and unmethylated DNA was kindly provided by Olivier J. Switzeny. Ge
nomic DNA was isolated from the buccal mucosa of a healthy donor and subjected to whole
genome amplification (REPLI g Midi Kit, Qiagen) to generate the unmethylated standard DNA.
CpG methylation of an aliquot of this DNA was performed with 400 U Sssl methyltransferase
and 640 uM S adenosylmethionine according to the manufacturer’s instructions (NEB) to gen
erate the methylated standard. For a detailed description please refer to Switzeny et al. [200].
In vitro methylated and unmethylated DNA standards were then bisulfite converted, as de
scribed (see 2.6.2). To obtain 25 %, 50 % and 75 % methylation standards, bisulfite treated
unmethylated DNA (0 %) and methylated DNA (100 %) were mixed in different proportions
(3:1; 1:1 and 1:3).

2.6.5 Analysis methods for detecting methylation in bisulfite-treated DNA

Depending on the downstream method for analyzing bisulfite treated genomic DNA different
approaches for primer design had to be followed. For MSP (see 2.6.5.1), primers covering CpG
sites had to be used. Two primer pairs served for detection of either the methylated or un

methylated template. Primer sequences for MSP on XAF1 and BIRC5, adopted from Chen et

al. [199] and Wagner et al. [150], respectively. In contrast, only one primer pair was needed
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for each region of interest in MS HRM (see 2.6.5.2). Primers were designed to flank CpG sites,
while not containing any within the actual binding site. Thereby, preferential binding to either
the methylated or the unmethylated sequence was prevented, since C to T transitions result
ing from bisulfite conversion did not affect primer DNA annealing. Optimal annealing temper

atures were detected using a PCR gradient and are provided in the corresponding tables.

2.6.5.1 Methylation specific PCR (MSP)

MSP was carried out, using primer pairs (Table 8), detecting methylated or unmethylated tem

plate DNA. HotStarTaq Plus Master Mix Kit (Qiagen) was used for PCR, with 1 uM forward and
reverse primer and 40 ng of bisulfite converted genomic DNA. The initial denaturation step
(5 min, 95 C) was followed by 35 cycles of denaturing (30's, 94 °C), annealing (30 s, BIRC5:
61 °C/ XAF1: 57 °C) and elongation (15 s, 72 °C) with a final elongation step (10 min, 72 °C).

Table 8: Sequences of the methylation-specific primers used for MSP targeted at XAF1 and BIRCS.
MSP primers specific for the unmethylated (UM) and methylated (M) template are provided.

Primer Sequence (5’-3’) Length Tm (°C)
XAF1 MSP_M_fwd TTTGTAAGAAACGAAATTTAATCGA 25 mer 51
XAF1 MSP_M_rev CTTCCATATTCTACTCTCTACAAACTTT 28 mer 54
XAF1 MSP_UM_fwd TTTGTAAGAAATGAAATTTAATTGA 25 mer 48
XAF1 MSP_UM_rev CTCCTACCCTTAAAACCCACAAT 23 mer 55
XAF1 Primers were previously described by Chen et al. [199].
BIRC5 MSP_M_fwd TTCGGTATATTTCGCGTCGT 20 mer 55
BIRC5 MSP_M_rev AACGTCGAAACACCCATACC 20 mer 56
BIRC5 MSP_UM_fwd GGTGTGGTGTTGTTGGGTGT 20 mer 59
BIRC5 MSP_UM_rev CCAACAAATCCCACAATTCA 20 mer 52

BIRC5 Primers were previously described by Wagner et al. [150].

Different annealing temperatures for MSP BIRC5 and XAF1 primers were tested in a tempera
ture gradient using bisulfite treated gDNA of cell line LN308. Figure 14 shows an exemplary
agarose gel electrophoresis for BIRC5 MSP. No band was observed for the M primer pair,
whereas a specific band at ~200 bp (197 bp) was obtained for UM primers at all tested tem
peratures with no unspecific products. To increase primer binding specificity, for BIRC5 M and

UM a Tm of 61 °C was chosen and XAF1 MSP was conducted at a Tm of 57 °C.
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Figure 14: Amplification products of a gradient PCR with
MSP BIRC5 primers using gDNA extracted from LN308
cells. Products were separated on a 1 % agarose gel.

2.6.5.2 Methylation sensitive high resolution melt analysis (MS HRM)

To allow a large, quantitative screening of patient samples and cell lines for methylation in the
XAF1 gene (and BIRCS5), a high throughput method for methylation analysis was established.
CpG flanking primers allowed the amplification of amplicons covering CpG putatively involved
in gene regulation. Depending on the methylation status of these CpGs in the template gDNA,
sequence differences were introduced by bisulfite conversion as described (see 2.6.2). Un
methylated C are converted to T, causing weaker base base interactions in the corresponding
A =T pairing, than in G = C base pairs resulting from 5mC. These differences in the numbers
of H bonds can be measured in high resolution melting analysis. Over a wide temperature
range, the melting of the amplicons is monitored in high resolution (0.2 °C) which generates
detailed melting curves for all samples, as show for XAF1 HRM1 amplicon (Figure 15). Here,
products for the amplification of XAF1 using UM DNA (lower Ty) and M standard DNA (higher

Twm) as template. Clear separation of both DNA templates was achieved during HRM.

Table 9: Different primer sequences used for MS-HRM targeted at XAF1 and BIRC5.

Primer Sequence (5’-3’) Length Tm (°C)
XAF1 HRM1_fwd GGTTGTTAGTTTTAGGGAGGTAGA 24 mer 55
XAF1 HRM1_rev ACAACATAACCAACCCCTACTA 22 mer 54
XAF1 HRM2_fwd AAGTTGTGGGTTGGGTTAT 19 mer 51
XAF1 HRM2_rev CTTCCATATTCTACTCTCTACAAACTTT 28 mer 54
BIRC5 HRM_fwd GTTAGGTGTGGGTAGGGA 18 mer 53
BIRC5 HRM_rev1l TAAAAAAAAACTACCAAACAAAAAA 25 mer 49
BIRC5 HRM_rev2 ACCCTCCAAAAAAAACCAATTC 22 mer 53
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Figure 15: qPCR Melting curves for XAF1 MS-HRM1 amplicon for unmethylated
(UM) and methylated (M) bisulfite-converted DNA standards as template.

gPCR was performed using a CFX96 Real Time PCR Detection System (Bio Rad) in 15 ul prep
arations. 7.5 pl 2x Precision Melt Supermix (Bio Rad) was used for amplification of 20 ng” bi
sulfite converted DNA with 400 nM fwd and rev HRM primer (Table 9). Amplification was
started with an initial activation step at 95 °C, 2 min, followed by 45 cycles of denaturation
(95 °C, 10 s), annealing (60.3 °C, 30 s), and at elongation (72 °C, 15 s) with a fluorescence read
after every cycle. After the amplification cycles, the HRM step was performed as follows: 95 °C
for30s, 60 °Cfor 60 s, heating up to 90 °C with detection of melt curves ata 0.2 °Cincrements.
Appropriate annealing temperatures for specific primer binding were established in a temper
ature gradient. For cell lines and HGG tumor DNA analysis was performed in technical dupli
cates. Standards with a defined theoretical percentage of methylation (0 %, 25 %, 50 %, 75 %,
100 %) were amplified alongside the samples in every run for sample interpolation. These
standards were generated by mixing methylated (M) and unmethylated (UM) DNA (see 2.6.4).
For more accuracy of the HRM, the actual methylation of the standard DNA was determined
for the XAF1 promoter by pyrosequencing. The methylation percentage of each of the three
CpGs in the HRM1 region was determined (see 3.6.1). In brief, mean methylation for the XAF1
amplicon was 84.1 % for M DNA and 2.6 % for UM DNA. Correspondingly, the generated
standards had methylation percentage of 23.0 % (3:4), 43.35 % (1:1) and 63.73 % (1:3). For

sample interpolation, high resolution melting curves were then normalized to defined pre

> DNA amount of 20 ng represents theoretical amount assuming no loss of DNA during bisulfite conversion
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melting and post melting areas, using the Precision Melt Analysis Software 1.2 (Bio Rad).
These melting areas define the start of the melting process and are used for normalization.
Normalized melt curves of XAF1 MS HRM1 amplification of standard DNA with theoretical
methylation of 0 %, 25 %, 50 %, 75 % and 100 % are shown in Figure 16 for technical duplicates

each.
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Figure 16: Normalized melt curves for XAF1 MS-HRM1 amplicon for methylation standards in tech-
nical duplicates for 0% (beige), 25% (blue), 50% (red), 75% (green) and 100% (violet) methylation
level. The normalized relative fluorescence units (RFU) are plotted against the temperature.

Normalized relative fluorescence units (RFU) were then exported to Prism 6.0c for Mac
(GraphPad Software) to calculate the area under the curve (AUC) of standard curves and sam
ples. A linear regression analysis was performed (R? > 0.98) which allowed the interpolation

of sample methylation values as percentage of methylation.

2.6.5.3 Bisulfite Pyrosequencing (PSQ)

Bisulfite converted gDNA was subjected to pyrosequencing for quantification of single CpG
methylation values. Prior to sequencing, regions of interest were amplified by PCR optimized
for pyrosequencing (PyroMark PCR, Qiagen). 12.5 ul 2x PyroMark PCR Master Mix was used
with 2.5 pl CoralLoad Concentrate (10x), 280 nM fwd primer, 5’ biotinylated rev primer for
amplification of 20 ng DNA (Table 10). PCR mix was filled to 25 pl with DNase free H,0. After
initial HotStarTaq activation (95 °C, 15 min), 45 cycles of denaturing (94 °C, 30 s), annealing
(60 °C, 30 s) and elongation (72 °C, 30 s) was performed on a T100 Thermal Cycler (Bio Rad)
with a final elongation step (10 °C, 72 min). PCR products were separated on an agarose gel

for pre testing or analyzed by PSQ.
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20 pul of the PCR product were pipetted into a 96 well PCR plate and diluted with 20 pl DNase
free water. 40 pl binding buffer (Qiagen) were added. To avoid sedimentation 3 ul Streptavi
din Sepharose High Performance Beads (GE Healthcare) were added in the last step, before
incubating under constant shaking for 5 min. Meanwhile, PSQ plate was prepared by dispens
ing 38.4 ul annealing buffer (Qiagen) and 1.6 pl sequencing primer (with 10 pmol/ pl) to each
well. After the shaking, PCR products, bound to sepharose beads, were attached to a Vacuum
Workstation (Qiagen). The system was kept under constant vacuum to avoid the loss of the
sepharose beads. The beads on the preparation tool were washed by aspiration of 70 % EtOH
for 5s. To extract the anti sense strand with biotinylated 5’ end only, sense strand was
washed away by aspirating denaturation buffer (NaOH) for additional 5 s. A second washing
step was performed and the prep. tool was carefully positioned over the PSQ plate. Pressure
was released from the system slowly and each nozzle was dipped in the corresponding well of
the PSQ plate, thereby releasing the biotinylated anti sense strands. Before sequencing, the
sequencer cartridge was filled with all four ddNTPs (A, T, C, G), enzyme mix and substrate mix
(PyroMark Gold Q96 Reagents, Qiagen) in appropriated amounts, as calculated by the Pyro
Mark Assay Design Software 2.0 (Qiagen). Sequencing reaction was then performed on a Py
roMark Q96 ID sequencer (Qiagen). Sequencing data was evaluated with Pyromark CpG Soft

ware (Qiagen).

Table 10: Primer sequences used for pyrosequencing.

Primer Sequence (5’-3’) Length Tm (°C)
IDH1_fwd AAATATCCCCCGGCTTG 17 mer 52
IDH1_rev_biotin TTGCCAACATGACTTACTTGATC 23 mer 59
IDH1_seqP GGGTAAAACCTATCATCATA 20 mer 52
IDH2_fwd GTTCAAGCTGAAGAAGATGTGG 22 mer 55
IDH2_rev_biotin TGTGGCCTTGTACTGCAGAG 20 mer 58
IDH2_seqP AAGCCCATCACCATT 15 mer 47
XAF1 HRM1_fwd GGTTGTTAGTTTTAGGGAGGTAGA 24 mer 55
XAF1 HRM1_rev_biotin ACAACATAACCAACCCCTACTA 22 mer 54
NESmut_fwd CGCTGTTGTTTTGATTTT 21 mer 47
NESmut_rev CCAATACATACAATTTTGTT 21 mer 50
NESmut_SeqP TTTCTGTCAAGAAGCAGT 18 mer 49
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2.7 Sequencing

2.7.1 Pyrosequencing

PSQ of gDNA targeting BIRC5 NESmutations was performed according to the bisulfite PSQ pro
tocol (see 2.6.5.3), with up to 500 ng of non bisulfite converted DNA. Primer annealing in the

PyroMark PCR was performed at 56 °C. Primer sequences are provided in Table 10.

2.7.2 Sanger-Sequencing

Purified plasmid DNA were sent to StarSEQ GmbH (Mainz) for sanger sequencing with and
standard T7 and SP6 primers and designed primers for sequencing of the plasmid backbone
in subsequent reads (primer walking) (Table 11). Chromatograms were retrieved as raw data,
and base calling was performed using the SnapGene Software (trial version) 3.1.2 (GSL Bio

tech, Chicago, IL). Overlapping T7 and SP6 reads were aligned using this software.

Table 11: Primer sequences used for Sanger sequencing.

Primer Sequence (5’-3’) Length Tm (°C)
T7 standard primer (StarSEQ GmbH)

SP6 standard primer (StarSEQ GmbH)

P1 GCATCACTCACGGCATGG 18 mer 58

P2 GCCGATTTCGGCCTATTGGT 20 mer 59
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2.8 Immunofluorescence

Expression, localization and foci formation of different proteins of interest were analyzed by
immunofluorescent staining with appropriate primary and fluorochrome conjugated second
ary antibodies (Table 12). Techniques for imaging of stained fixed cells and FFPE tumor tissue

sections, and living cells, respectively, are described subsequently.

Table 12: List of primary and secondary antibodies (Ab) used for immunofluorescence and immuno-
histochemistry. (abbr.: rb. rabbit; m. mouse; d. donkey; g. goat; mAb. monoclonal antibody;
pAb. polyclonal antibody)

Antibody Host/ re- Provider (cat.-no.) IF IHC?

activity dilutions dilutions
primary antibodies

Survivin rb. pAb. Cell Signaling Technology (#71G4) 1:1000 1:400

XIAP m. mAb. Becton Dickinson (#610716) - 1:50

yH2AX (5139) m. mAb.  Millipore (#JBW301) 1:1000 -

53BP1 m. mAb. 1:1000 -

Rad51 r. pAb. Abcam (#638019) 1:1000 -

secondary antibodies

anti-mouse-Cy3 g. pAb. Dianova (#115165146) 1:1000 -

anti-rabbit-488 g. pAb. Invitrogen (A-11008) 1:1000/2000 -

anti-mouse-488 g. pAb. Invitrogen (A-11017) 1:1000 -

: diluted in 1:1000 in PBS + 0.25 % Triton X-100; % diluted in PBS + 2 % BSA + 0.1 % TritonX 100

2.8.1 Immunofluorescence staining of fixed cells for foci detection

To study DNA damage associated formation of DNA repair foci of repair proteins, Ab against
vH2AX, 53BP1, and Rad51 were used. The cells were seeded on sterilized cover slips in 35 mm
cell culture dishes. Appropriate cell numbers were seeded, depending on different time
points, and incubated for 48 h before treatment. Cells were fixed after the indicated treat
ment period. For fixation, medium was aspirated and the cell monolayer was washed with PBS
once. 1 ml 4.5 % formaldehyde in PBS solution (Roti® Histofix 4,5 %, Carl Roth) was added
under a fume hood and incubated for 15 min at RT. After washing (PBS), cells were covered in
1 -2 mlice cold MeOH and kept for 10 min at 20 °C. For rehydration samples were washed
with PBS for 3 x 5 min. Blocking of unspecific intracellular antigens was performed with 40 pl
PBS +0.25 % Triton X 100 + 10 % normal goat serum (Thermo Scientific) that was dipped onto
the cover slip and incubated for 1 h at RT. During this blocking step and all subsequent staining

steps, the 35 mm were kept in a humidified incubation chamber to prevent drying. Blocking
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solution was rinsed off with PBS and 40 pl primary Ab dilution in PBS + 0.25 % Triton X 100
was added onto the cover slip (yH2AX: 1:1000; 53BP1: 1:1000; RAD51: 1:5000). Staining was
performed over night at 4 °C. Before secondary Ab was applied, cover slips were washed with
PBS 2 x 5 min, rinsed with PBSy ghsat (+ 0.4 M NaCl) and washed with PBS 1 x 5 min. After incu
bation of 40 ul of secondary Ab dilution (1:1000 in PBS + 0.25 % Triton X 100) for 1 h at RT in
the dark, washing procedure was repeated. Nuclear DNA staining was achieved using 40 ul
TO PRO 3 (10 uM in PBS, Thermo Scientific) for 15 min at RT. After washing with PBS, cover
slips were mounted upside down on microscope slides using Vectashield Antifade Mounting
Medium (Vector Laboratories Inc.) for preservation. Edges were sealed with nail polish (trans
parent) and foci and nuclear staining were visualized on a confocal laser scanning microscope:

LSM 710 (Carl Zeiss GmbH) using a Plan Apochromat 63x/1.40 Qil DIC objective.

2.8.2 Immunofluorescence staining of fixed cells for detection of Survivin

A different fixation and staining method was applied for detecting Survivin’s intracellular lo
calization to avoid washing the protein out of the cytoplasm due to its small size. The cells
were seeded and fixed with formaldehyde as described above. After fixation, the cover slips
were washed with PBS for 3 x 5 min and blocking was performed (see 2.8.2). Incubation with
Survivin rabbit mAb followed over night at 4 °C with 40 ul of a 1:1000 dilution. After the stain
ing, washing was repeated (PBS for 3 x 5 min) and incubation with secondary Ab (1:2000; in
PBS + 0.25 % Triton X 100) was carried out for 1 h at RT. Subsequent specimen preparation

and visualization was performed as described above.

2.8.3 Immunofluorescence staining of FFPE tumor sections (IHC)

For immunohistochemistry (IHC) of FFPE tumor sections, specimens had to undergo deparaf

finization and epitope retrieval. Sections, mounted on a microscopic slide, were pre heated at
60 °C for 30 min in an incubator. Afterwards, the tissue specimens were incubated in xylene
3 x 5 min, followed by an ethanol series (100/ 100/ 96/ 90/ 80/ 70 % EtOH) with an incubation
time of 5 min each. Rehydration was carried out by rinsing the sections 2 x in H,Ogest and 1 x
in PBS. Specimen were incubated in pre heated citrate buffer (Target Retrieval Solution, Dako
GmbH, Hamburg) in a steamer for 20 min. For additional 20 min, the samples were then al

lowed to cool down at RT. After rinsing 2 x in PBS, the sections were subjected to immunoflu
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orescent staining. To reduce the amount of Ab needed, tumor areas on the slide were encir
cled with a water repelling pen (Dako Pen, Dako GmbH) and blocked for 3 h with blocking
solution (Dako GmbH) in a humidified chamber at RT. Antibodies used for detection are listed
in Table 12. Incubation with anti Survivin mAb (1:400) or anti XIAP mAb. (1:50) diluted in PBS
+2 % BSA + 0.1 % TritonX 100 followed after one washing step of 5 min PBS over night at 4 °C.
On the following day, Ab solution was washed off (3 x 10 min with PBS + 0.1 % Tween 20),
before incubating with secondary goat anti rabbit 488 in PBS + 2 % BSA (1:500) for 2 h at RT
(dark). Samples were washed again (3 x 10 min with PBS + 0.1 % Tween 20), rinsed 1 x in PBS,
stained with TO PRO 3 (1:100) for 30 min and preserved with Vectashield Antifade Mounting
Medium (Vector Laboratories Inc.) under a cover slip. Edges were sealed with nail polish
(transparent). Tissues were visualized on an LSM 710 (Carl Zeiss GmbH) using an EC Plan

Neofluar 10x/0.3, or C Apochromat 40x/1,2 W Korr M27 objective.

2.8.4 Live cell imaging

For live cell imaging cells were seeded in 4 well Tissue Culture Chambers (Sarstedt,
Nimbrecht) with cover glass bottom for high resolution microscopy. For imaging, medium
was replaced with appropriate supplemented medium without phenol red. At the time points
indicated, images were acquired on an LSM 710 (Carl Zeiss GmbH) using a Plan Apochromat
63x/1.40 Oil DIC objective. LN229 Surv GFP and LN229 SurvNESmut GFP cell clones were an

alyzed for intracellular localization of the Surv GFP fusion protein.

2.9 Survival analysis & statistics

2.9.1 HGG patient’s cohort

Tumor material was obtained from high grade glioma patients (first diagnosis) treated at the
Department of Neurosurgery of the University Medical Center Mainz (Germany), between
February 2011 and June 2013. Tumor specimens were obtained by resection, performed be
fore the initiation of treatment and were FFPE immediately. Tumor FFPE sections were pre
pared at Institute of Neuropathology of the University Medical Center Mainz and were evalu
ated by a neuropathologist (Prof. Dr. C. Sommer) in hematoxylin and eosin (HE) stainings.

Based on the tumor histology, the tumors were assigned to AA, OA, and AOA or GB of the
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WHO grade lll or IV, respectively. Furthermore, tumor areas haven been demarked from nor
mal tissue. GB patients in appropriate postoperative clinical condition underwent combined
radio and TMZ based chemotherapy according to Stupp et al. [19,201]. Patients with anaplas

tic gliomas received treatment according to the findings of the NOA 04 study [202,203].

2.9.2 Ethics statement

All patients provided a written informed consent prior to data assessment, and the study was

approved by the institutional ethics committee of the University Medical Center Mainz.

2.9.3 Kaplan-Meier Survival estimates & Correlations

IBM SPSS Statistics version 23 was used for managing the patient’s data and to calculate sur
vival curves according to Kaplan Meier for the endpoints of experiencing a progress (PFS) or
death (OS) with case censoring [204]. To compare different patient groups, survival curves
were dichotomized for different parameters, e.g., XAF1 status or IDH1 mutation. Test for sta
tistical significance of the group differences, was determined by Log rank test (Mantel Cox).

Data was exported to Prism 6.0 to plot the graphs.

2.9.4 Bivariate correlations

For analyzing bivariate correlations of different nominal parameters, e.g. for the correlation
matrix provided in Table 21, Spearman's rank correlation coefficient (rs or p) was calculated
using SPSS. Statistical significance was determined in a two tailed approach using SPSS’s
standard test for r.. For analyzing bivariate correlations of metric parameters, e.g. methylation
values determined by HRM vs. methylation values determined by pyrosequencing, were cal
culated with Pearson’s product moment correlation coefficient (R). Statistical significance was

determined in a two tailed approach using SPSS’s standard test for R.

65



Material & Methods

2.9.5 Statistical hypothesis testing

Tests for statistical significance of the observed results were performed with appropriate sta
tistical methods using Prism 6.0. The null hypothesis was rejected upon p values below 0.05
(*). Lower p values are indicated with asterisks: 0.01 (**), 0.001 (***), 0.0001 (****). For val
ues above 0.05, the null hypothesis was not rejected and differences are indicated as not sig

nificant (ns).

Normal distribution was assumed for the conducted experiments. Comparing the means of
two unmatched samples, Student’s unpaired t test was used. To compare three or more un
matched groups One way ANOVA was carried out. Two way/ two factor ANOVA was used to
test a response depending on the factors, e.g., cell cycle phase and knockdown. Multiple com
parison post hoc testing for One way and Two way ANOVA are indicated in the particular ex

periment. All p values were calculated in two tailed tests.

2.10 Assays for determining DNA repair

2.10.1 DNA-dependent protein kinase assay

For quantification of the DNA dependent protein kinase (DNA PK) activity SignaTECT DNA PK
assay system (Promega) was used. This assay uses radioactively labeled [y **P] ATP (Perki
nElmer) for transferring *°P to a p53 derived peptide substrate by DNA PK. Due to the rela

f 32P, radioactivity had to be ordered separately for each assay pre

tively short half life o
formed. The biotinylated substrate is captured on a streptavidin matrix (SAM2® Biotin Capture
Membrane) and radioactivity is then measured in a liquid scintillation counter (Canberra Pack
ard Central Europe). Two cell pellets were generated for each treatment/ time points. For
analysis of the DNA PK activity, nuclear extracts were prepared with lysis buffer 1 (see 2.3.1).
The cell pellet was resuspended in lysis buffer 1 with 0.5 % NP 40, containing protease inhib
itors. For cell lysis, the suspension was incubated on ice for 5 min and then centrifuged (5 min,
3200 rpm, 4 °C). Supernatant was discarded. To retain functionality of the DNA PK catalytic
subunit (CS) nuclei were resuspended in lysis buffer 1 (without NP 40) to get rid of remaining

detergent. After centrifugation (5 min, 3200 rpm, 4 °C), nuclei were resuspended in 100 ml

extraction buffer (20 mM HEPES, 450 mM NacCl, 0.2 mM EDTA, 25 % glycerol). Protease inhib
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itors were added freshly to the extraction buffer (0.5 mM DTT, 0.5 mM PMSF and 1 x Com
plete (Roche)). Samples were then subjected to 5 repeated freeze thaw cycles between liquid
N, and 37 °C. After centrifugation (5 min, 18407 g, 4 °C), the cleared supernatant was then
analyzed for total protein amount by Bradford protein assay. No DNA PK activator (calf thy
mus DNA) was used for this experiment (refer to the manufacturer’s protocol), since the re
moval step of endogenous DNA by treatment with DEAE sepharose was omitted. Thus, en
dogenous DNA was used as intrinsic activator of the DNA PK enzyme, instead of an artificial

activator of DNA PK.

All subsequent working steps were performed under adequate radiation protection measures
for the work with beta emitters in a laboratory designated for radioactive working. An assay

reaction mix was prepared as follows:

Reaction mix Volume

DNA PK control buffer 2.5 ul
5X Reaction buffer 5.0 ul
DNA PK Biotinylated peptide substrate 2.5 pl
BSA (10 mg/ ml) 0.2 ul
[v 3P] ATP mix* 5.0 pl

*containing 4.5 pl 0.1 mM ATP + 0.5 pl [y 32P] ATP

The reaction mix was pre incubated at 30 °C for 5 min. According to the enzyme sample with
the lowest total protein concentration, remaining samples were adjusted to the same amount
of protein in 9.75 pl maximum volume. Enzyme dilution buffer was prepared, using 1X Reac
tion buffer with a final BSA concentration of 0.1 mg/ ml. 9.75 ul enzyme sample were incu
bated with 15.2 pl of Reaction mix for 5 min at 30 °C. Upon termination with 12.5 pl termina
tion buffer, samples were kept on ice before being spotted onto a prenumbered streptavidin
membrane square (provided). Several washing steps of the membrane were performed to

rinse off excess free [y 32P] ATP and non biotinylated proteins under repeated shaking:

e 1x30s with 100 ml 2 M NacCl
e 3 x2 min with 100 ml 2 M NacCl
e 4 x2 minwith 100 ml 2 M NaCl + 1 % H3PO,

e 2 x30s with 100 ml deionized water
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Radioactive waste was collected according to general regulations. After washing, the mem
brane was allowed to dry at RT for 30 — 60 min. Membrane squares were separated and
transferred into vials for liquid scintillation, filled with 2 ml scintillation cocktail (Rotiszint,
Carl Roth). Radiation in each sample was detected as counts per minute (CPM) on a liquid

scintillation analyzer with 3 min counting time.

2.10.2 Homologous Recombination assay

A non radioactive, real time PCR based approach was chosen for quantification of the HR ac
tivity in different cell clones and under Survivin knockdown, respectively. Homologous recom
bination assay kit (Norgen Biotek Corporation) was used for measuring the efficiency of HR.
Upon co transfection of two plasmids, intermolecular recombination may generate a charac
teristic recombined plasmid due to inherent homologies of the plasmids. After DNA isolation,

the abundance of this recombination product can be quantified with by real time PCR.

Cells were seeded in different densities to avoid confluency at later time points. 12 h before
the end of the incubation period (e.g. the treatment with TMZ or Survivin knockdown), cells
were transfected with the HR assay plasmids using Effectene transfection reagent (Qiagen)
according to the manufacturer’s protocol (24 well). For positive control 0.5 pg positive plasmid
was used for transfection. Samples were transfected with 0.5 ug DL 1 and 0.5 pg DL 2 plasmid
to test HR efficiency. Negative controls were transfected with 0.5 pg of either plasmid. After
12 h of incubation, the (plasmid) DNA was isolated from the transfected cells by PCl extraction
(see 2.6.1). In brief, cells were lysed in the 24 well plate, using 300 ul TE9 buffer, with freshly
added SDS (1 %) and 182.5 ug proteinase K, for 3 h at 48 °C under constant shaking (500 rpm).
The additional incubation with proteinase K was omitted. The cell lysate was then transferred
to a 1.5 ml reaction tube and subsequent steps were performed as described already, starting
by adding the PCI solution. The isolated DNA was resuspended in 25 pl DNase free H,0 and

DNA concentration and purity was determined by UV spectrophotometry.
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For detection of the relative plasmid quantity qPCR was carried out with 2 pl primers3, 10 pl

GoTaq gPCR Master Mix 2x (Promega) and 50 ng DNA diluted in 8 pul. Following gPCR protocol

was used for amplification:

Step °C min cycle
1 95 3:00
2 95 0:15
3 61 0:30
4 72 1:00 40x

detection of fluorescence
detection of melting curves

The abundance of the backbone plasmids was determined using the “universal primers” and
served as normalization. “Assay primers” allowed the detection of the recombined plasmid
only. Cr values were not detectable for the NTC, while the positive control showed the highest
abundance of the recombined plasmid. C; values were exported to Excel (Microsoft) and the
HR efficiency was calculated as normalized fold expression according to the AAC; method
[197]. The Cr of the untreated control served as calibrator to calculate ACy. ACr of the recom

bined plasmid samples (assay primers) were then normalized to the AC; of the backbone plas

mids (universal primers):

th(Con AssayPrimer)™ Ct(Sample AssayPrimer)

AAC, =

ZCt(Con UnivPrimer)™ Ct(Sample UnivPrimer)

3 concentration not specified by the kit’s manufacturer
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3 Results

To initiate this project, transgenic cell lines with overexpression of Survivin were generated
based on the glioblastoma cell line LN229 (see 3.1). This model allowed the analysis of the
influence of Survivin’s expression and localization on different cellular endpoints upon treat
ment with cytostatic drugs involved in the treatment of gliomas. Furthermore, the clinical rel
evance of Survivin localization in glioma patients was analyzed. Results regarding the analyses
of survival, cell death, senescence, DNA damage, DNA repair are summarized in chapters 3.3
and 3.4. Data describing the clinical implications of the epigenetic regulation of Survivin and
the tumor suppressor XAF1 are presented in chapters 3.5 and 3.6, respectively. Here, the ep

igenetic silencing of both factors was analyzed in glioma cell lines and HGG patient samples.

3.1 Cell model

A glioblastoma cell model was established to investigate the influence of the IAP member
Survivin on cellular processes like apoptosis, necrosis, senescence, and DNA repair. LN229 cells
were either stably transfected with a plasmid carrying the CDS of BIRC5 as wild type (wt) copy
or as mutated Survivin variant (Survivin NESmut) with two inactivating mutations in the NES.
To track cellular changes of the distribution of Survivin, both variants were fused to an eGFP

tag (further named GFP). Utilizing this glioblastoma cell model, the influences of Survivin over

expression and especially its subcellular localization on the response to an anticancer therapy

was investigated.

3.1.1 Stable expression of a Survivin-GFP fusion protein in glioblastoma cells

Different clones positive for both selection markers (neomycin resistance and puromycin re
sistance) were analyzed for expression of the Surv GFP fusion protein. Western blot revealed
several stable cell clones with overexpression of Surv GFP. Cell clones “D6”, “9b”, and “5a”
showed the strongest expression, while Surv GFP was found moderately expressed in “C1”
and “A2”, while being expressed at low level in “C4” and “C2” clones (Figure 17, upper panel).
“D6” was selected for further analysis and is labeled “LN229 Surv GFP” if not stated otherwise.
For reasons of clarity, parental cell line LN229 is plotted as control in the presented experi
ments. A comparison between LN229 cells and transfection control (LN229 con) transfected

with empty pSV2_neo + empty pSuper plasmids is provided in the supplemental material
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(Suppl. Figure 2 - 3). No differences in cellular survival, the induction of apoptosis, or DNA
damage (except for 72 h, where DNA damage was higher in LN229 con, see Suppl. Figure 2)

was observed between parental cells and cells transfected with the empty plasmids.

A 8 M 9 A2 C1 C2 C4 D6 con

e '“h — = Survivin-GFP (~43 kDa)

S W, = Survivin (16.5 kDa)

10a 10b 2b 5a 5b 6b 7b con

I | ‘ - - = Survivin-GFP (~43 kDa)

— © W - Survivin (16.5 kDa)

= Survivin-GFP (~43 kDa)

M - Survivin (16.5 kDa)

Figure 17: Western blot detection of endogenous Survivin (16.5 kDa) and Survivin-GFP (~43 kDa) in
cell extracts from different Surv-GFP cell clones and untransfected LN229 cells (con). Survivin protein
levels were analyzed in (A) Surv-GFP transfected and (B) SurvNESmut-GFP transfected cells. 20 ug total
protein were loaded for each sample. Signals were detected using ECL.

Analogously to Surv GFP expressing clones, cell clones with expression of NES deficient Sur
vivin were selected among different positive clones (Figure 17, lower panel). LN229 Sur
vNESmut GFP (clone “2”) was chosen for further experiments, as this cell clone showed a
strong, stable overexpression of the protein. A comparison of all three selected clones with
parental LN229 cells is shown in Figure 18. While LN229 cells do not show a signal at the mo
lecular weight of the Suvivin GFP fusion protein (43 kDa), a strong protein expression is seen
in LN229 Surv GFP and LN229 SurvNESmut GFP. The Surv GFP cell clone “C4” showed a mod

erate protein level. Endogenous Survivin is detected at 16.5 kDa in each cell line.
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~HSP90 (90 kDa)

= Survivin-GFP (~43 kDa)

=Survivin (16.5 kDa)

Figure 18: Western blot for the selected Surv-GFP cell clones and LN229 SurvNESmut-GFP cell clone
used for further experiments. Signals were detected on the Odyssey infrared imaging system (LI-COR),
using anti-mouse Ab for detection of HSP90 (red) and anti-rabbit Ab for detection of Survivin (green).

To confirm the impact of the NES mutations L96A and L98A on the subcellular distribution of
the Survivin GFP fusion protein, the localization of both, the wt and mutated Survivin was
analyzed by IF. Wild type Survivin was predominantly localized in the cytoplasm, showing a
weak GFP signal in the nuclear compartment (Figure 19, upper panel). Strikingly, a nuclear
trapping could be observed for cell clones expressing the NES deficient Surv GFP variant

(lower panel). Here, more Survivin GFP was localized in the nucleus.
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Figure 19: Inmunofluorescence images of the selected FA-fixed cell clones with stable expression of
SurvivinGFP-wt (upper panel) or SurvivinGFP-NESmut (lower panel). Nuclear staining was performed
with TO-PRO3 (blue), and GFP fluorescence is shown in green. Scale bars equate 10 um.

72



Results
3.1.2 NES-inactivating mutation in SuryNESmut-GFP clones

The identity of the mutational NES inactivation was further validated by sequencing of the
SurvNESmut plasmid used for transfection. The alignment with BIRC5 wt sequence
(NM_001168.2) revealed both mutations at the anticipated site within the NES (Figure 20).
One transversion and one transition in each codon caused the substitution of the unpolar
amino acid leucine with the isofunctional alanine at positions 96 (L96A) and 98 (L98A), respec
tively.

AAGAAGCAGTTTGAAGAATTAACCCTTGGTGAATTTTT
l 1 1 1 | 1 1 1

T T T T T T T

T
ITCTTCGTCAAACTTCTTAATTGGGAACCACTTAAAAA

K K Q F E E L T L G E F L
a0 T T g5 T T 100 T

\AGAAGCAGTTTGAAGAATTAACCCTTGGTGAATTTTT

lAGAAGCAGTTTGAAGAﬂGEPAchqIGGTGAATTTTT
1 | 1 1 l 1 |

rT(':TTCG'TCAAA(::TTCTT(';(':CACT'TAAAAL\

K K Q F E E A T A G E F L
a0 T T g5 T T 100 \

Figure 20: Alignment of BIRC5 CDS (NM_001168.2) and sequencing data obtained from sequencing
of the pcDNA 3.1 SurvNESmut-GFP plasmid. Sequences were aligned with SnapGene (Trial Version).

3.1.3 Doubling time of Surv-GFP cell clones

Growth curves for the different cell clones were determined to check whether doubling time
was altered due to the transfection of the Survivin plasmids. As the response to TMZ is strongly
dependent on the rate of growth, this experiment was crucial to exclude a growth dependent
effect. Figure 21 shows the exponential growth curves for the parental cell line LN229, LN229
Surv GFP, and LN229 SurvNESmut GFP determined by flow cytometry. Derived growth equa

tions were used to calculate doubling times given in Table 13.
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-e- | N229-con A
1.0x1064 = LN229 Surv-GFP

-a= LN229 SurvNES-GFP B
8.0x10%{ - LN229 S

y = 33450%%0%¢7*R2 = 0. 99
y = 33059*e%033*R2 = 0.99
y = 27863e%0%21xR2 = 0.97

y =31088e%9%* R2 = 0.99

cell number

time (h)

Figure 21: Growth curves for different LN229 cell clones determined by flow cytometry. The cell num-
ber determined every 24 h was used to calculate an exponential growth equation. Growth equations
are provided from top to bottom, starting with the fastest growth.

The doubling time of the clones investigated was found to be within the same range. The
overexpression of Survivin, especially of SuryNESmut, shortened the doubling time. This sug
gests a faster progression through the cell cycle, which would imply a slight growth advantage
in these cells. The doubling time of SuryNESmut GFP cells was shortened by 4.2 h in compari

son to LN229 cells.

Table 13: Doubling times (T2-T1) deduced from interpo-
lated time-points for reaching cell numbers of 200000

(T1), 400000 (T2).

Ti(h) T2(h) T2-T1(h)
LN229-con 545 755  21.0
LN229 Surv-GFP 614 829 216
LN229 SurvNESmut-GFP  48.7 67.6  18.9
LN229 620 851 231

3.2 Localization of Survivin in the response to anticancer drugs

To clarify whether Survivin changes its subcellular localization upon DNA damage, the locali
zation changes were monitored via live cell imaging in LN229 Surv GFP cells. Additionally, lo
calization of endogenous Survivin was determined in untreated glioblastoma cells. As dis
cussed above, IR was reported to cause a nuclear accumulation of Survivin. Therefore, IR was
used as positive control in the following experiments. To avoid long incubation periods for live

cell imaging, the topoisomerase | inhibitor topotecan (TPT), used as second line therapeutic
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drug, was used to follow changes upon chemotherapy. Both types of DNA damage were tested
for their influence on Survivin’s cellular distribution, while nuclear export inhibitor LMB served

as second positive control to demonstrate a nuclear trapping of Survivin GFP.

3.2.1 Localization of Survivin-GFP upon CRM1-inhibition, TPT, and IR

LMB concentrations ranging from 0.5 to 20 nM were administered, and localization of Surv
GFP was observed after 60 min upon treatment with the CRM1 inhibitor. At the highest con
centration of 20 nM LMB, Surv GFP was equally distributed between the cytoplasmic and nu
clear compartment (Figure 22). Concentrations of 5nM and 1 nM led to an increased accu
mulation of the fusion protein in the nucleus. This demonstrates that the Surv GFP fusion pro
tein is targeted correctly by CRM1 which shuttles the protein out of the nucleus. Upon specific

inhibition of this exporter by LMB, a nuclear accumulation could be observed. In the following,

the influence of TPT and IR on the localization of Survivin GFP was analyzed.
con 0.5 nM 1nm
20 nM

LN229 Surv-GFP

5nM

Figure 22: Live cell imaging of LN229 Surv-GFP cells 60 min after treatment with the CRM1 inhibitor
LMB. GFP fluorescence is shown in green. Scale bars equate 20 um.
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Figure 23: Live cell imaging of LN229 Surv-GFP cells at different time points after treatment with
topotecan (A, TPT) or after irradiation (B). Treatment with 20 nM LMB was used as positive control.
GFP fluorescence is shown in green. Scale bars equate 20 um.
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To test whether therapy relevant DNA damaging stimuli can trigger redistribution of Survivin
from the cytoplasm to the nucleus, LN229 Surv GFP cells were treated with TPT and IR in Fig-
ure 23 A and B, respectively. Neither for TPT nor for IR a change in the localization pattern of
Surv GFP could be observed over the indicated time period, as determined by live cell imaging.
The predominantly cytoplasmic subcellular distribution of Survivin did not change upon treat

ment. Thus, a nuclear accumulation could not be observed.

3.2.2 Localization of endogenous Survivin in glioma cell lines

In addition to the localization of the recombinant Surv GFP fusion protein, the localization of
endogenous Survivin was investigated in GB cell lines (LN229, A172, and U87). Upon fixation,

localization of Survivin was determined in untreated cells (Figure 24).

\ & U o w
Survivin (A488) v AB88 + TO-PRO34 DIC
- - Al an '\ - g . y .

LN229

Al172

us7

Figure 24: Immunofluorescence images of FA-fixed GB cells lines stained for Survivin (green). Nuclear
staining was performed with TO-PRO3 (blue), and differential interference contrast (DIC) images were
overlaid (grayscale) to visualize cell structures. Scale bars equate 20 um.
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All cell lines showed a strong nuclear expression of Survivin. Differential interference contrast
(DIC) images were acquired for a better visibility of the cytoplasmic dilatations. Interestingly,
Survivin specific localization to the midbody could be observed in post mitotic cells (see cen

ter image of A172 and Figure 25). These structures reflect remnants of the mitotic apparatus.
Amongst others, Survivin is localized to centromers in prophase, kinetochors of the meta

phase and anaphase spindle [205]. Thus, specificity of the antibody was specific for Survivin,
which was additionally confirmed by single staining with the secondary Ab or Survivin Ab alone

(data not shown).

Survivin (A488)

Al172-crop

Figure 25: Inmunofluorescence images of FA-fixed A172 cells (crop) stained for Survivin (green). Dif-
ferential interference contrast (DIC) images were overlaid to visualize cell structures (grayscale). Scale
bars equate 15 um.
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3.2.3 Localization of endogenous Survivin after IR

To further consolidate the data regarding the localization of Survivin after genotoxic stress,

endogenous Survivin was analyzed in LN229 cells exposed to IR (Figure 26).

TO-PRO3 Merge

con 30 min

4 Gy 30 min

Figure 26: Immunofluorescence images of FA fixed LN229 cells stained for Survivin (green). Nuclear
staining was performed with TO-PRO3 (blue). Cells were untreated (upper panel) or irradiated with
4 Gy. Fixation was performed after 30 min. Scale bars equate 20 um.

In untreated LN229, Survivin was predominantly found in the nucleus as demonstrated al
ready (Figure 24). Irradiation with 4 Gy did not cause any changes in the localization pattern

of Survivin.

For validation of these findings, fractionated cell extracts were obtained from irradiated cells
(4 Gy) and control cells after different time points. Western blot analysis of nuclear and cyto
plasmic proteins is shown in Figure 27. The cell fractions were found to be highly pure, as
minimal contaminations with the cytoplasmic protein HSP90 were detected in nuclear ex
tracts, whereas nucleus specific Poly(ADP ribose) polymerase 1 (PARP 1) was detectable in
the nuclear fraction only. The signal below the PARP1 detection band arises from the strong
binding of the HSP90 Ab. However, at 113 kDa (black arrow) no PARP 1 signal could be de
tected in the cytoplasmic fraction. In these fractionated cell extracts no nuclear accumulation

of Survivin was observed upon irradiation. Furthermore, endogenous Survivin seems to be
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predominately found in the nucleus, as the detected expression is stronger in all nuclear ex
tracts, which reflects the localization determined by IF in untreated GB cells (Figure 24) and

irradiated LN229 (Figure 26).
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Figure 27: Western blot of fractionated cell extracts of LN229 cells. Cells were irradiated with 4 Gy
and harvested after the time points indicated. HSP90 was used as cytoplasmic loading control, whereas
nuclear loading control was PARP-1. Cytoplasmic cell fraction and nuclear fraction were analyzed sep-
arately. Signals were detected using ECL.
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3.2.4 Localization of Survivin in high-grade glioma tumor sections

The clinical implications of the intracellular Survivin localization on the prognosis are discussed
controversially. Some studies find an improved prognosis for tumors with predominant nu
clear accumulation of the protein in tumor cells. As discussed earlier, other reports show the
opposite. To test whether a differential localization of Survivin can be found in high grade
gliomas, and whether this might correlate with survival, tumor sections were stained for Sur
vivin by IHC. A representative staining of a 10 um FFPE section is shown in Figure 28. Beside
weakly stained cytoplasmic areas, a strong co localization of Survivin and nuclear TO PRO3
was observed. In concordance with the cell culture data, Survivin was mainly localized in the
nucleus in all sections analyzed (N = 3). Overall, the localization pattern was homogenous in

different areas of the tumor sections.

TO-PRO3

Figure 28: IHC of a FFPE tumor section of an anaplastic oligodendroglioma (grade Ill) stained for
Survivin (green). Nuclear staining was performed with TO-PRO3 (red). Differential interference con-
trast (DIC) images were overlaid to visualize cell structures (grayscale). Scale bars equate 50 um.
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3.2.5 Screening for NES inactivating somatic mutations in HGG tumor samples

In order to allow larger screening for differential Survivin localization in brain tumors, pyrose
qguencing for known mutations in the NES was performed. This should clarify whether NES
mutations occur in HGG, and whether a link with patient’s survival can be deduced. DNA iso
lated from high grade glioma samples was thus sequenced for specific mutations in the nu
clear export sequence of BIRC5. Mutations annotated in Figure 29 have been described to
cause a nuclear accumulation in HNSCC. Pyrosequencing primers were set up to identify two
NES inactivating transitions in genomic DNA at bp 278 T>C and bp 292 C>T as well as one silent

transition in between (A288G).

Primer_fwd
CGCTGTTGTTTTGATTTT|

ggggagtggactgccgctttaatcccttcagectgectttccgetgttgttttgatttttctagagaggaacataaaaagcattcgtccggttgegetttce
. ' ) ! ; ! : : )

T T T T T T T T T T 78,216,700
cccctcacctgacggcgaaattagggaagtcgacggaaaggcgacaacaaaactaaaaagatctctecttgtatttttcgtaagcaggccaacgcgaaag

SegP
TTTCTGTCAAGAAGCAGT]

ctttctgtcaagaagcagtttgaagaattaacccttggtgaatttttgaaactggacagagaaagagccaagaacaaaattgtatgtattgggaataaga
: ! : ! : \ : Y : ! : ' ! : ! : ! : 1

T T T T T T T T T T t T t T t T + T t T 78,216,800
gaaagacagttcttcgtcaaacttcttaattgggaaccacttaaaaactttgacctgtctctttctcggttcttgttttaacatacataacccttattct
D

frame SNP T>C SNP A>G |
SNP C>T

TTGTTTTAACATACATAACCC]
Primer_rev_bio

Figure 29: Setup of PCR and pyrosequencing primers, covering inactivating mutations in the NES of
BIRCS5. Two transition mutations at position 278 and 292 and one silent mutation at position 288 were
analyzed in HGG samples.

Primer specificity was verified by PCR with genomic DNA isolated from LN229 cells. At a Ty of
56.1 °C, a specific amplification of the 153 bp product was found (Figure 30). To ensure assay
specificity, a PCR for a combination of rev primer and sequencing primer (SeqP) was run addi

tionally, yielding the predicted 93 bp fragment.

After establishing the PCR conditions, pyrosequencing of 91 HGG DNA samples returned a
reliable signal in 86 cases. Five samples were excluded from further analysis due to low se
guencing quality. In total, all tumors showed wild type sequence of BIRC5 (Figure 31, A). In
some patients, a low percentage (< 13 %) of C to T transitions at position 292 and silent tran
sitions at position 288 (A to G) was detected (Figure 31, B). However, transitions from T to C

(position 278) could not be detected.
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Figure 30: Agarose gel separation of PCR products of different combinations of SurvNESmut pyrose-
quencing primers. SurvNESmut fwd and rev primer were used for amplification (left side), and a com-
bination of SurvNESmut sequencing primer (SeqP) and SurvNESmut rev primer was used additionally.
Amplification products were separated on a 2 % agarose gel, stained with EtBR, and visualized on a UV
transilluminator.

The SNPs found in some samples indicated a low frequency of the particular mutations. As
suming that only some tumor cells within the tumor might bear a BIRC5 NES mutation, these
patients were analyzed for peculiarities in the survival. Patients with a detected mutation fre
quency above 5 % were designated as “noticeable”, and Kaplan Meier survival curves were
calculated (data not shown). No significant association between putative BIRC5 NES mutations
and survival, progression free survival, age, or tumor grade could be observed. Thus, the se
quencing data support the in vitro experiments and IHC staining, showing that Survivin is

mainly localized in the nucleus of glioma cells.

A C:0.0% G0.0%  C:99.2% B C:0.0% Gi83% C91.1
T:100.0% A:100.0% T:0.8% T:100.0% A91.7% T:89%
|
125 - { - 160-
120
140~
115- : 1 T . |
110 A I T I ‘ 120-
105
E S GCTCGAGATGAGCTCG ES GCTCGAGATGAGCTTCG
5 10 15 5 10 15

Figure 31: Pyrosequencing results for detection of NES mutations in HGG patient samples. (A) One
patient sample (1221/12) showing wild type Survivin sequence is compared to (B) one patient sample
(1739/11) showing deviations from wild type Survivin sequence.
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3.3 Impact of Survivin expression and localization on the response to TMZ

To characterize the impact of Survivin expression and especially the influence of its localiza
tion on the response to TMZ induced genotoxic stress, different cellular endpoints were ana
lyzed in Survivin expressing cell clones (see 3.1). In the background of Survivin (wt) and NES
deficient Survivin expression, cellular survival, cell death, senescence, DNA damage, and DNA

repair was analyzed.

3.3.1 Survivin protects glioblastoma cells from TMZ-induced cell death

The sensitivity of LN229 Surv GFP and SurvNESmut GFP cells towards anti cancer drugs, used
in the therapy of glioma, was investigated by colony formation assay (CFA). All tested cell lines
show a dose dependent reduction in the survival upon TMZ (Figure 32 A) and TPT (B). The
LN229 Surv GFP clone was strongly protected against the treatment with both anti cancer
drugs, when compared to LN229 SurvNESmut GFP and parental LN229 cells. At a higher con

centration of 10 uM TMZ, still 42.6 % of the LN229 Surv GFP cells survived. In contrast, only
13.8 % of the LN229 cells were able to form colonies. Most strikingly, the expression of Sur

vNESmut GFP even sensitized the cells (4.3 % survival). This effect was visible through the
whole concentration range. Similar results were obtained for the treatment with TPT. Expres

sion of Surv GFP strongly protected the cells, which was most evident at the highest concen

tration of 15 nM TPT. While being highly toxic for LN229 (4.8 %) and SurvNESmut GFP (0.8 %),
still 46.0 % of LN229 Surv GFP cells survived the high dose (15 nM).
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Figure 32: Colony formation assay (CFA) of Survivin cell clones for different concentrations of TMZ
(A) and TPT (B). Surviving cells were normalized to control (%) and plotted in a semi-logarithmic graph.
Data of at least two independent experiments in technical triplicates is shown (N = 2) with error bars
indicating SD.
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Besides, no striking differences could be observed for the survival curves of parental LN229
cells and SurvNESmut cells. At 15 nM, the survival of LN229 SurvNESmut GFP was worse in

comparison to parental cells.

Additionally, survival was validated for selected TMZ concentrations (Figure 33). Due to a
lesser cell number seeded for this colony assay (500 cells instead of 1000 cells), a lower overall
survival percentage was achieved. Nevertheless, the survival data are in line with the data
presented above. While the LN229 Surv GFP clone was protected from TMZ treatment at 2.5
and 7.5 uM, LN229 SurvNESmut GFP cells showed the lowest survival, with parental survival

percentages of LN229 cells lying in between.
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3.3.2 Induction of apoptosis and necrosis in LN229 cell clones

As the Survivin’s anti apoptotic properties are well described in the literature, apoptosis inhi
bition is one possible mechanism that might explain the strong survival differences in LN229
cell clones. To test whether this accounts for an increased survival of LN229 Surv GFP cells,
levels of apoptosis and necrosis were measured by AnnexinV/ Pl staining. The amount of apop
totic/ necrotic cells of the whole cell population was calculated as cell death above control
(induced cell death). At 120 h, no significant differences could be determined (Figure 34). The
apoptotic cell fraction was equal in case of LN229 and LN229 Surv GFP cells. Apoptosis in
LN229 SurvNESmut GFP was slightly reduced, albeit the differences were not significant. Ne
crotic cell death was detectable in ~8 % for all cell lines. At the later time point (144 h), paren
tal as well as SurvNESmut expressing cells showed a slight induction of necrotic cell death,

again not reaching statistical significance.
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Figure 34: Induced apoptosis and necrosis in LN229 cell clones 120h and 144h after treatment with
100 uM TMZ. Different cell populations were gated for AnnexinV-APC/ Pl positivity.

3.3.3 Activation of Caspase 3/ 7 in LN229 cell clones

Furthermore, activation of effector caspases 3 and 7 was determined via luminescent
Caspase Glo 3/ 7 assay. To clarify whether a differential caspase activation is measurable at
early and late time points after TMZ treatment, caspase 3/ 7 activity was determined after 72
and 144 h (Figure 35). At 72 h, LN229 cells showed the highest activity levels (3 fold above
untreated control). At this time point, LN229 Surv GFP and LN229 SurvNESmut GFP cells
showed only a slight increase in caspase activity of 1.7 fold and 1.3 fold, respectively. This
indicates that both Survivin variants were capable of mediating a caspase inhibition. After
144 h, caspase activity in both Survivin clones was augmented. A 3.7 fold increase was deter
mined in LN229 Surv GFP cells and a 2.5 fold increase in LN229 SurvNESmut GFP, whereas
caspase activity decreased in LN229 to 2.1 fold. Thus, the cell clone with expression of Sur

vGFP showed the highest activity of the caspases 3 and 7.
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3.3.4 Induction of senescence

Cellular senescence can be caused by various types of genotoxic treatments including TMZ.
To examine whether Survivin or SurvNESmut can prevent or promote cellular senescence, 3
Galactosidase (B Gal) staining for senescence associated B Gal activity was conducted. B Gal
becomes active during the cellular senescence program, which is utilized to cleave an artificial
B Gal substrate (X Gal). The cleavage products may dimerize and are oxidized to a blue indigo

dye by which senescent cells can be identified.

Interestingly, the percentage of senescent cells was significantly reduced in LN229 Surv GFP
cells following TMZ treatment (Figure 36). At 120 h, also LN229 SurvNESmut cells showed a
significantly lower number of senescent cells when compared to parental LN229 cells. How
ever, this effect was not persisting at 144 h. Here, again Surv GFP expressing cells showed the
lowest induction of cellular senescence. This indicates that wt Survivin but not NES mutated
Survivin was consistently able to prevent TMZ induced senescence. Representative images for

every time point investigated are provided in Figure 37.
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Figure 36: Box-plots for senescence induction as fraction of positive cells in Survivin cell clones 120
and 144 h after treatment with 100 uM TMZ. Single cells were counted and characterized for positive
X-Gal staining. Both time-points represent three independent experiments. Between 255 568 cells
were counted for each group in each independent experiment (N = 3). Whiskers indicate 5th and 95th
percentile, with boxes representing first, second (median), and third quartile (from top to bottom). Ge-
ometric means are marked with “+”. Outliers (values out of 5 95 percentile range) are marked as “¢”.

Test for statistical significance was performed by One-Way ANOVA with Bonferroni post hoc analysis.
Significant differences are indicated with *.
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Figure 37: Representative bright field images of different LN229 cell clones stained for SA-B-Gal ac-
tivity. Positive cells (strong blue) and total cells were counted on each image.

3.3.5 Cellular response to TMZ-induced DNA damage

To address the question whether the DDR to TMZ is different in LN229 Surv GFP compared to
LN229 SurvNESmut GFP cells, the phosphorylation (activation) of different DDR key proteins
was analyzed in both cell clones (Figure 38). The phosphorylation of CHK1 (Ser345) was in

creased in response to TMZ in a time frame of 48 — 96 h when compared to untreated cells.
Both cell clones showed a strong activation of CHK1 (pChk1), indicating the presence of stalled
replication forks and SSBs. In line with this, the downstream target of CHK1 p53 was strongly
phosphorylated at serine 15 and serine 46. 96 h after treatment, the phosphorylation of both
p53 residues already declines in LN229 Surv GFP, whereas the phosphorylation is slightly more
prominent in LN229 SurvNESmut GFP. Most strikingly, phosphorylation of the DNA DSB

marker H2AX was strongly pronounced in LN229 SurvNESmut GFP after 96 h, whereas it was
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almost lost in LN229 Surv GFP. This finding hints at the involvement of the DNA DSB repair in
the enhanced survival of LN229 Surv GFP cells. Thus, the phosphorylation of H2AX was ana

lyzed in more detail.
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Figure 38: Western blot for different phosphorylation forms of DDR proteins. HSP90 was used as
loading control for the detection of CHK1/ pCHK1 (top), and detection of pp53 (Ser™; middle). B-Actin
served as loading control for the detection of yH2AX and pp53 (Ser; bottom). Signals were detected
using ECL.

3.4 Induction of DNA double-strand breaks in Survivin cell clones

The role of Survivin in the repair of DSB remains largely obscure. For radiation, a facilitation
of the main repair pathway (NHEJ) of this lesion was reported (see 1.5.3). Whether Survivin
plays a role in other DNA repair pathways is not known. A major part of this work was to
investigate the contribution of Survivin to the repair of TMZ induced DSBs. TMZ causes highly
cytotoxic DSBs (see 1.4.1). As this type of DNA damage leads to cell cycle arrest in the G2
phase, the main pathway for the repair is HRR. To elucidate the impact of Survivin and Sur
vNESmut on this pathway, DNA damage induction and DNA repair efficiency was analyzed in

the corresponding cell clones.
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3.4.1 yH2AX and co-localization with 53BP1

DSB lesions induce DNA damage sensing, signaling, and repair pathways, which involve di

verse repair factors. An early event during the DSB recognition is the phosphorylation of the
histone variant H2AX. The active sites of DNA repair can be visualized by IF imaging as distinct
foci by staining of proteins accumulating at sites of DNA repair, especially yH2AX. These foci
are formed in proximity to the DNA DSB and allow a quantification of the amount of double
strand breaks within a cell. An additional factor involved in DSB repair is 53BP1 that was
checked for its colocalization with yH2AX in the following experiment for further validation of
the detection of DSBs and not of other lesions also involving the phosphorylation of H2AX (see
1.4.3.1). Figure 39 shows three representative series of an IF co staining of yH2AX and 53BP1
in LN229 cells treated with 50 uM TMZ (96 h).

53BP1 (A488) - yH2AX (Cy3)

Figure 39: Immunofluorescence images showing the co-localization of 53BP1 and yH2AX 96 h after
TMZ treatment (50 uM). 53BP1 was stained with A488-conjugated (green) and yH2AX with Cy3-con-
jugated (red) secondary Ab. TO-PRO3 was used for nuclear staining (blue). Scale bars equate 10 um.
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Both factors show distinct nuclear foci pattern and besides, yH2AX and 53BP1 foci are per
fectly co localized, as the comparison of the single channels and the merge image reveals. The
experimental settings tested here were used for further experiments to determine the quan

tity of DNA DSBs upon TMZ treatment.

3.4.2 yH2AX induction after TMZ treatment in Survivin clones

To determine the induction of DSBs caused by TMZ, phosphorylation of H2AX was analyzed.
Distinctly visible yH2AX foci within cell nuclei were counted manually on immunofluorescent
images. Detailed, representative pictures for the different cell clones and time points are pre
sented in Figure 40. The number of yH2AX foci was strikingly different among the cell clones.
LN229 Surv GFP cells exhibited the lowest induction of yH2AX foci at all time points, while foci

numbers were increased in LN229 and LN229 SurvNESmut GFP cells.

LN229 Surv-GFP LN229 LN229 SurvNESmut-GFP

48 h

72 h

96 h

Figure 40: Immunofluorescence images of yH2AX foci (red) in LN229 cell clones upon treatment with
50 uM TMZ for different time points. Representative cells were cropped from larger images. TOPRO-3
(blue) was used for nuclear staining. Scale bars equate 10 um.
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Thus, quantitative analysis of the foci numbers per nucleus was performed 48, 72, and 96 h
upon TMZ treatment (50 uM). The mean foci numbers per nucleus were significantly de
creased in LN229 Surv GFP cells at 48, 72, and 96 h after treatment when compared to LN229

cells and cells expressing NES mutated Survivin (Figure 41).

50 uM TMZ
150_ * %k k¥
7))
: 3 %k %k
9
g . _._.
c 1001 hd
m L)
Q L]
P ==
=
X 501 |
[a]} —I— . e
I o®
>‘ L]
0 T T T
150' [ * Kk K
(7))
> * oKk K
2 1
Q *
= 1
€ 1001 i .
w L] * —|_
o -
g —|—' + 72h
=
g [ & +
T
> _.._
—— .
0 T T T
2507 Kok Kok
" T 1
> .
2 2001
(9] —
>
< * k%
E’_ 150+
S - 96 h
£ 100 [
:|>:_ 501 +
—l— . .
0 T T T

CJ LN229Surv-GFP [ LN229 [J LN229-SurvNESmut-GFP

Figure 41: Box-Blots of yH2AX foci numbers per nucleus in Surv-GFP cell clones after treatment with
50 uM TMZ. Whiskers indicate 5" and 95™ percentile, with boxes representing first, second (median),
and third quartile (from top to bottom). Geometric means are marked with “+”. Outliers (values out of
5 95 percentile range) are marked as “o”. Test for statistical significance was performed by One-Way
ANOVA with Tukey’s post hoc analysis. Significant differences are indicated with *. 35 to 56 nuclei were
evaluated for each cell line and time point in this analysis.

92



Results

This effect was most prominent 72 h after treatment. In average, Surv GFP cells showed 36
foci per nucleus, while the induced foci number was significantly higher in LN229 cells (46).
Expression of NES deficient Survivin variant (SuryNESmut GFP) led to an even increased foci
number (63). Comparison between parental cell line LN229 and SurvNESmut GFP clone re
vealed significantly increased number of yH2AX foci (p < 0.0001) in the clone expressing the
NES deficient Survivin after 72 h. Also, 48 h and 96 h after the treatment, the NES deficient
clone tended to show more yH2AX foci than parental cells, although not reaching statistical
significance. LN229 SurvNESmut GFP showed the highest variance at 48 h and 96 h. Here, the

foci numbers observed varied greatly from 213 to 41.

In direct comparison (Figure 42), the time course of yH2AX foci formation revealed an initial
high number of foci 48 h after treatment, which was reduced at 72 h in all cell lines. Interest
ingly, after 96 h foci numbers increased again. This observation might reflect a complex bal
ance of ongoing DNA repair and the formation of new DSB upon 0° MeG lesions over time.
However, in LN229 Surv GFP cells, foci numbers stayed below 44 foci per nucleus after 96 h,
while in LN229 and SurvNES mut cells, the foci counts were even higher than the initial values

after 48 h.
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Figure 42: Summary of yH2AX foci formation per nucleus in Surv-GFP cell clones after treatment with
50 uM TMZ. Error bars indicate SEM. Test for statistical significance was performed by One-Way
ANOVA with Tukey’s post hoc analysis. p-values (*) indicated above each column were calculated be-
tween LN229 Surv-GFP (blue) and the corresponding column. Other comparisons are indicated above
the bars.
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Differences in the number of the remaining DSBs might reflect variances in the efficiency of
DNA repair in clones. Further experiments were conducted to measure repair rate and sensi

tivity of the cells upon inhibition of either DSB repair pathway.

3.4.3 Influence of NHEJ on TMZ-induced DNA damage in Survivin clones

One possible pathway for the repair of DSB is NHEJ. As mentioned earlier, Survivin facilitates
NHEJ upon IR. Although TMZ induced DNA lesions are mainly repaired by HR, a putative in

volvement of Survivin in NHEJ was investigated.

3.4.3.1 DNA PK activity assay

The rate limiting enzyme of NHEJ is DNA PK, which activates downstream kinases by phos
phorylation. DNA PK activity was determined in cellular protein extracts of LN229, LN229 Surv
GFP, and SurvNESmut GFP cell clones. An enhanced activity of DNA PK was measured for
LN229 Surv GFP and slightly in LN229 SurvNESmut GFP cells irradiated with 4 Gy (Figure
43, A). Without irradiation, the enzyme’s activity was comparable to that of parental LN229
cells. To check whether a similar influence can be observed after TMZ induced DNA damage,
DNA PK activity was determined 72 h after treatment with the alkylating agent. Interestingly,
a reduction of the DNA PK activity was observed in LN229 Surv GFP as well as in LN229 Sur
vNESmut GFP cells (Figure 43, B). Due to inherent fluctuations of the radioactivity of the
y >2P ATP used, a direct comparison of both experiments is not possible. Therefore, the fold
activity of control (Figure 43, C) was calculated to compare the effect of IR and TMZ on DNA
PK activity in both Survivin cell clones. A 1.4 fold increase was observed in LN229 Surv GFP
upon IR, while LN229 SurvNESmut GFP cells showed only a marginal difference to control (1.1
fold). In contrast, 72 h after the treatment with TMZ both clones showed a reduced DNA PK

activity of 0.5 fold and 0.8 fold, respectively.
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3.4.3.2 Inhibition of NHE)J

To further investigate the putative interplay of Survivin and components of the NHEJ, the cel
lular viability of LN229 Surv GFP was compared to LN229 SurvNESmut GFP in the background
of DNA PK inhibition. Metabolic competence, i.e. cell viability, was impaired upon TMZ treat
ment in all cell lines in a concentration dependent manner as determined by MTT assay (Fig-
ure 44). 72 h after the treatment with 25 uM TMZ, LN229 Surv GFP cells showed a viability of
51 % comparable to LN229 SurvNESmut GFP cells (47 %) and LN229 cells (48 %). At the higher
TMZ concentration, viability was equally reduced in all cells (43 — 44 %). Inhibition of the NHEJ
pathway alone did not show toxic effects. At both time points, the cells showed a slightly in
creased viability upon the treatment with the DNA PK inhibitor Nu7026. Also, the combination

treatment with TMZ did not cause additional toxicity.
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Figure 44: MTT cell viability assay of Survivin expressing cell clones 72 h (A) and 96 h (B) after single-
and combination treatment with TMZ and the DNA-PK inhibitor Nu7026. Cellular viability was nor-
malized to control treated cells (DMSO). Experiment was performed in technical triplicates for each
time point. Error bars indicate the SD.

Furthermore, clonogenic survival was analyzed after the inhibition of NHEJ and the treatment
with TMZ (Figure 45). LN229 Surv GFP retained their survival advantage, upon combination
treatment with TMZ (100 uM) and NU7026 (10 uM). Irrespective of NHEJ inhibition, Surv GFP
expressing cells still survived better than SurvNESmut GFP expressing cells. However, survival
percentages were dramatically lower than in the treatment with TMZ alone (see 3.3.1), which
might be caused by the treatment with high concentrations of the solvent DMSO. At a con

centration of 2.5 uM TMZ, the survival of LN229 Surv GFP was 45.3 %, while only 3.7 % of

Surv NESmut expressing cells survived.
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Figure 45: Colony formation assay of Survivin cell clones for different concen-
trations of TMZ upon co-treatment with 10 uM Nu7026. Surviving cells were
normalized to control (%) and plotted in a semi-logarithmic graph. Data of
three independent experiments are shown (N = 3) with error bars indicating SD.
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3.4.4 Survivin in the homologous recombination repair of TMZ-induced DSB

To clarify whether Survivin has an influence on HR, Surv GFP was overexpressed in the back
ground of an additional knockdown of RAD51, a key player of the HR. Clonogenic survival and
the induction of yH2AX foci was analyzed in this cell model. Furthermore, the HR activity was

measured in different LN229 clones (with normal expression of Rad51).

3.4.4.1 Survivin expression rescues survival of Rad51 knockdown clones

LN229 cells, stably transfected with Rad51_shRNA, are drastically sensitive towards treatment
with TMZ, as this is the main pathway of repair for TMZ induced DSB [185]. Cells with a stable
Rad51 knockdown (LN229 RAD51_sh) were additionally transfected with Surv GFP expression
plasmid. Figure 46 shows the clonogenic survival of LN229 RAD51_sh + Surv GFP and LN229
Rad51_sh alone upon different concentrations of TMZ. LN229 cells with RAD51 knockdown
were hypersensitive towards TMZ treatment. At the lowest concentration of 2.5 uM, a survival
of 10 % was observed. Interestingly, this sensitive phenotype can be almost completely res

cued by the expression of Surv GFP (94 %). In comparison to LN229 Surv GFP cells, survival
was slightly reduced at 5 uM TMZ in the RAD51 deficient “Survivin” cells (83 % vs. 90 %). An
observation that can also be confirmed at 7.5 uM (55 % vs. 71 %). However, when compared
to LN229 RAD51_sh, Survivin expression led to a strong survival advantage at all concentra

tions observed. Upon 5 uM or 7.5 uM TMZ, the survival of LN229 RAD51_sh cells dropped to
1 % or below. In contrast, LN229 RAD51_sh + Surv GFP cells showed a high survival at these

concentrations. At higher concentrations, no colonies were observed for LN229 RAD51_sh.
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Figure 46: Colony formation assay of LN229 Rad51_sh and LN229 Rad51_sh +
Surv-GFP for different concentrations of TMZ. Surviving cells were normalized
to control (%) and plotted in a semi-logarithmic graph. Data of three independ-
ent experiments is shown (N = 3) with error bars indicating SD.
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3.4.4.2 Survivin expression reduces DNA DSB in RAD51 knockdown clones

Similar to LN229 Surv GFP cells, the observed protective effect of Survivin in LN229 RAD51
knockdown cells, might also be attributed to a lower amount of DNA DSB. Therefore, the for
mation of yH2AX was analyzed. In line with the survival data, LN229 RAD51_sh + Surv GFP
cells were significantly protected from TMZ induced DSB at 48 h (Figure 47). No significant
difference was detected for LN229 Rad51_sh + Surv GFP cells when compared to LN229 cells.
In contrast, after 72 h foci numbers were significantly lower in LN229 cells than in both RAD51
knockdown clones. However, yH2AX foci number was significantly reduced at this time point
when compared to cells with RAD51 knockdown alone. In comparison to the foci numbers
determined in LN229 cell clones (see 3.4.2), the number of detected DSBs was overall higher
in both Rad51 deficient cells. Thus, the effect of a Rad51 knockdown could not be completely

reversed by Survivin expression.
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Figure 47: Box-Blots of yH2AX foci numbers per nucleus in RAD51 knockdown cells with and without
overexpression of Surv-GFP upon treatment with 50 uM TMZ. Whiskers indicate 5-95 percentiles, with
boxes representing 75" 50™ (median), and 25" quartiles (from top to bottom). Geometric means are
marked with “+”. Outliers are marked as “¢”. 26 to 56 nuclei were evaluated for each cell line and time
point in this analysis.
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However, the data provided clearly shows that an overexpression of Survivin dampens the
effect of a RAD51 shRNA mediated HR deficiency. Survivin might thus facilitate the repair of
DSBs by enhancing HR.

3.4.5 Survivin increases capacity of HR DSB repair

The data presented above show that Survivin expression increases the resistance of LN229
glioblastoma cells to TMZ and rescues the hypersensitive RAD51 knockdown phenotype. The
amount of measurable DNA damage was significantly reduced upon overexpression of Sur
vivin. To determine the repair rate in the HRR, activity was determined in dependency of Surv
GFP and SurvNESmut GFP expression (Figure 48, A) and knockdown of Survivin (Figure 48, B).
The abundance of a recombined (repaired) HR plasmid was quantified by relative gPCR as
measure of the recombination activity. In line with the lower number of yH2AX foci in LN229
Surv GFP cells (see 3.4.2), HR activity in this clone was 1.5 fold higher when compared to
LN229 cells. Vice versa, the knockdown of Survivin caused a 0.6 fold reduction of the HRR
activity (Figure 48, B). Interestingly, also LN229 SurvNESmut GFP showed an impaired HRR,

which might reflect the higher amount of yH2AX foci and the increase in the sensitivity to TMZ.
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Figure 48: qPCR results of the HR activity assay (A) in different LN229 cell clones and (B) upon Survivin
knockdown with and without treatment with TMZ. The normalized fold expression is shown, using
untreated LN229 cells/ untreated scr-siRNA-transfected cells as calibrator control and the internal ref-
erence plasmid sequence for normalization (AACy). Experiment was performed in technical duplicates.
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The HR activity data show that wt Survivin but not NES mutated Survivin is capable of enhanc
ing the repair of TMZ induced DSBs via HR. Thus, overexpression of Survivin protects cells from

DNA damage and thereby from cell death.

3.5 Evaluation of Survivin as biomarker in high grade gliomas

Survivin is one of the most frequently up regulated genes in tumors. Evidence provided here
shows that cellular survival is increased by its influence on cell death pathways and DNA repair
mechanisms in vitro. Thus, the level of Survivin expression in gliomas might correlate with
increased malignancy and therapy resistance. An accurate method for predicting Survivin ex
pression in tumor cells would provide valuable information that could clarify the role of Sur
vivin for the prognosis. Besides, transcriptional regulation mechanisms, also gene silencing by
DNA methylation, plays a role in the regulation of BIRC5 (see introduction). To elucidate
whether epigenetic silencing of BIRC5 occurs in glioma cell lines and high grade glioma sam

ples, the methylation of a regulatory gene region was analyzed.

As there are contradicting reports regarding the impact of BIRC5 methylation, on e.g. the ther
apy response and tumor malignancy, a putative prognostic value of BIRC5 methylation was
analyzed. Therefore, the DNA methylation in the exon 1 of BIRC5 was determined in bisulfite
treated DNA of different glioblastoma and astrocytoma cell lines. Methylation specific PCR
(MSP) showed that all cell lines investigated bore no CpG methylation. Figure 49 shows rep
resentative MSP results for LN308 glioblastoma cells. No amplification product was detected
for the primer pair being specific for an unmethylated template. Additionally, a methylation
standard with a methylation value of 75 % was analyzed. Here, PCR products for the unmethyl
ated (UM) and the methylated (M) primer pair could be detected, indicating the presence of
both templates. Since the percentage of the methylated template was higher (75 %), a
stronger amplification was observed for the M primer pair. Thus, reliability of both primer

pairs at the specific annealing temperatures could be demonstrated.
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Figure 49: Agarose gel separation of MSP amplicons for UM- and M-pairs targeting (A) BIRC5 and
(B) XAF1 in methylation standard (75 %) and glioblastoma cell line LN308. Amplification products
were separated on a 1.5 % agarose gel, stained with EtBR, and visualized on a UV transilluminator.

Since MSP is limited to a small number of CpGs contained within the primer binding site, and
the quantification of the results is difficult, a high throughput approach was chosen for a
broader study of BIRC5 as epigenetic marker. Methylation sensitive high resolution melt anal
ysis (MS HRM) was established for the methylation analysis of a promoter region reaching
into the exon 1 of BIRC5, containing 36 CpGs. Some of these CpGs were also targeted in the
conventional MSP analysis reported above. In GB cell lines, no methylation of the investigated
region of BIRC5 was found. The melting curves were congruent with the unmethylated DNA

standard (Figure 50 upper panel), and thus no signs of methylation were detectable.
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Figure 50: Representative qPCR melting curves of BIRC-targeted MS-
HRM amplification of unmethylated (UM) and methylated (M) bisulfite-
converted DNA standards (upper panel) and bisulfite-converted DNA
from GB cell lines (lower panel). Values are shown in technical duplicates.
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Representative melting curves for five glioma cell lines (U87, GBP61, U118, D247, U343) are
provided in Figure 50 (lower panel). In confirmation of the MSP results, these data indicate

that BIRC5 might not be epigenetically silenced in gliomas.

A summary of methylation values of 13 GB cell lines is provided in Table 14. All cell lines in
cluded in this analysis had no detectable level of methylation in the region analyzed. Negative
methylation values arise from the theoretical methylation value of the fully methylated stand
ard, which was set to 100 % for interpolation. All melt curves were identical to those of the
UM standard, therefore a correction for the empirical methylation value of the UM and M
standard was omitted for BIRC5. This correction step was performed for XAF1 as described
(see 3.6.1). The arising differences between theoretical and true methylation values, e.g. neg
ative methylation percentages, are most likely caused by an incomplete in vitro methylation

of the standard DNA, prior to bisulfite conversion.

Table 14: Methylation values of the BIRC5 promoter re-
gion determined by MS-HRM in GB cell lines. Percentage
of methylation was interpolated from the area under the
curve (AUC) of normalized melt curves of methylation
standards with 0, 25, 50, 75, and 100 % methylation.

sample interpolated AUC
methylation
(%)

LN18 16.3 1.4
us8? 18.4 14
GBP61 20.6 1.3
LN229 19.9 1.3
U118 17.5 1.4
D247 16.1 1.5
(VEY:X] 17.2 1.4
U138 16.4 14
LN308 16.1 1.5
U251 16.4 14
LN373 14.8 1.5
Al172 21.0 1.3
LN319 17.0 1.4

To exclude that a demethylation in BIRC5 is a result of in vitro culturing of tumor cells, meth
ylation levels were also determined in 40 randomly chosen high grade glioma tumor samples.

In line with the data obtained in GB cell lines, none of these samples showed signs of BIRC5
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promoter methylation (Suppl. Table 4). Since no evidence for an epigenetic regulation of

BIRC5 could be found, epigenetic silencing of BIRC5 probably does not occur in gliomas.

3.6 IAP-antagonist XAF1 is epigenetically silenced in glioblastoma cell lines

The evidence provided here suggests that epigenetic silencing of BIRC5 does not occur in gli
oma cell lines and high grade gliomas. Thus, the use of BIRC5 as prognostic or predictive
marker seems implausible for gliomas. As there is an urgent need of new markers and/ or
putative therapeutic targets, we further focused on other promising factors in the context of
IAPs. XAF1 is closely linked to posttranslational regulation of Survivin and XIAP. Its pro apop
totic, tumor suppressing properties make this protein an interesting factor that might play an
important role during glioma development and treatment. Since XAF1 was reported to be ep
igenetically silenced, in different tumor entities, the motivation for this analysis was to estab
lish a method for a fast and accurate determination of the XAF1 expression in tumor speci
mens. Analogously to BIRC5 methylation analysis, MS HRM was utilized for this purpose.
Other than for BIRC5, a heterogenous methylation pattern could be detected for XAF1 in first
experiments with established MSP primers [199]. For example, the cell line LN308 exhibited a

methylated promoter in MSP analysis, while no UM band was detectable (Figure 49, B).

3.6.1 Establishing MS-HRM promoter methylation analysis for XAF1 in GB cell lines

Byun et al. previously linked CpG methylation in the promoter region ranging from 234 bp
(upstream) to +7 bp (downstream) to a reduced XAF1 expression in human gastric adenocar
cinomas [179]. In this study, the methylation of 3 CpGs in this region of 236 bp to 196 bp was
analyzed for its impact on XAF1 regulation (Figure 51). For verification, a second region lying
proximal to the transcription start site was additionally analyzed using primer pair “HRM2”.
The methylation values were determined in randomly selected matched HGG samples
(N =39). Both regions were found to be coincidently methylated, thus a strong positive corre

lation between both methylation percentages could be observed (R = 0.730; p < 0.0001).
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Figure 51: Schematic XAF1 promoter with different primer binding sites for the analysis of the XAF1
promoter methylation by sequencing (Byun et al.), MSP, and MS-HRM used for the conducted anal-
ysis. Bp in the diagram indicate the location relative to the transcription start site.

The sequence of the amplified HRM1 region was verified by pyrosequencing to ensure the
specificity of this assay. Using the HRM1 fwd primer and HRM1 biotinylated rev primer with
an appropriate sequencing primer, the predicted amplicon sequence (TGYGGTTGTGA
TAGTAGTAAAGAATGAYGGTTAAGGGYGATA) could be confirmed for unmethylated and fully
methylated DNA standards (Figure 52) and for selected cell lines (Table 15). C to T transitions
caused by bisulfite conversion were detected and quantified. The actual methylation values
of both standards were thereby determined and compared to the theoretical level of methyl
ation (0 %; 100 %). In the XAF1 promoter, UM DNA showed an average methylation of 2.6 %,
whereas M DNA was methylated to 84.1 % as average of all three CpGs. The position of the
CpGs within the amplicon, and the methylation are indicated in Figure 52. As an overall meth
ylation below 100 % may be caused by incomplete in vitro methylation, this empirically deter
mined methylation values were used for sample interpolation during MS HRM analysis. Fur
thermore, the low background methylation of 2.6 % was corrected in the analysis, thereby

yielding methylation standards of 23.0 % (75:25), 43.35 % (50:50), and 63.73 % (25:75).

Table 15: Methylation percentage of the XAF1 promoter in GB cell lines, de-
termined by pyrosequencing and MS-HRM.

Pyrosequencing MS HRM

cell line CpG1 CpG2 CpG3 mean

LN308 92.7 85.6 87.2 88.5 90.3
LN18 23.9 18.5 13.9 18.8 2.5
T98G 16.4 26.3 16.7 19.8 13.1
MO059) 62.5 33.7 40.0 45.4 48.9
LN319 42.5 16.3 12.1 23.7 8.3
GBP44 40.8 38.2 37.3 38.8 48.9
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Figure 52: Pyrosequencing results for the XAF1 HRM1 amplicon using (A) unmethylated DNA and (B)
methylated DNA standard as template. Gray bars indicate CpG sites with methylation/ SNP percent-
ages. A transition from C to T was introduced at unmethylated Cs by bisulfite-conversion.

XAF1 methylation determined by MS HRM was compared to the results obtained by pyrose
quencing in six GB cell lines. Results from both methods (Table 15) showed a very strong cor
relation (R = 0.965; p = 0.0018) as determined by Pearson’s product moment correlation. De
spite an overall high concordance of both methods, a discrepancy between pyrosequencing
and MS HRM was observed in cell lines LN18 ( 15.3 %) and LN319 ( 15.4 %). However, these
deviations did not affect the grouping as UM or M.
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3.6.2 XAF1 methylation predicts XAF1 mRNA expression in glioma cells

To clarify whether the methylation in the analyzed promoter region is predictive for the ex
pression of XAF1, methylation levels were compared to mRNA levels quantified by gPCR.
MRNA expression was normalized to the cell line GBP61 with two reference genes (ENOX2,
ACTB). The comparison of 16 GB cell lines showed a heterogenous XAF1 methylation pattern.
Cell lines with the lowest methylation showed the highest expression of XAFI mRNA (Figure
53). U118 have a XAF1 methylation of 17.6 % with the corresponding high relative mRNA lev
els (1.7 fold). Thus, a detected methylation of 17.6 % seems not to be sufficient for gene si
lencing. For cell lines with higher methylation values, the relative expression was strikingly
reduced (below 0.185 fold). In the cell line panel, LN229 with 33.9 % showed the next higher
methylation level adjacent to U118. As the relative expression was markedly reduced for
LN229 (0.137 fold), the existence of a methylation threshold between the methylation per
centages of U118 (~18 %) and LN229 (~34 %) is to be assumed. At a methylation >34 %, all
cell lines investigated here did not show a convincing mRNA expression, thus a cut off point
at this methylation value might be suitable for dichotomizing the samples. Supporting this, a
higher promoter methylation was detected in cell lines A172 (0.139) and U251 (0.184), alt
hough the relative mRNA expression was slightly higher than in LN229. This indicates that ex
pression levels are already at the detection limit, because of which a relative expression equal

to or below 0.184 (U251) was considered as “negative”.
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Figure 53: Comparison of XAF1 promoter methylation (A) with XAF1 mRNA expression (B) in 16 glio-
mas cell lines. Bars represent mean values of two technical duplicates. mRNA expression was normal-
ized to verified reference genes ENOX2 and B-Actin and GBP61 as calibrator using the AACr-method.
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According to these findings, a cut off point of 34 % XAF1 promoter methylation was applied
for classifying the cell lines as either XAF1 UM (< 34 %) or XAF1 M (2 34 %). To show that XAF1
methylation in this particular promoter region can predict the expression level of XAF1, both
cell line groups were compared with regard to their relative expression level. Differences in

the expression were found to be highly significant (p < 0.001), as depicted in Figure 54.

%k ¥ ¥

<

R~

&

e 37 | |

3 T

g = 24 Figure 54: XAF1 mRNA expression in 16
° E glioma cell lines, classified either as XAF1-
T "§'- 1L UM or XAF1-M according to the deter-
-7'4; = mined methylation threshold. Test for sta-
£ — tistical significance was performed by Stu-
o

c

0@ S dent’s unpaired t-test (two-tailed). Signifi-

$\>g\' *y*l\’ cant differences are indicated with *.

Using this methylation threshold indicative for XAF1 mRNA expression, tumor samples could
be classified as either XAF1 M or UM. To elucidate, whether this regulation affects protein
expression also, WB experiments were conducted in methylated and unmethylated cell lines.
Strongly methylated cell lines showed no detectable protein expression (LN308, U251). How
ever, cell lines exhibiting an intermediate level of methylation still showed low amounts of the
XAF1 protein. Cell lines with unmethylated XAF1 promoter or a low methylation percentage

showed the highest protein level when considering the loading control (HSP90).

-
8 2 9‘) - 2 - S
m o o ¥ o ® o &
Z 2 3 5 % 5 2 o
- — —— — —— |XAF1
— e 4 HSP90

79 34 43 90 7 18 11 O
XAF1 methylation (%)

Figure 55: Western Blot analysis of XAF1 protein levels in selected
HGG cell lines. Methylation levels determined by MS-HRM are indi-
cated for each cell line. HSP90 was used as loading control.
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3.6.3 Methylation of the XAF1 promoter in high-grade brain tumors

After demonstrating the role of epigenetic silencing of XAF1 in gliomas and determining a
threshold of methylation for sample classification, the role of XAF1 in malignant gliomas could
be analyzed. The XAF1 promoter methylation levels were determined in bisulfite treated tu
mor DNA obtained from histologically confirmed tumor areas on FFPE sections of high grade
(WHO 1l and V) brain tumors. The methylation was determined and the impact on clinical

parameters like age, sex, PFS, OS, and IDH1 status was evaluated in a retrospective study.

3.6.3.1 Patient characteristics

Atotal of 80 tumor specimens were analyzed during this study (see Suppl. Table 4 for patient’s
data). Patients with a newly diagnosed malignant brain tumor were included in the analysis.
In accordance with the WHO Guideline for “Classification of Tumours of the Central Nervous
System” 2007 [25], the tumors had been classified by a neuropathologist as WHO grade Il AA,
AO, AOA, or grade IV GB. The composition of the different tumor entities in the dataset is
summarized in Table 16. Most of the tumors are GB with 67.5 %, while the remaining 32.5 %
are made up by grade Il astrocytic, oligodendroglial tumors as well as the less well defined

AOA.

Table 16: Frequencies of different tumor entities in the HGG cohort an-
alyzed. Tumors were diagnosed on the basis of histopathological fea-
tures at the Institute of Neuropathology of the University Medical Center
Mainz. (abbr.: AA anaplastic astrocytoma; AOA  anaplastic oligo-
astrocytoma; AO anaplastic oligodendroglioma; GB glioblastoma)

WHO N Percent N

grade

]| AA 14 17.5
AOA 8 10.0 26
AO 4 5.0

v GB 54 67.5 54
Total 80 100 80
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3.6.3.2 Receiver operating characteristics: Verification of the promoter methylation

threshold in HGG patient samples

To test possible methylation thresholds with the best predictive potential for classifying the
tumors as either XAF1 M or XAF1 UM, a receiver operating characteristics (ROC) curve was
calculated. The ROC analysis provides an unbiased method to define a threshold the highest
possible true positive rate (sensitivity) and a preferably low false positive rate (1 specifity).
ROC curves are used in different clinical setups to test variables with binary outputs for their
suitability, e.g. as cancer risk factor, imaging biomarker, high risk predictor, or other applica

tions [206 209]. For this purpose, XAF1 methylation was set as classifier (test variable), and its
value for predicting an OS or PFS > 24 months (state variable) was calculated for all possible
discrimination thresholds (Figure 56, Suppl. Table 2 and 3). Both parameters were graphed
with the sensitivity lying on the ordinate and 1 specificity on the abscissa. A perfect classifier
(red dot) is found in the upper left corner of the diagram (Figure 55). A point at the diagonal
(line of no discrimination) has no discriminating value, as random guess would yield the same
results. The AUC of the ROC curve is 1 for a perfect classifier and 0.5 for a curve identical with
the line of no discrimination. Thus, the higher the AUC (> 0.5), the better is the diagnostic

performance of the analyzed variable [210].
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Figure 55: Explanation of a receiver operating characteristics (ROC)
curve plotting the sensitivity (ordinate) against 1-specificity (ab-
scissa) for a test variable (blue graph). The optimal threshold for dis-
crimination is indicated (red line) at the best possible compromise for
the lowest possible false-positive and highest true-positive rate. The
line of no discrimination with an AUC of 0.5 is plotted in green.
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The ROC curve calculated from XAF1 methylation data for predicting the OS and PFS (Figure
56, blue graph) shows an AUC of 0.76 and 0.87, respectively. This points to a strong classifier
with a good predictive value for the state variable (i.e., survival). According to this ROC curve,
an optimal threshold with lowest possible false positive and highest true positive rate for as
signing patients to the group of either XAF1 UM or XAF1 M can be derived at a sensitivity of
0.697 for the OS or at 0.857 for PFS. This corresponds to a methylation value of 17.4 % and

36 %, respectively, which can be read off the coordinates of the curve (see suppl. tables).

The analysis of the predictor “XAF1 methylation” by a ROC curve thus yields almost identical
results as derived from the observations made in glioma cell lines (see 3.6.2). The very strong
value of XAF1 methylation for predicting the PFS (AUC = 0.857) provides additional evidence
that dichotomizing patients according to this factor provides valuable prognostic information.
On basis of the ROC data, a threshold at 34 % XAF1 promoter methylation is justified and was

thus used for grouping of the patient samples.
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Figure 56: Receiver operating characteristics (ROC) curve for the sensitivity (ordinate) and 1- speci-
ficity (abscissa) for XAF1 methylation (blue graph) with the state variable OS 2 24 (left) and PFS 2> 24
(right). Area under the curve is provided below. For better orientation, the line of no discrimination is
plotted in green.
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3.6.3.3 XAF1 methylation is associated with an improved survival in malignant gliomas

32.5 % of the patients showed a methylated XAF1 promoter within their tumor tissue (Table
17). No prevalence was found for sex, whereas older patients (> 70 y) tend to exhibit a meth

ylated XAF1 promoter less frequently than patients of younger age (< 70 y) at diagnosis (41.1 %
vs. 12.5 %). Interestingly, a high percentage of patients with WHO grade Il tumors (69.2 %)

were methylated in the XAF1 promoter, compared to only 14.8 % of grade IV gliomas.

Table 17: XAF1 promoter methylation in different subgroups of HGG patients.

XAF1-M
N total % N
All patients 80 325 26
Women 24 29.2 7
Men 56| 33.9 19
Age < 70 years 56 41.1 23
Age 2 70 years 24 12.5 3
Grade Il 26| 69.2 18
Grade IV 54 14.8 8

The clinical implications of XAF1 promoter methylation were analyzed by Kaplan Meier sur
vival estimates. Time to event in months was calculated for the endpoints of experiencing a
progress (PFS) or death (OS). Four patients had to be excluded from OS analysis due to a loss
of follow up. Dichotomizing the patients for XAF1 status revealed significant differences in the
survival and progression of the disease. Methylation of the XAF1 promoter was associated

with a significantly prolonged PFS (Figure 57, A) for and an improved OS (Figure 57, B).
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Figure 57: Kaplan-Meier survival analysis for HGG patients (N = 80). Group separation was performed
for XAF1 promoter methylation status as determined by MS-HRM. Progression free survival (PFS; A, C)
and overall survival (0S; B, D) was compared between both groups. Survival differences were tested for
statistical significance by Log-rank test.
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Further subgrouping of the dataset according to the tumor grade (WHO Il vs. WHO IV) re
vealed that XAF1 methylation is associated with improved clinical outcome in patients with
AA, AO, and AOA (grade lll). The separate analysis of both tumor groups (Figure 58) shows
that the effect was even more pronounced in tumors of grade Ill (C, D). However, there was
no significant difference for PFS and OS in WHO grade IV GB (E, F) in Kaplan Meier analysis.
The presented data reveals that, depending on the tumor grade, patients with a methylation
in the XAF1 promoter have an overall survival advantage and suffer later from a relapse of the

tumor.
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Figure 58: Separate Kaplan-Meier survival analysis for patients with WHO grade Il (A; B) and
grade IV (C, D) tumors. Group separation was performed for XAF1 promoter methylation status as
determined by MS-HRM. Progression free survival (PFS; A, C) and overall survival (OS; B, D) was com-
pared between both groups. Survival differences were tested for statistical significance by Log-rank
test.
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For further investigation, the frequencies of IDH1 mutations and XAF1 methylation were cal
culated for different patient subsets. Among 26 grade Il gliomas, 18 (69.2 %) showed a muta
tion in the IDH1 gene (Table 18). Most strikingly, all 18 tumors showed a methylation in the
XAF1 promoter. In line with this, among the eight IDH1 wt tumors, none was methylated,

leading to a 100 % association between both values in this tumor subtype (rs* = 1; N = 26).

Table 18: Crosstabulation® frequencies of the IDH1 mutation and XAF1 meth-
ylation in grade Il gliomas. XAF1-UM and IDH-wt are indicated with “0”, while
occurrence of XAF1-M and IDH1-mut is coded with “1”.

IDH1mut

0 1 Total
XAF1_Methylation 0 Count 8 0 8
% within XAF1_Methylation | 100.0%| 0.0% |100.0%
% within IDH1mut 100.0%| 0.0%| 30.8%
% of Total 30.8%| 0.0%| 30.8%
1 Count 0 18 18
% within XAF1_Methylation 0.0% | 100.0% | 100.0%
% within IDH1mut 0.0% | 100.0% | 69.2%
% of Total 0.0%| 69.2%| 69.2%
Total Count 8 18 26
% within XAF1_Methylation| 30.8%| 69.2% |100.0%
% within IDH1mut 100.0% [ 100.0% | 100.0%
% of Total 30.8% | 69.2%|100.0%

a. Grade lll/ AA, AO, AOA

4 Spearman's rank correlation coefficient for IDH1-mut vs. XAF1-M in WHO grade Il gliomas; significance level
cannot be determined due to an absolute correlation
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In contrast, among 54 WHO grade IV tumors (Table 19) representing GB merely eight were
XAF1 M (14.8 %). Among these, only two tumors showed an IDH1 mutation. Since this muta
tion is exclusive for lower grade gliomas, these tumors most likely represent a small fraction
of GB that have evolved from lower grade tumors (secondary glioblastomas). In contrast to
the findings in grade Ill tumors, GB (grade 1V) showed a small subgroup of six tumors which
exhibited a methylated XAF1 promoter despite being IDH1 wt. Beside the discrepancy in these
six tumors, a significant positive correlation between IDH1 mut and XAF1 M was observed
(rs=0.470; p £0.0001; N = 54). Most tumors (85.5 %) neither showed an IDH1 mutation nor

exhibited a methylated XAF1 promoter.

Table 19: Crosstabulation® frequencies of the IDH1 mutation and XAF1 methyla-
tion in grade 1V gliomas (GB). XAF1-UM and IDH-wt are indicated with “0”, while
occurrence of XAF1-M and IDH1-mut is coded with “1”.

IDH1mut

0 1 Total
XAF1_Methylation 0 Count 46 0 46
% within XAF1_Methylation | 100.0%| 0.0%| 100.0%
% within IDH1mut 88.5%| 0.0% 85.2%
% of Total 85.2%| 0.0% 85.2%
1 Count 6 2 8
% within XAF1_Methylation| 75.0%| 25.0%| 100.0%
% within IDH1mut 11.5% (100.0% 14.8%
% of Total 11.1% | 3.7% 14.8%
Total Count 52 2 54
% within XAF1_Methylation| 96.3%| 3.7%| 100.0%
% within IDH1mut 100.0% (100.0% | 100.0%
% of Total 96.3%| 3.7%| 100.0%

a. Grade = Grade IV /GB

Since IHC detection of the IDH1 status might miss rare mutations not being recognized by the
R132H specific Ab, IDH1 wt status of these patients was additionally confirmed by pyrose

quencing (data not shown). Furthermore, the position R172 of the IDH2 gene was analyzed by
pyrosequencing, since mutations at this position also can give rise to the G CIMP (Figure 59).
IDH1/ 2 wild type status could be confirmed in all samples, thus leading to the conclusion that

in grade IV gliomas XAF1 methylation might occur independently of a general G CIMP.

114



Sample: 1274
Position 1: T: 0.0% / G: 100.0% (Passed)

220

200°

180

160
140

120

E

S

T:0.0%
G:100.0%

T GCATGTTU CATCGTC
5 10

Sample: 1235
Position 1: T: 0.0% / G: 100.0% (Passed)

220-

200

180~

160
140

120~

E 8§ T GCATGTTCATCGC

T:.0.0%
G:100.0

5 10

Sample: 169
Position 1: T: 0.0% / G: 1T0££% (Passed)

220

200

180~

160

140~

120~

E

S

G:100.0%

T G CA TG T C A CGC
5 10

Results

Sample: 716

Position 1: T: 0.0% / G: 100.0% (Passed)
T0.0%
G:100.0%

180
160
140

120

E S T G CATGTZ CATCTGC
5 10

Sample: 2083

Position 1: T: 0.0% / G: 100.0% (Passed)
T:0.0%
G:100.0%

180
160
140

120

E 8§ T GCATUGTTCATZCGTC
5 10

Sample: 1125
Position 1: T: 0.0% / G: 10%(3;4 (Passed)
G:100.0%

160
140

120

E § T GCATGTTZ CATZCGC
5 10

Figure 59: Pyrosequencing results analyzing SNPs at position 172 of the IDH2 gene. DNA from six GB
XAF1-M and IDH1-wt samples was subjected to PyroMark PCR and analyzed by pyrosequencing. The

wt IDH2 sequence was detected in all six samples.

In summary, the comparison between the cases positive for IDH1 mutation and XAF1 methyl

ation are identical in grade Ill tumors, whereas no absolute association was observed in

WHO IV tumors. Here, six tumor samples showed a methylated XAF1 promoter despite IDH1

and /IDH2 wt status. Furthermore, patients above an age of 70 did not show a mutation in

IDH1, which points to an association with younger age (Table 20). Correspondingly, XAF1 pro

moter methylation was observed more frequently in the group of patients below 70 years of

age, while frequencies in men and women were equal.
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Table 20: Summary of XAF1 promoter methylation and IDH1 mutation frequencies in HGG.
N XAF1-M (%) N IDH1-mut(%) N

All patients 80 325 26 250 20
Women 24 29.2 7 25.0 6
Men 56 339 | 19 250 14
Age<70vyears = 56 41.1 | 23 357 20
Age 2 70 years 24 12.5 3 0.0 0
Grade Il 26 69.2 | 18 69.2 18
Grade IV 54 14.8 8 3.7 2

XAF1 methylation was tested for correlation with other clinical parameters in the dataset (Ta-
ble 21). XAF1 M was significantly correlated with OS (rs = 0.565) and PFS (rs = 0.503). No cor
relation was found with sex and an inverse correlation was observed for age ( 0.457), indicat
ing that XAF1 M occurs less frequently in older patients. Most strikingly a strong, significant
correlation could be observed between IDH1 mutation and XAF1 methylation (0.832). As de
scribed earlier, this mutation occurs frequently in younger patients with low grade (WHO I1)
and grade Il gliomas. Thus, a strong inverse correlation of IDH1 mut with grade ( 0.709) and
age ( 0.568) was observed. The strongest correlation with OS and PFS was observed with IDH1

mutation (0.693; 0.666), underlining the high prognostic value of this tumor marker.

Table 21: Bivariate correlations determined by Spearman’s rank-order correlation coefficient (rs) for
different clinical parameters in the HGG cohort. Significance level (two-tailed) is indicated by asterisks.

XAF1 IDH1
veth. | ©S PFS | OS24 | PFs24 | " | Age | <70y | Sex | Grade
XAF1 rs 1
Meth. N 80
r 565 1
05 N 79 79
r 588 | ,763 1
PFS N 80 79 80
rs 4720 |/ / 1
0S24*
N 79 79
rs 678 | / / 710 1
PFS24*
N 80 79 80
r 832 | 693 | ,666 | ,664 | ,837 1
IDHImut
MmN 80 79 80 79 80 80
A r 457" | -515 | -,453 | -515 | -554 | -,568 1
& N 80 79 80 79 80 80 80
<70 r 264 | 359 | 345 | 317 | 3797 | 367 | / 1
¥ N 80 79 80 79 80 80 80
. r -0,047| 0,045| -0,014| 0,054| -0,019 0| -0,009| -0,066 1
ex
N 80 79 80 79 80 80 80 80 80
Grad rs 544 | -534 | -545 | -527 | -678 | -,709 | ,442" | -264 | -0,012 1
rade
N 80 79 80 79 80 80 80 80 80 80

* 0S24/ PFS24 is a binary classifier, indicating an OS or PFS > 24 months
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3.6.3.4 |dentification of a false negative IDH1 wt diagnosis using XAF1 methylation

One particular case in the subgroup of grade Il tumors was outstanding, as the patient sample
showed XAF1 methylation in spite of a IDH1 wt status. Since all other cases of XAF1 M (17 out
of 18) were also diagnosed with IDH1 mut, this patient sample was subjected to pyrosequenc
ing for IDH1. As the clinical diagnosis of the patient’s IDH1 status was performed by IHC, the
possibility arose that false negative result was produced due to a rare IDH1 mutation, not
being recognized by the R132H specific antibody. Indeed, a very rare SNP was detected in this
sample. Pyrograms (Figure 60) show the IDH1 wt sequence compared to the common heter
ozygous /IDH1 mutation G395A and the patient sample analyzed. A heterozygous SNP was
found at position 394 (C = G) which causes the substitution of an arginine (R) to glycine (G)
at position 132, thus the mutation is not being recognized by the R132H specific IHC antibody.
The majority of all IDH1 mutations is of G395A (R132H), which is found in approximately
92.7 % of the tumors [32]. However, in the same study the mutation identified here, has been
described for 0.9 % of the cases. Using MS HRM, we could identify a false negative IHC result
via analysis of the XAF1 status. The diagnosis aided by pyrosequencing was adjusted in the

patient’s data (Table 18), thereby leading to a 100 % correlation of XAF1 M and IDH1 mut.

A IDH1-wt B IDH1-mut G395A

S S R L

C Patient-ID: 694-12 IDH1-mut C394G (R132G)
C/G

ES CGTCGAGTC

Figure 60: Pyrosequencing results for detecting SNPs in the IDH1 gene. The yellow bar indicates posi-
tion 395/ 132 which is commonly mutated in gliomas. Results are shown for A) an IDH1-wt sample, B)
a sample showing the heterozygous G395A mutation, and C) one patient sample with a rare heterozy-
gous C394G mutation (red arrow indicates position 394). Pyrosequencing dispensation order is indi-
cated below diagram C.
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3.6.4 A lack of XAF1 changes response of glioma cells to TMZ

To investigate the molecular influence of XAF1 silencing and elucidate its association with sur

vival benefits beyond IDH1 mutation, knockdown experiments were conducted in LN229 cells.
Although the effect of XAF1 silencing in tumors might be overshadowed by the far reaching
impacts of G CIMP, the influence on the response to TMZ was hereby analyzed in an IDH1 wt
background. The presented data provide evidence that a lack of the tumor suppressor XAF1
can alter the response to TMZ. Cellular survival, cell cycle distribution, and proliferation were

analyzed after XAF1 knockdown and overexpression of XAF1.

3.6.4.1 XAF1 knockdown abrogates the TMZ induced G2 arrest

In search of possible molecular explanations for the positive prognosis associated with XAF1
methylation, further studies were conducted in GB cell line LN229. Colony formation was an

alyzed for different TMZ concentrations (Figure 61). To mimic XAF1 promoter methylation,
cells were transfected with siRNA targeted against XAF1 mRNA. The ability of LN229 cells to
form colonies was not impaired after the knockdown of the protein compared to con siRNA
transfected cells. Both survival curves were in line with the colony survival presented earlier

for LN229 cells (see 3.3.1).
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Figure 61: Colony formation assay (CFA) in LN229 cells with (XAF1-siRNA) and
without (scr-siRNA) knockdown of XAF1 upon the treatment with 100 uM TMZ.
Surviving cells were normalized to control (%) and plotted in a semi-logarithmic
graph. Data of three independent experiments is shown (N = 3) with error bars indi-
cating SD.
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To address not only long term effects of XAF1 silencing, a cell viability assay (MTT) was per
formed 96 and 120 h after the treatment with TMZ (Figure 62). Cells were transfected with
XAF1 siRNA and scramble siRNA (scr) 24 h prior to the treatment. Interestingly, at both time
points a slightly increased viability could be observed upon XAF1 knockdown when compared
to scr siRNA. A slight protective effect from TMZ treatment can thus be assumed for XAF1

knockdown at both time points.
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Figure 62: MITT cell viability assay for scramble-siRNA (scr) and XAF1-siRNA transfected
LN229 cells A) 96 and B) 120 h upon the treatment with 100 uM TMZ. Viability was nor-
malized to untreated control. Error bars indicate SD of technical triplicates.

3.6.4.2 XAF1 knockdown abrogates TMZ induced cell cycle arrest in glioma cells

Upon XAF1 knockdown, a severe impact on the cell cycle distribution could be observed for
the treatment with TMZ. Figure 63 shows representative histograms of the SubG1 analysis in
LN229 cells 96 h after treatment. For an unbiased analysis of the cell cycle distribution, cell
cycle phases were calculated using ModFit 3.3 analysis software. Untransfected cells (A, D)
were compared to cells transfected with scramble siRNA (B, E) and XAF1 siRNA (C, F). In un
treated cells (A C), no differences were observed in the cell cycle distribution. Upon TMZ treat
ment, LN229 and scr siRNA transfected cells showed a characteristic cell cycle block in G2
(Figure 63 D, E). Here, 75 % of parental LN229 and 61 % of scr siRNA transfected cells were
arrested in G2. Most strikingly, this G2 arrest was not evident when XAF1 expression was at
tenuated by knockdown (Figure 63 F). Despite TMZ treatment, these cells showed only a mod
erate increase in G2 cells and instead a cell cycle distribution comparable to untreated cells

(compare Figure 63 C, F).
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Figure 63: Cell cycle analysis of LN229 cells 96 h upon treatment with 100 uM TMZ and XAF1 knock-
down. Parental LN229 cells (A; D) were compared to LN229 cells transfected with scr-siRNA (B; E) and
XAF1-siRNA (C; F). Percentages indicate portion of cells in G1-phase (left peak) and G2-phase (right
peak). Data were analyzed and plotted with ModFit 3.3. Histograms of the number of events (ordinate)
vs. Pl fluorescence measured as FL2-A (abscissa) are shown.

The abrogation of the TMZ induced G2 arrest by XAF1 kd was consistently observed at 96 h
as summarized for three independent experiments in Figure 64. XAF1 kd almost completely
abrogated the TMZ induced G2 block observed in scr siRNA transfected (control) cells (16.9 %
vs. 65.7 %). A small but significant increase in the number of G2 cells upon treatment could be
observed in XAF1 kd cells though. In contrast scr siRNA transfected cells showed a strongly
increased percentage of G2 cells upon TMZ treatment. Strikingly, G2 fractions did not differ
significantly between the untreated control and TMZ treated XAF1 kd cells. Furthermore, an
accumulation of cells in the G1 phase (63.9 % vs. 11.5 %) was observed for XAF1 kd + TMZ
when compared to scr siRNA transfected cells. Interestingly, cells transfected with XAF1

siRNA and treated with TMZ showed the same fraction of G1 cells as untreated control cells
since no significant difference was observed. S phase fractions seemed to be slightly reduced

upon XAF1 kd, although differences were not significant. In the background of XAF1 kd, strong

120



Results

differences in the percentage of cells in G1 and G2 were observed upon TMZ treatment. This

indicates that the underlying response to TMZ is completely changed in the absence of XAF1.
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Figure 64: Cell cycle distribution of LN229 cells 96 h upon treatment with 100 uM
TMZ. Cells were transfected with scramble siRNA and XAF1 siRNA. Cell cycle phases
were analyzed, using Modfit 3.3 in at least three independent experiments (N = 3)
with error bars indicating SD. Test for statistical significance was performed by Two-
Way ANOVA with Tukey’s post hoc analysis.

3.6.4.3 Implications of XAF1 knockdown for proliferation

To consolidate the data concerning the S phase distribution (Figure 64), cell proliferation was
measured after XAF1 kd by a BrdU incorporation assay (Figure 65). scr siRNA and XAF1 siRNA
transfected cells were incubated with BrdU for two hours at different time points after the
treatment with TMZ. The total incorporation of BrdU was normalized to the control (untreated
cells) at 24 h. While the incorporation rate was slightly increased in both transfections 24 h
upon TMZ, BrdU DNA labeling constantly decreased over the rest of the observation period.
This indicates the presence of replication blocking lesions without showing striking differences
between scr siRNA and XAF1 siRNA transfection. Though, a slight reduction in the BrdU incor

poration can be seen for the XAF1 knockdown in a time frame of 48 — 120 h.
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Figure 65: ELISA BrdU incorporation assay for different time points upon treat-
ment with TMZ (100 uM). LN229 cells were transfected with scr-siRNA or XAF1-
SiRNA prior to treatment with TMZ. Error bars indicate SD of technical triplicates.

3.6.5 Overexpression of XAF1 TMZ-treated glioma cells

To address the question whether XAF1 overexpression has an impact on the cellular response
to TMZ, LN229 cells were transfected with an XAF1 GFP expression plasmid prior to treatment
(Figure 66). Automated cell cycle analysis was performed using ModFit 3.3 analysis software.
Expression of XAF1 GFP was verified flow cytometrically by the determination of GFP positive
cells. Upon overexpression of XAF1 GFP, the percentage of cells in G1 and G2 phase was re

duced when compared to mock transfected cells (Figure 66, A B). In contrast, the percentage
of S phase cells was increased upon XAF1 GFP expression (31 % vs. 44 %). Upon TMZ treat

ment, the characteristic G2 block in XAF1 GFP transfected cells was still eminent (Figure 66, D)
but strongly decreased from 72 % to 44 % (Figure 66, C). This may indicate a blockage of cells
in the S phase for an abundant amount of XAF1 protein. However, upon overexpression of
XAF1 GFP, no induction of apoptosis could be observed for the treatment with TMZ (and con

trol).
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Figure 66: Cell cycle distribution of LN229 cells 72 h upon treatment with 100 uM TMZ. Mock trans-
fected LN229 cells (A; C) were compared to LN229 cells transiently transfected with an XAF1-GFP ex-
pression plasmid (B; D). Cells were treated with 100 uM TMZ (B; D). Percentages indicate portion of
cells in G1-, S-, and G2-phase (from left to right). The proportion of apoptotic cells is indicated. Data
were analyzed and plotted with ModFit 3.3. Histograms of the number of events (ordinate) vs. Pl fluo-
rescence measured as FL2-A (abscissa) are shown.
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4 Discussion

The proteins of the IAP family exhibit multi nodal functions involved in diverse cellular path
ways. IAPs and especially Survivin is among the top cancer associated genes [211], being
strongly expressed in almost all human malignancies including esophageal, lung, ovarian, cen
tral nervous system, breast, colorectal, bladder, gastric, prostate, pancreatic, laryngeal, uter
ine, hepatocellular, and renal cancers, as well as some hematologic malignancies in a cell cycle
independent manner [212]. Survivin overexpression is generally associated with a poor clinical
prognosis in terms of shorter relapse free survival and OS in oesophageal cancer [213,214],
BC [215,216], hepatocellular carcinoma [217], pancreatic cancer [218], and astrocytomas
[219] for example. In another study on 106 BC patients, the authors demonstrate no signifi
cant correlation between the mRNA expression of different Survivin splice variants and dis
ease outcome [220]. However, the vast majority of reports links an increased Survivin expres
sion to a worse, clinical prognosis. This association is further emphasized by the correlation
between an overall higher Survivin level and an advanced tumor stage/ grade in different tu
mor entities. This was observed in malignant astrocytomas [219], meningiomas [221], and HCC
[222,223] for example. Furthermore, Survivin expression did strongly correlate with the TNM
stage (Tumor, Node, Metastasis) in CRC patients [224]. Interestingly, the impact of the locali
zation of the protein, i.e. either occurring predominantly cytoplasmic or within the nucleus, is
discussed controversially. It has become evident that especially the intracellular localization
of Survivin is a good prognostic and sometimes predictive® marker. Though, whether nuclear
Survivin is associated with survival benefits seems to stay a matter of debate. Survivin, with a
high cytoplasmic to nuclear ratio was found to be an independent predictor of an improved
OS in BC [225]. In gastric cancer, a positive nuclear IHC staining for Survivin was associated
with a favorable prognosis, while a cytoplasmic staining had no prognostic implications as well
[226]. On the contrary, nuclear Survivin was significantly correlated with a shorter OS
[227,228] and a worse five year survival in NSCLC [229]. Also for oral squamous cell carcinoma
(OSCC), patients with a high expression of nuclear Survivin in their tumors showed a poorer

prognosis [230]. Furthermore, similar observations have been made in CRC, where nuclear

> Predictive markers have a value for predicting the response to a certain therapy, while prognostic markers are
associated with survival, irrespective of an applied therapy.
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Survivin and a combined nuclear and cytoplasmic localization was linked to prognostic param

eters indicating a poorer prognosis [231].

For gliomas, there are only few reports analyzing the impact of Survivin’s expression on the
clinical outcome. While some investigators see no prognostic impact of Survivin expression in
glioblastomas [232], others suggest the use of Survivin expression as biomarker for this dis
ease, as a decreased 3 year OS rate was observed [233]. A meta analysis by Lv et al. analyzed
91 studies investigating the prognostic value of Survivin in gliomas and selected 15 articles to
carefully chosen criteria [234]. Pooled hazard ratios were calculated, based on data of eight
eligible studies and revealed a worse 2 year survival of patients with positive Survivin scores
(hazard ratio: 0.17; 95 % Cl: 0.11 — 0.26). However, the influence of the localization of Survivin

was not considered.

In summary, these and other reports demonstrate the discordant situation for evaluating the
prognostic value of Survivin expression and especially its localization in gliomas. In search of
possible molecular explanations, we analyzed the influence of Survivin expression and locali

zation on TMZ induced DNA damage in a glioblastoma cell model.

4.1 Survivin in the resistance of glioma cells to TMZ-induced cell death

The in vitro data presented here confirms the findings discussed above, showing a worse prog
nosis for patients with high Survivin levels. Colony formation assays (Figure 32, p. 84) showed
a strong protective effect of the expression of Survivin GFP (further referred to as Survivin
expression). This protection was seen for the treatment with the first line alkylating anti can
cer drug TMZ as well as for TPT used for the treatment of pediatric gliomas or in second line
therapy. In both cases, the expression of a Survivin variant, deficient for its NES, led to the
opposite effect. Cell clones expressing NES deficient Survivin were even sensitized towards
the applied treatment. Especially for TMZ, survival fractions were strongly reduced in compar
ison to control cells. In line with other reports [167,235], the data show the importance of an
intact NES for successfully enhancing cellular survival. In contrast to these studies, we ob
served not only a loss of Survivin’s protective effect but even a sensitizing effect upon expres

sion of this Survivin variant.
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Regarding the induction of apoptosis (Figure 34, p. 86), the protective effect of Survivin was
rather not reflected by the increased fractions of apoptotic or necrotic/ late apoptotic cells in
a time frame of 120 — 144 h after the treatment with TMZ. Neither were the survival disad

vantages of LN229 SurvNESmut GFP. Putatively, the expression of the IAP Survivin might re

duce the apoptotic signaling upon genotoxic stress, thereby enhancing cellular survival. Due
to the mechanism of action of TMZ, several cell cycles and the involvement of DNA repair
processes are needed to exert its cytotoxic effects (see 1.4.1). Here, 120 h were sufficient to
induce cell death (apoptosis + necrosis). The differences between LN229 Surv GFP and LN229
SurvNESmut GFP cells, however, were not significant at the time points investigated. Also, the
activation of caspases 3 and 7 (Figure 35, p. 86) was not able to explain the huge survival
differences in both cell clones. Although Survivin wt and Survivin NESmut expressing cell
clones showed a slightly lower caspase activity 72 h after the treatment, this effect was no
longer evident at the later time point of 144 h. Thus, the anti apoptotic properties of Survivin
alone seem not to explain the long term survival benefits. However, a detailed analysis of the
caspase activation in a time frame of 48 to 144 h could clarify whether a differential caspase

activity can be measured at other time points.

In search for other cellular endpoints that can explain the increased survival of LN229 Surv
GFP cells, in terms of an increased proliferative potential, induction of cellular senescence was
analyzed. TMZ treatment was shown to induce premature cellular senescence (stress induced
senescence) in LN229 GB cells (in contrast to replicative senescence) [236]. Here, the protec
tion of Survivin overexpressing cells against the TMZ mediated induction of senescence might
be linked to a sustained potential of these cells to proliferate (Figure 36, p. 87). Thus, induction
of premature senescence was significantly reduced in LN229 Surv GFP cells. Consequently,
LN229 Surv GFP cells retain their ability to proliferate and thus to form colonies, while senes
cence induction was significantly increased in LN229 and SurvNESmut expressing cells. This
corresponds to an overall worse reproductive survival of LN229 and LN229 SurvNESmut GFP

cells but does not explain the sensitization effect observed in LN229 SurvNESmut GFP cells.

4.1.1 Survivin reduces the number of TMZ-induced double-strand breaks

A first hint pointing to a possible role of Survivin during DNA repair was found when analyzing

proteins involved in the DDR (Figure 38, p. 89). CHK1 is the distal transducer kinase, primarily
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being activated by ATR via phosphorylation in response to stalled replication forks and ssDNA
ends/ SSBs [82,237]. These ssDNA ends can also be generated during the processing (end re
section) of DSBs [77]. However, an activation of CHK1 via the DSB sensing kinase ATM is also
likely, since there is crosstalk between the ATM CHK2 and ATR CHK1 pathways [78]. There
fore, CHK1 (Ser345) phosphorylation was analyzed to address the question, whether initially
different amounts of DNA damage could account for the beneficial outcome in LN229 Surv
GFP cells. In both clones CHK1 becomes activated 48 h after the treatment with TMZ. The
pCHK1 signal is stable for up to 96 h, indicating the presence of severe DNA damage. An equal
CHK1 activation indicated an equal amount of DNA damage in both cell clones (LN229 Surv

GFP vs. LN229 SurvNESmut GFP).

The affinity of p53 for its target promoters is strongly influenced by post translational protein
modification at different residues. Phosphorylation at Serl15 is mediated by ATM and ATR and
is considered to be a fundamental event upon DNA damage, allowing subsequent modifica

tions of different p53 residues [238]. p53 mutated for Serl5 fails to mediate transcription or
growth arrest [239] and therefore seems to be crucial for the adequate DDR. Following DNA
damage, the p53 mediated induction of apoptosis is also dependent on the phosphorylation
of this residue [240]. Here, a strong initial activation of p53 at serine 15 was observed in both
LN229 clones. This corresponded with the following phosphorylation of Ser46, generally asso

ciated with a transactivation activity at the promoter of pro apoptotic genes. A slightly higher
induction in LN229 SurvNESmut GFP cells at 96 h when compared to LN229 Surv GFP cells
indicates the persistence of DNA damage. LN229 Surv GFP cells are seemingly able to better
handle the induced amount of DNA damage. Most strikingly, this was reflected by the induc

tion, i.e. phosphorylation, of the DNA DSB marker yH2AX. While LN229 Surv GFP cells showed
a strong decrease in the phosphorylation of the histone variant between 72 and 96 h, the
phosphorylation level stayed high in LN229 SurvNESmut GFP cells. This indicates the presence
of unrepaired DSBs in SurvivinNESmut expressing cells and vice versa a facilitated DNA repair

in LN229 Surv GFP cells.

To elucidate the role of Survivin in the repair of TMZ induced DSBs, the sites of double strand
breaks were visualized as distinct repair foci in LN229 cell clones. An early event during the
DSB recognition is the phosphorylation of the histone variant H2AX at the C terminal Ser139

[241] which can occur up to megabases away from the initial break [242]. The resulting yH2AX
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foci serve as surrogate marker of DSBs. However, the phosphorylation of H2AX is not limited
to DSB sensing kinases ATM, DNA PK, and their downstream kinases but can be carried out
by ATR as well. Base alkylation, other than 0° MegG, arising from TMZ treatment can cause the
stalling of replication forks and replication stress which activates ATR [78], ultimately causing
H2AX phosphorylation. The detection of DSBs via yH2AX should thus be validated by the co
localization of yH2AX with other proteins of the DSB repair. One such factor that was shown
to co localize with yH2AX during the processing of DSBs is 53BP1. 53BP1 localizes to nuclear
foci in parallel to yH2AX and thus provides an independent marker for the existence of DSBs
at the site of a yH2AX focus [243]. The exact co localization of yH2AX and 53BP1 (Figure 39, p.
90) points to an activation of the DSB response and the subsequent phosphorylation of H2AX
by ATM/ DNA PK. and their downstream kinases. This confirmation was important to narrow

the observed effects to processes of DNA DSB repair.

In line with the initial finding in the western blot analysis, the expression of Survivin led to a
decrease of DSBs induced by TMZ. This was most evident in a time frame of 48 — 96 h (Figure
41, p. 92) but could also be confirmed at the late time point 144 h (data not show). The ob
served foci numbers also reflected the sensitization effect towards TMZ in LN229 SurvNESmut
GFP cells, as the induction of DSBs was highest in this cell clone. An intact NES was reported
to be required to tether the Survivin/ Aurora B complex to the mitotic machinery and thereby
being essential for proper cell division [167]. Inactivating mutations in the NES were associ
ated with cell division defects, especially the occurrence of multinuclear cells, and further
more with a loss of Survivin’s cytoprotective function [ibid.]. Since endogenous Survivin might
compensate for the NESmut mediated inhibition of mitosis, no signs of mitotic defects were
observed in untreated LN229 SurvNESmut GFP cells. However, upon TMZ treatment, LN229
SurvNESmut GFP cells showed a strongly increased amount of DNA damage. Therefore, it
might be assumed that under additional genotoxic stress NES deficient Survivin might contrib
ute synergistically to genomic instability, thereby leading to mitotic catastrophe and a de

creased survival.

Although NHEJ plays a minor role in the repair of TMZ induced DSB (see 1.4.1), a putative
influence of Survivin expression was analyzed. Survivin was shown to facilitate the repair of
IR induced DSBs via the NHEJ pathway (as discussed above). Indeed, a slight induction in the

DNA PK activity was registered in both Survivin expressing cell clones upon irradiation when
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compared to parental LN229 cells. This effect was pronounced in Survivin wt expressing cells
and was virtually not detectable in the LN229 SurvNESmut GFP cells. In the case of parental
LN229, this effect was not evident, indicating a link to an overexpression of Survivin. Interest
ingly, a decrease in DNA PK activity was observed for the treatment with TMZ. This could in
dicate a shift from NHEJ to the pathway of choice for the repair of TMZ induced DSB: the HRR.
To further exclude that the survival enhancing and DNA damage reducing effects upon Sur
vivin expression are linked to an increased NHEJ activity, a combination treatment with TMZ
and a DNA PK inhibitor (Nu7026) was performed. No additional cytotoxic effects were ob
served in MTT assay and CFA. This underlines the expected minor role of NHEJ in the cellular
defense against the alkylating agent TMZ. If an enhanced DNA repair via NHEJ was mediated
by Survivin wt but not NES deficient Survivin, the survival differences between LN229 Surv
GFP and LN229 SurvNESmut GFP cells should be diminished by NHEJ inhibition. However, CFAs
with combination of TMZ and Nu7026 did show survival differences. In conclusion, a shift from

the repair pathway of choice (HRR) to the NHEJ seems implausible for TMZ induced DSBs.

4.1.2 Survivin enhances double-strand break repair via HRR

Here, strong evidence for a putative participation of Survivin in the repair of TMZ induced
DSBs is provided. In a closer investigation of the homologous recombination repair in this con

text, the assisting role of Survivin became evident in the background of a RAD51 knockdown.
RAD51 is the major recombinase driving the homology search and strand invasion during HRR.
Since DSBs are considered to be the main cytotoxic events, arising from TMZ treatment, the
inhibition of this pathway was observed to be highly toxic for GB cells [185] which could be
confirmed (Figure 46, p. 97). Upon Survivin expression, this sensitive phenotype could be res

cued and the survival was strongly increased. This effect probably points to a compensation
of the lack of RAD51 by Survivin. Whether this is due to a directly increased repair capacity or
due to a putative restoration of the RAD51 expression remains elusive. The analysis of the
H2AX foci formation suggests that several effects may lead to an enhanced survival of this cell
clone (LN229 RAD51_sh + SurvGFP C1). In detail, foci numbers are significantly reduced in the
C1 cell clone, when compared to the RAD51 knockdown cells. Compared to the parental cell
line LN229, however, there is a still significantly increased number of foci per nucleus in both
RAD51 depleted clones. Thus, the protection from DSB observed upon Survivin expression,

cannot solely explain the strong survival differences mentioned before. Here, also the anti
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apoptotic functions of Survivin may play a major role. To further elucidate this finding, addi
tional studies on the induction of apoptosis and caspase activation are strongly required. Gene
expression studies on HRR genes in the background of Survivin overexpression might yield
additional insights into the participation of Survivin in HRR, thereby leading to the identifica
tion of putatively regulated target genes. Furthermore, co immunprecipitation experiments

could reveal molecular interaction partners.

To prove the assumption of a facilitation of the HRR by Survivin, a functional gPCR based assay
for the detection of the HRR activity was established. By this, it was clearly demonstrated that
HRR activity is increased upon overexpression of Survivin wt and, conversely, was impaired
upon knockdown of endogenous Survivin upon TMZ treatment. Furthermore, it was shown
that the expression of NES deficient Survivin leads to an even more pronounced impairment
of this pathway than the knockdown. Thus, NES deficient Survivin seems to interfere with the
HRR. Probably, an intact NES might be required for Survivin’s supportive role during HRR. Sim

ilar observations were made for Survivin’s anti apoptotic functions, as discussed above.

Here, a new role of Survivin was described, showing that Survivin renders tumor cells less
vulnerable to TMZ by increasing the cellular DSB repair activity. Most probably this also applies
to other DNA lesions, repaired via HRR. Survivin’s functions in developing therapy resistances
seem to reach further than a mere inhibition of apoptosis. However, the role of Survivin in the
processes of the HRR yet has barely been investigated. In confirmation of the data presented
here, a recent report by Véquaud et al. showed an impaired HR activity after Survivin deple

tion in breast cancer cells [244]. Furthermore, the RNAi mediated knockdown of Survivin led
to a state of “BRCAness” (see [6] and Introduction) in these cells, due to a downregulation of
the DNA repair genes EME1, BLM, EXO1, BRCA1, BRCA2, and RAD51. According to the authors,
this creates a susceptibility to DNA DSBs via targeting the recombinase RAD51 and the nucle

ase MUS81/ EME1 both being important for HRR. Véquaud et al. further speculate that Sur

vivin might take action in the transcriptional regulation of DNA repair genes [244]. These in

teresting findings support the data presented here and allow to assume that an upregulation
of HRR genes upon overexpression of Survivin might explain the enhancement of HRR and the

compensation for the RAD51 knockdown.

Yet, another publication pointing into this direction analyses the impact of the Survivin inhib
itor YM155 on HRR. A prolonged yH2AX signal and a reduced formation of repair associated
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RAD51 foci was detected for combination treatment with IR and YM155 when compared to
irradiation alone [245]. The authors conclude that YM155 inhibits HRR by inhibition of the
RAD51 foci formation. Indeed, these data indicate a putative role of Survivin in the response
to IR. However, the use of YM155 for Survivin inhibition is highly controversial, since YM155
was shown to have many off target effects [reviewed in 246]. Additionally, the protective ef
fects of Survivin upon irradiation are described as being dependent on NHEJ by others
[68,157]. This explanation is more plausible, since NHEJ is the main pathway for the repair of

IR induced lesions (see 1.4.2).

To our best knowledge, we are the first to establish a link between the expression of Survivin
and an increased resistance towards TMZ due to decreased DNA damage. To utilize these
findings, in diagnostic approaches, Survivin’s expression and especially its localization could
serve as biomarker for predicting the therapy response in different tumor types and particu
larly in gliomas. A method which allows an accurate analysis of both parameters in tumor

tissue would thus be of great diagnostic value.

4.1.3 The use of nuclear Survivin as predictive marker for TMZ-based chemotherapy

Here, nuclear Survivin was shown to render tumor cells vulnerable to TMZ. Thus, patients with
tumors expressing predominantly nuclear Survivin should benefit from this treatment. Our
molecular observations support the association of nuclear Survivin with a better prognosis in
HGG, and promote the use of Survivin’s localization as predictive marker. On possibility to
address the localization accurately is the detection of NES inactivating mutations in the BIRC5
gene. To clarify, whether these mutations occur in HGG tumors, a panel of 100 HGG tumor

and tumor samples and tumor relapses was analyzed for specific point mutations by pyrose

qguencing (see 3.2.5). The SNPs T278C, A288G (silent), and C292T have been described to occur
in HNSCC and to correlate with a nuclear accumulation of Survivin [235]. In xenograft experi

ments, tumors bearing these mutations responded better to a chemotherapeutic treatment
[ibid.]. A study regarding the survival of patients bearing these mutations has not been con

ducted so far. Thus, we aimed at the identification of these mutations in HGG tumors to test
for an association with survival. In a high throughput approach, no SNP at position 278 of the
BIRC5 CDS was detected. However, deviations from the wt BIRC5 sequence at position 292

were detected in low percentages. Unfortunately, no survival differences could be observed
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upon dichotomizing the patients as “noticeable” or “wt”. Although the sensitizing effect of a
nuclear Survivin localization was clearly demonstrated in vitro, an effect associated with sur
vival could not be observed in situ. NES mutated cells might represent a rather small cell pop
ulation, as only some tumor cells within the tumor may exhibit this mutation [235]. Interest
ingly, the results of the IF staining show a strong nuclear localization of Survivin (without treat
ment) in all GB cell lines and HGG tumor sections investigated (Figure 24, p. 77 and Figure 28,
p. 81). This indicates a predominantly nuclear localization of Survivin in HGG. A deregulation
of processes of the nuclear cytoplasmic shuttling might explain this specific localization pat

tern, since NES inactivating mutations could be excluded.

Since a nuclear accumulation has been reported for the response to IR in GB cells [68] and a
colorectal cancer cell line [157], localization changes upon genotoxic stress were analyzed to
see whether this correlates with an increased DNA repair. Though, no nuclear accumulation
of Survivin could be observed upon different types of DNA damage, neither for endogenous
Survivin (Figure 26, p. 79) nor Survivin GFP (Figure 23, p. 76). At least for endogenous Survivin,
this might be attributed the already nuclear localization pattern in these cells. The localization
of Surv GFP, however, was predominantly cytoplasmic. Live cell imaging at different time
points after treatment/ irradiation revealed that the localization was not influenced either.
This leads to the conclusion that a nuclear accumulation of Survivin’s is not necessary for an
enhanced HRR and that the protein is typically localized within the nucleus in HGG cells and
tumors. Importantly, the pharmacological inhibition of the CRM1 mediated transport by LMB
convincingly demonstrated the correct targeting of the GFP fusion protein by the CRM1 re

ceptor, since a strong nuclear accumulation was evident upon inhibition.

4.2 Evaluation of BIRC5 as epigenetic prognostic marker in gliomas

The contradicting reports dealing with the prognostic impact of Survivin expression in gliomas
indicate the urgent need for clarification of the importance of Survivin as biomarker in HGG
and other cancers. Due to the findings discussed above, the clear determination of Survivin’s
localization in gliomas for prognostic purposes seems difficult. On the one hand, the detection
of Survivin’s localization via IHC was shown to be sometimes misleading and difficult to inter
pret [247]. On the other hand, mutations inactivating the NES could not be detected in the

dataset analyzed here.
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Thus, we sought to establish a fast and accurate method to determine the Survivin status in
glioma samples to test, whether the overall Survivin expression might correlate with survival
in HGG. The method of choice should have been applicable to fixed tumor material to allow
the conduction of retrospective studies as well. A methylation of CpGs in a promoter region
region reaching into the exon 1 of BIRC5 was shown to occur more frequently in non cancer
ous ovaries when compared to ovarian cancer [149]. This could explain the generally high ex
pression in cancer tissues vs. the low expression in normal tissue and might imply a role of
Survivin during tumorigenesis. Convincing reports are missing, so this assumption remains
highly speculative. Whether a BIRC5 methylation occurs in gliomas, and even more interest

ing, whether this methylation has clinical implications, is not known up to now.

In the glioma cell lines analyzed here, no promoter methylation was detectable by MSP and
MS HRM. 36 CpGs in the BIRC5 promoter region were analyzed. This sequence reaches into
the exon 1 and includes the p53 binding site [154] and also the MSP primers used by Wagner
et al. [150]. To exclude that a demethylation in BIRCS is a result of in vitro culturing of tumor
cells, methylation levels were also determined in 40 high grade glioma tumor samples. In ac

cordance to the data in the cell lines, no signs of methylation could be detected either. The
accuracy of this assay was verified by analyzing different methylation standards with defined
methylation value (Figure 50, p. 101). In conclusion, no signs of methylation in the BIRC5 pro

moter region were observed in gliomas. In line with the findings made in astrocytomas by Yu
et al., the BIRC5 promotor appears to be unmethylated in all cases investigated here [153].
This leads to the conclusion that epigenetic silencing of survivin/ BIRC5 does not occur in HGG
and can therefore not be used as prognostic marker. Since glioma cells are rapidly dividing, a
long term silencing of the BIRC5 promoter might be avoided in order to allow proper cell divi

sion. Thus, expression of BIRC5 most likely is essential for tumor to progress.

In search for other suitable biomarkers in gliomas, an important protein involved in IAP regu
lation was analyzed. XAF1 negatively regulates Survivin expression via post translational
means and inhibits XIAP. Both factors have been proven clearly to account for the resistance
to chemotherapeutic drugs in gliomas (see introduction and Tomicic et al. [248]). Although
being considered as tumor suppressor, no genomic mutations involved in XAF1 inactivation
and thus cancer formation have been identified so far [249]. This suggests other mechanisms

by which cancer cells might get rid of XAF1.
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4.3 XAF1 promoter methylation is a promising biomarker in high-grade gliomas

Promoter hypermethylation associated with XAF1 silencing was observed in gastric adenocar
cinomas [179], urogenital malignancies [181], colon [180], esophageal [199], and ovarian can
cer [250] and cancer cell lines [251]. Together these studies propose that the promoter region
between 234 to +164 bp is most tightly associated with XAF1 gene silencing. In this study, the
methylation of three CpG sites in the region 236 to 196 bp upstream of the transcription
start site (Figure 51, p. 104) was proven to be indicative of a loss of XAF1 expression in a panel
of 16 HGG cell lines. The majority (11) of these tumor cell lines showed a strong methylation
of the XAF1 promoter (Figure 53, p. 106). Correspondingly, methylation was inversely corre
lated with the XAF1 mRNA expression, which is in accordance to reports by others, indicating

a preferential low expression of the tumor suppressor XAF1 in tumor cells [176,177,252].

4.3.1 XAF1 promotor methylation accounts for gene silencing in high-grade gliomas

Here, the method of MS HRM was successfully established for the accurate detection of the
XAF1 promoter methylation, in a larger retrospective clinical study in HGG patients. The accu
racy of this assay was validated by pyrosequencing of the HRM amplicon (Table 14, p. 102).
Crucial for the application of this technique in the analysis of clinical samples was the defini
tion of a valid threshold, allowing the dichotomization of patients for an unmethylated (XAF1
UM) or methylated (XAF1 M) promoter. Based on the observations made in HGG cell lines, a
cut off value between 18 % in U118, where mRNA expression still was detectable, and 34 %
in LN229, where XAF1 expression was lost, seemed reasonable. A methylation threshold of
> 34 % was assumed, which allowed the classification of the cell lines as either XAF1 M or
XAF1 UM. The resulting groups showed a significantly different mRNA expression for XAF1
(Figure 54, p. 107). Most importantly, this threshold was validated in the analyzed patient
collective (N = 80). Utilizing ROC analysis, an unbiased threshold could be deduced from all
possible XAF1 cut off levels determined in patient samples. Here, the value of XAF1 methyla
tion for predicting the 24 months OS or PFS was calculated, allowing the determination of a
threshold of 17.4 % or 36 %, respectively (see 3.6.3.2). Both results exactly reflected the as
sumption of a threshold between ~18 % and ~34 % discussed above. Aided by the ROC results,

the threshold deduced from HGG cells at a methylation of > 34 % was chosen for dichotomiz
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ing samples according to the XAF1 methylation. Here, the highest true positive rate was asso
ciated with the lowest false positive rate (Suppl. Table 2 and 3). On the basis of this threshold,

an association of XAF1 methylation and different clinical parameters could be analyzed.

4.3.2 XAF1 promoter methylation is strictly linked to 2-HG-producing IDH1 mutations

and prolonged survival in grade lll gliomas

The role of XAF1 as tumor suppressor which is involved in different pro apoptotic processes
is well established. Accordingly, an epigenetic silencing [179,184] or more general a loss of
XAF1 expression [253] was associated with a poorer disease outcome in different types of
cancer. However, the use of XAF1, especially of its methylation status as a biomarker, has not
found its way into clinical diagnosis, yet. Particularly in malignant gliomas, new biomarkers

could help to guide therapy or at least offer the possibility of a more accurate diagnosis.

Analyzing XAF1 methylation in tumor samples from 80 HGG patients, a beneficial impact of
the methylation on the survival was anticipated due to the tumor suppressing nature of XAF1.
Unexpectedly, a methylation of the XAF1 promoter was found to predict an improved OS and
PFS in HGG patients. The survival differences were highly significant as determined by Kaplan

Meier survival analysis (log rank test). In search of possible explanations for this interesting
association, the dataset was analyzed in more depth. Stratifying according to the histological
tumor grade revealed that XAF1 methylation was mostly associated with WHO grade Il tu

mors (AA, AO, AOA). In line with this, a significantly different mean PFS (13.3 vs. 42.0 months)
and mean® 0S (21.9 vs. 49.8 months) was observed in XAF1 UM vs. XAF1 M tumors, respec

tively. In contrast, a beneficial impact of XAF1 methylation was not evident in GBs of grade IV
stratified for XAF1 UM vs. XAF1 M (7.8 vs. 11.0 months PFS; 15.3 vs. 20.6 months OS). A
slightly improved PFS and OS upon XAF1 methylation might be hypothesized on the basis of

this data, however, not reaching statistically significance (p = 0.348).

Strikingly, XAF1 M was found to be absolutely linked to the occurrence of the IDH1 mutations
R132H and R132G. 18 out of 18 WHOIIl/ IDH1 mut tumors showed a methylated XAF1 pro

® The median OS for grade Ill tumors could not be calculated by Kaplan-Meier survival analysis as the survival in
this group did not drop below 50 %. Therefore, the mean survival is discussed here.
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moter also (Table 18, p. 113). Among the eight GBs positive for XAF1 methylation, two exhib
ited an /IDH1 mutation. These two tumors most likely represent secondary GB, having pro
gressed from a lower grade lesion, since IDH1 mutations are not found in primary GBs. The
low frequency of IDH1 mut GBs in the dataset is in accordance with the frequencies (< 5 %)
reported in the literature [45]. Regarding the strict association of XAF1 M and IDH1 mut ob
served in grade Ill tumors and secondary GB, the subgroup of six IDH1 wt/ XAF1 M GBs is of
special interest. Importantly, the occurrence of 2 HG producing IDH1 R132 and IDH2 R172
mutations has been excluded by pyrosequencing in these samples. This implies that XAF1
methylation can occur independently of IDH mutations in these tumors and thus might repre
sent an independent prognostic factor. Since the sample size of this subgroup was quite small
(N =6; Table 19, p. 114), a larger cohort is needed to clarify whether GB (/IDH1 wt) patients

also benefit from XAF1 M or whether XAF1 M predicts a worse prognosis here.

4.3.3 XAF1 methylation as surrogate marker for IDH mutations

The IDH mut associated production of the oncometabolite 2 HG is mechanistically involved in
the development of the so called CpG island methylator phenotype (CIMP). As discussed ear
lier, this phenotype is associated with an extensive, coordinated hypermethylation at specific
gene loci [41,42]. Due to the absolute correlation observed between IDH1 mut and XAF1 M
in grade Il gliomas and secondary GB, the 2 HG producing IDH1 mutation might potentially
be responsible for XAF1 methylation at early stages of gliomagenesis. This would link the
CIMP, generally being associated with malignant progression, with the coordinated silencing
of the tumor suppressor gene XAF1. This hypothesis is supported by a large study on the ge
nome wide methylation in CIMP positive vs. CIMP negative cells and tumors by Turcan et. al
[41]. Upon screening the supplemental lllumina Infinium HumanMethylation450 bead array
data provided by the authors (supplemental material), XAF1 was found among the hyper
methylated genes. In human astrocytes, expressing mutant IDH1 (R132H), a 7.35 fold in
creased methylation in CpGs, belonging to the XAF1 5" UTR is reported. Furthermore, meth
ylation data of a cohort of low grade glioma (LGG) samples were provided. Again, XAF1 was
found among the hypermethylated genes, showing a 3.23 fold increased methylation in CIMP

positive vs. CIMP negative LGG.
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Despite not being an independent prognostic marker in grade Il gliomas, XAF1 methylation
might provide a suitable surrogate marker for IDH mutations due to its strict association with
IDH1 mut observed here. This includes the 2 HG producing mutations R132H and R132G iden
tified in the presented cohort and probably similar IDH2 mutations. Unfortunately, no IDH2

mutations could be detected in the dataset.

Interestingly, a case of a false negative IHC guided IDH1 diagnosis became evident among the
grade Il gliomas when IDH1 status and XAF1 M were compared. One tumor was seemingly
IDH1 wt but showed a methylated XAF1 promoter. Due to the otherwise strict coincidence of
both markers, this particular tumor was subjected to IDH1 targeted pyrosequencing. Indeed,
the XAF1 methylation helped to identify a rare 2 HG producing SNP in the IDH1 gene. Upon
sequencing, a transversion at position 394 (C> G) was revealed, causing the substitution
R132G. A frequency 0.9 % was reported for this rare SNP in another study [32]. The MS HRM

based detection of the XAF1 promoter methylation status in combination with the identified
threshold, thus could provide a fast and cheap diagnostic tool for assessing the IDH status in

tumor samples or complementing IHC based diagnosis.

A link to IDH2 mutations also, would strengthen the hypothesis of a causative influence of the
G CIMP on XAF1 methylation. On the one hand, this would clearly indicate the potency of
XAF1 methylation as surrogate marker for various 2 HG producing IDH mutations or to repre

sent G CIMP in general. Hereby, the quality of the diagnosis could be enhanced, as MS HRM
provides superiority over conventional IHC in terms of being an observer independent, thus
unbiased, and quantitative technique. Furthermore, as putative downstream target of IDH1
mutations, the use of XAF1 methylation as surrogate marker would allow the detection of rare
mutations, not being recognized by the widely used IHC mAb [254]. Although pyrosequencing
is the gold standard for SNP detection, recent studies indicate that pyrosequencing based de

tection of IDH1 SNPs shows some discrepancies to corresponding IHC stainings [255,256]. The
methods of DNA sequencing are described as “labor intensive, requiring trained personal and
sophisticated equipment (which is) not available in every center” [255]. Therefore, the
method of XAF1 targeted MS HRM could aid the diagnosis of the IDH status in gliomas, as it
provides great reproducibility, high sensitivity, and accuracy. On the other hand, a causal con

nection between CIMP and XAF1 M also might suggest the silencing of XAF1 as a critical event
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during gliomagenesis, since the loss of XAF1 expression was linked to malignant transfor
mation and tumor progression in other tumor entities as well. However, to elucidate XAF1
methylation in G CIMP, further experiments are needed. Mechanistic investigations of the
long term influence of 2 HG treatment on XAF1 UM cells could clarify if XAF1 methylation is

selectively introduced by elevated levels of 2 HG.

The unexpected finding of a beneficial impact of XAF1 silencing might be attributed to the
overall better prognosis for patients with CIMP positive tumors [257]. In this case, the tumor
suppressing functions of XAF1 may be overshadowed by the general G CIMP. However, since
the key changes in this phenotype are still not well characterized, the loss of XAF1 might also
contribute to the clinical features of this phenotype. The following chapter gives an overview
of the different functions of XAF1 in cell cycle regulation, regulation of p53 and apoptosis and

also suggests a model, linking XAF1 methylation to an improved response to TMZ based ther

apy.

4.3.4 The contradictory role of XAF1 silencing in the response of glioma cells to TMZ

XAF1 was shown to enhance the pro apoptotic p53 signaling, which allows apoptosis induc
tion independent of XIAP inhibition [258]. Complex functions of XAF1 have been described,
involving the increase in p53 expression by antagonizing the targeting of p53 by MDM2 [ibid.].
Additionally, HIPK2 phosphorylation of apoptosis associated p53 S46 was increased by XAF1
and attenuated when XAF1 induction was blocked [258]. The phosphorylation of p53 at S46
leads to the transcription of pro apoptotic genes including PUMA, NOXA, BAX and the execu
tion of apoptosis [259]. In contrast, S15 phosphorylation drives the expression of the cell cycle
regulator p21 [239], which mediates the p53 induced growth suppression [260,261]. Lee et
al. convincingly demonstrated a XAF1 induced downregulation of p21 by stabilizing the p21
targeting E3 ubiquitin ligase ZNF313 [258]. Since p21 is mediating G1/ G cell cycle arrest [262],
the ubiquitination of p21 regulates the switch from cell cycle arrest/ senescence to apoptosis.
In the background of XAF1 silencing, however, p21 expression might be upregulated in re
sponse to DNA damage via the downregulation of ZNF313. Here, a new association between
2 HG producing IDH1 mutations and methylation of the tumor suppressor gene XAF1 is de
scribed. Combining observations of others with the data presented here, it can be speculated

that the unexpected beneficial impact of XAF1 silencing for glioma patients might be linked to
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an increased G1 arrest response via upregulation of p21. In a hypothesized model (Figure 67,
p. 140) XAF1 is involved in the decision between apoptosis and cell cycle arrest/ senescence
upon TMZ treatment by a p21 driven induction of cellular senescence. This would reduce the
tumor’s proliferative activity and enhance the patients’ long term survival. The increased
amount of G1 cells observed upon XAF1 knockdown and the treatment with TMZ (Figure 64,
p. 121) strongly supports this hypothesis. Here, an abrogation of the characteristic G2 arrest
was found, while S phase fraction was largely unchanged. Cells accumulated in G1 which in
dicates an arrest of the tumor cells in this cell cycle phase, probably linked to premature cel

lular senescence due to decreased amounts of ZNF313 and thus elevated levels of p21.

A recent report by Han et al. strongly supports this model, since the authors could show an
enhanced G1 arrest response towards DNA damaging agents upon the reduction of ZNF313
activity [263]. Consistently, high levels of ZNF313 were linked to an attenuated G1 arrest fol
lowed by apoptosis induction. In agreement with Lee et al. [258], the interaction between
XAF1 and ZNF313 was shown to contribute to protein stability [263]. The authors also provide
evidence that ZNF313 is a negative regulator of cellular senescence, and vice versa that reduc
tion of ZNF313 promotes senescence in a XAF1 dependent and importantly a p53 independet
manner [263]. Here, changes in the fraction of apoptotic cells/ cell viability upon XAF1 knock
down could not be observed for TMZ. However, the detailed analysis of apoptosis/ cell viabil

ity especially at later time points should be conducted.

Transferring these findings to the situation in XAF1 M gliomas, it is most plausible to deduce
that an enhanced level of p21 probably leads to enhanced premature senescence upon irra
diation and TMZ treatment. As discussed above, this occurs independently of the tumor’s p53
status. The cell cycle analysis (Figure 64, p. 121) and BrdU incorporation (Figure 65, p. 122)
revealed that cell proliferation is not markedly inhibited in XAF1 depleted cells upon TMZ

treatment, though, the induction of senescence would demand a reduced proliferation rate.

Further experiments are needed to demonstrate clearly whether XAF1 knockdown induces
expression of p21 and most importantly whether this can enhance premature cellular senes
cence. This should be conducted in in vitro experiments first, and could then be extended to

the analysis of p21 expression XAF1 M and XAF1 UM tumor sections by IHC.
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The findings of this work indicate a complex role of XAF1 methylation in the response of glio
mas to CT and RT. The proposed model represents a putative explanation for the prognostic
benefits of CIMP positive tumors. The use of XAF1 methylation in the diagnosis of gliomas is
suggested to give valuable information about the IDH status, the prognosis, and possibly the

response to TMZ.

XAF1 competes with MDM2 binding
site at the N terminus of p53

%x/

-

XAF1 stimulates S46 Visg

phosphorylation of B

p53 by HIPK2 via in- A

creasing its protein N3

stability SA)I\(II " =
HIPK2 u \

T
S46 NOXA \
—.+ — Apoptosis :
S15

p53 phosphorylation at S15

ZNF313 is a negative regulator of se- induces p21 expression
nescence; decrease of ZNF313 leads
to an enhanced G1 arrest response cell cycle arrest 1

growth suppression

!
e ol Senescence + 5
I
4

1

XAF1 increaes pro- + m *

tein stability of the @ * *
E3 ubiquitin ligase

ZNF313

ubiquitination of p21
leads to a switch from cell

cycle arrest to apoptosis

|XAF1 promoter methylationl

Figure 67: Proposed model for the XAF1 signaling network in response to TMZ. XAF1 was shown to
be involved in the p53-mediated DDR. p53 levels are elevated via an inhibition of the binding of the E3
ubiquitin ligase MDM2 to the p53 by XAF1. Apoptosis-associated phosphorylation at serine 46 at p53
protein is induced via stabilization of the protein kinase HIPK2 by XAF1. This is associated with the
transcription of apoptosis-related genes (BAX, PUMA, NOXA). Phosphorylation at serine 15 mediates
the activation of the cell cycle regulator p21 generally leading to cell cycle arrest and premature senes-
cence. Here, XAF1 promotes apoptosis via the degradation of p21 by the p21-targeting E3 ubiquitin
ligase ZNF313 in a p53-independent manner. This drives cells from DNA damage-induced cell cycle ar-
rest towards apoptosis. Consequently, a loss of XAF1 (e.g. by methylation) leads an increased G1 arrest
response via the upregulation of p21, since ZNF313 stability is reduced. Most importantly, this can occur
independently of p53. Additionally, pro-apoptotic signaling is reduced, since overall p53 levels (loss of
MDM_2 inhibition) and the phosphorylation of p53 at S46 is attenuated.
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6 Appendix

6.1 Supplementary data

Suppl. Table 1: Detailed SNP analysis for the BIRC5 NES. TAC indicates the detection of the wt BIRC5
sequence. Deviations from the wt sequence are indicated with percentages.

Patient SNP- Aberrations SNP Position 3

ID analysis

1041/12 TAC Position 3: C: 89.4% / T: 10.6%  1922/12 TAC Position 3: C: 88.7% / T: 11.3%
116/13 failed 1933/12 TAC Position 3: C: 90.8% / T: 9.2%
1274/11 failed 1950/12 TAC Position 3: C: 87.9% / T: 12.1%
1566/12 failed 1961/11 TAC

1807/12 failed 1998/11 TAC Position 3: C: 93.8% / T: 6.2%
1813/11 failed 2083/11 TAC

1042/13 TAC Position 3: C: 88.7% / T: 11.3%  242/12  TAC Position 3: C: 84.8% / T: 15.2%
1046/13 TAC 292/13 TAC Position 3: C: 89.2% / T: 10.8%
1047/13 TAC 298/13 TAC Position 3: C: 89.0% / T: 11.0%
1052/13 TAC 299/13 TAC Position 3: C: 93.7% / T: 6.3%
1094/12 TAC Position 3: C: 94.5% / T: 5.5% 308/13 TAC Position 3: C: 93.0% / T: 7.0%
1151/11 TAC 394/12 TAC Position 3: C: 92.2% / T: 7.8%
1170/12 TAC Position 3: C: 91.6% / T: 8.4% 415/12 TAC Position 3: C: 92.4% / T: 7.6%
1185/13 TAC Position 3: C: 92.8% / T: 7.2% 416/13 TAC

1221/12 TAC 436/13 TAC

1228/13 TAC 438/12 TAC Position 3: C: 93.7% / T: 6.3%
1237/12 TAC 449/13 TAC

1294/13 TAC 456/13 TAC Position 3: C: 94.5% / T: 5.5%
1307/12 TAC 464/12 TAC Position 3: C: 91.4% / T: 8.6%
1320/11 TAC 54/13 TAC Position 3: C: 86.7% / T: 13.3%
1321/12 TAC 624/12 TAC

1369/13 TAC 658/12 TAC Position 3: C: 92.6% / T: 7.4%
137/13 TAC Position 3: C: 94.5% / T: 5.5% 678/11 TAC

1394/13 TAC Position 3: C: 91.5% / T: 8.5% 71/12 TAC

1405/13 TAC Position 3: C: 89.1% / T: 10.9% 716/12 TAC

1410/12 TAC 743/13 TAC Position 3: C: 90.5% / T: 9.5%
1435/12 TAC Position 3: C: 92.7% / T: 7.3% 760/12 TAC

1436/12 TAC 770/12 TAC

1458/12 TAC Position 3: C: 87.0% / T: 13.0% 774/12 TAC

1464/12 TAC Position 3: C: 87.7% /T: 12.3% 812/13  TAC

1469/12 TAC Position 3: C: 92.7% / T: 7.3% 828/12 TAC Position 3: C: 94.8% / T:5.2%
149/12 TAC Position 3: C: 87.1% /T: 12.9% 848/12 TAC Position 3: C: 92.8% / T: 7.2%
1495/11 TAC Position 3: C: 88.2% /T: 11.8% 931/11 TAC Position 3: C: 93.1% / T: 6.9%
1510/12 TAC 95/12 TAC

1525/12 TAC 953/13 TAC Position 3: C: 90.4% / T: 9.6%
162/13 TAC Position 3: C: 87.7% /T: 12.3% 964/13  TAC Position 3: C: 91.3% / T: 8.7%
163/13 TAC LN229 TAC

1637/12 TAC us7 TAC

1649/12 TAC HCT116 TAC

1653/12 TAC LN308 TAC

1677/12 TAC Position 3: C: 91.7% / T: 8.3% LN319 TAC

169/11 TAC Position 3: C: 94.8% / T: 5.2% VH10 TAC

1694/12 TAC 1877/12 TAC

1700/10 TAC 1904/12 TAC

1702/11 TAC Position 3: C: 90.1% / T: 9.9% 1849/11 TAC

1712/11 TAC

1715/11 TAC Position 3: C: 90.6% / T: 9.4%

1727/11 TAC
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1739/11 TAC Position 3: C: 91.1% / T: 8.9%
1765/11 TAC
1773/11 TAC
1833/12 TAC

Suppl. Table 2: Possible ROC cut-off values determined for predicting the 24 OS. Sensitivity and 1
specificity are provided for each possible cut-off point.

Methylation (%) Sensitivity 1 - Specificity

-82.785 1.000 1.000 9.689 0.727 0.326
-58.492 1.000 0.978 10.670 0.727 0.304
-32.838 1.000 0.957 12.702 0.727 0.283
-29.768 0.970 0.957 13.946 0.697 0.283
-23.899 0.970 0.935 14.468 0.697 0.261
-17.456 0.970 0.913 14.944 0.697 0.239
-14.754 0.970 0.891 15.643 0.697 0.217
-13.193 0.939 0.891 17.429 0.697 0.196
-12.596 0.939 0.870 20.014 0.667 0.196
-11.863 0.939 0.848 21.970 0.667 0.174
-11.177 0.939 0.826 23.422 0.636 0.174
-10.570 0.939 0.804 25.840 0.636 0.152
-9.951 0.939 0.783 28.284 0.606 0.152
-8.950 0.939 0.761 31.090 0.576 0.152
-7.939 0.909 0.761 35.928 0.576 0.130
-7.335 0.879 0.761 41.850 0.545 0.130
-6.832 0.848 0.761 45.167 0.545 0.109
-6.354 0.848 0.739 52.154 0.545 0.087
-6.162 0.848 0.717 59.735 0.515 0.087
-5.739 0.848 0.696 60.752 0.515 0.065
-5.073 0.848 0.674 64.135 0.485 0.065
-4.527 0.848 0.652 69.422 0.455 0.065
-4.064 0.818 0.652 71.915 0.455 0.043
-3.772 0.818 0.630 73.777 0.424 0.043
-3.174 0.818 0.609 75.133 0.394 0.043
-2.555 0.818 0.587 75.647 0.364 0.043
-2.401 0.818 0.565 77.101 0.333 0.043
-2.362 0.818 0.543 82.143 0.303 0.043
-2.168 0.818 0.522 87.948 0.273 0.043
-1.310 0.818 0.500 91.630 0.242 0.043
0.088 0.818 0.478 93.702 0.212 0.043
1.081 0.818 0.457 94.851 0.182 0.043
1.631 0.818 0.435 97.076 0.152 0.043
1.932 0.788 0.435 99.493 0.121 0.043
2.646 0.788 0.413 101.942 0.091 0.043
3.580 0.788 0.391 104.278 0.061 0.043
5.655 0.758 0.391 105.494 0.030 0.043
7.679 0.727 0.391 107.372 0.000 0.043
8.165 0.727 0.370 131.399 0.000 0.022
9.037 0.727 0.348 154.675 0.000 0.000
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Suppl. Table 3: Possible ROC cut-off values determined for predicting the PFS. Sensitivityand 1 spec-
ificity are provided for each possible cut-off point.

Methylation (%) Sensitivity 1 - Specificity

-82.785 1 1 9.689 0.905 0.356
-58.492 1 0.983 10.67 0.905 0.339
-32.838 1 0.966 12.702 0.905 0.322
-29.768 1 0.949 13.946 0.905 0.305
-23.899 1 0.932 14.468 0.905 0.288
-17.456 1 0.915 14.944 0.905 0.271
-14.754 1 0.898 15.643 0.905 0.254
-13.193 1 0.881 17.429 0.905 0.237
-12.596 1 0.864 20.014 0.905 0.22
-11.863 1 0.847 21.97 0.905 0.203
-11.177 1 0.831 23.422 0.857 0.203
-10.57 1 0.814 25.84 0.857 0.186
-9.951 1 0.797 28.284 0.857 0.169
-8.95 1 0.78 31.09 0.857 0.153
-7.939 1 0.763 35.928 0.857 0.136
-7.335 0.952 0.763 41.85 0.81 0.136
-6.832 0.905 0.763 45.167 0.81 0.119
-6.354 0.905 0.746 52.154 0.81 0.102
-6.162 0.905 0.729 59.735 0.762 0.102
-5.739 0.905 0.712 60.752 0.762 0.085
-5.073 0.905 0.695 64.135 0.714 0.085
-4.527 0.905 0.678 69.422 0.667 0.085
-4.064 0.905 0.661 71.915 0.667 0.068
-3.772 0.905 0.644 73.777 0.619 0.068
-3.174 0.905 0.627 75.133 0.571 0.068
-2.555 0.905 0.61 75.647 0.524 0.068
-2.401 0.905 0.593 76.737 0.476 0.068
-2.362 0.905 0.576 77.723 0.476 0.051
-2.168 0.905 0.559 82.143 0.429 0.051
-1.31 0.905 0.542 87.948 0.381 0.051
0.088 0.905 0.525 91.63 0.333 0.051
1.081 0.905 0.508 93.702 0.286 0.051
1.631 0.905 0.492 94.851 0.238 0.051
1.932 0.905 0.475 97.076 0.19 0.051
2.646 0.905 0.458 99.493 0.19 0.034
3.58 0.905 0.441 101.942 0.143 0.034
5.655 0.905 0.424 104.278 0.095 0.034
7.679 0.905 0.407 105.494 0.048 0.034
8.165 0.905 0.39 107.372 0 0.034
9.037 0.905 0.373 131.399 0 0.017

154.675 0 0

158



Appendix

Analogous to the survival studies in GB cells, the impact of Survivin expression was also ana
lyzed in CRC cell line SW48. SW48 cells were transfected with Surv GFP and SurvNESmut GFP,
respectively and different cell clones were established. Examples are given in where the re

sponse to irinotecan (IT) was analyzed. IT is used in the therapy of CRC. The sensitivity is in

line with the observations in glioma cells.

100
X 104
©
2
-
=
“ 13 - SW48
—— SW48 Surv-GFP (C3)
=~ SWA48 SurvNESmut-GFP
0.1 T T T T 1
0 1 2 3 4 5

irinotecan (uM)

Suppl. Figure 1: Colony formation assay (CFA) of Survivin CRC cell clones for different concentrations
of IT. Surviving cells were normalized to control (%) and plotted in a semi-logarithmic graph. Data of
three independent experiments in technical triplicates are shown (N = 3). Error bars indicate the SD.

1004

10+

survival (%)

= LN229
=&~ LN229-con

0.0 2.5 5.0 7.5 10.0 125

temozolomide (uM)

Suppl. Figure 2: Colony formation assay (CFA) of parental LN229 cells and transfection control (pSu
empty vector) for different concentrations of TMZ. Surviving cells were normalized to control (%) and
plotted in a semi-logarithmic graph. Data of three independent experiments in technical triplicates are

shown (N = 3) with error bars indicating SD.
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Suppl. Figure 3: Box-Blots of yH2AX foci numbers per nucleus of parental LN229 cells and transfection
control (pSu empty vector) after treatment with 50 uM TMZ. Whiskers indicate 5" and 95" percentile,
with boxes representing first, second (median) and third quartile (from top to bottom). Geometric
means are marked with “+”. Outliers (values out of 5 95 percentile range) are marked as “»”. Test for
statistical significance was performed by One-Way ANOVA with Tukey’s post hoc analysis. Significant
differences are indicated with *. 35 to 56 nuclei were evaluated for each cell line and time point in this

analysis.
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