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ABSTRACT

Glioblastoma multiforme (GBM) is the most aggressive and frequent type of primary
brain tumor. Even though only 1% of adult cancers are GBMs, their malignant nature makes
them the fourth greatest cause of cancer deaths. Treatment of GBM is extremely difficult due to
several factors. First, the tumor cells, despite their relatively rapid cell cycle, are quite resistant to
conventional therapies. In addition, the blood—brain barrier (BBB) permeability makes it difficult
to achieve the desired effect of chemotherapeutics without dose—limiting systemic side effects
Current treatment options for GBM include surgery, radiation therapy and chemotherapy.
However, development of resistance to these approaches is frequent. For this purpose, new
treatment options are needed for GBM patients.

Apoptosis, programmed cell death, plays a central role in the development and
homeostasis of multicellular organisms. Two main characterized apoptosis pathways are defined
in mammalian cells: extrinsic and intrinsic pathways. Intrinsic pathway includes the activity of
mitochondria and is controlled by Bcl-2 protein family members. Extrinsic pathway is mediated
by death receptors, which are a subgroup of the tumor necrosis factor (TNF) receptor
superfamily. In cancers, including GBMs, apoptosis pathway is suppressed, and tumor cells adopt
pathways to evade it. However, re-activating apoptosis by using extrinsic ligands can be a
prominent therapeutic approach. As such, TNF-related apoptosis-inducing ligand (TRAIL) has
the ability to induce apoptosis in tumor cells, but it does not have cytotoxicity on normal cells,
which makes it a perfect candidate for GBM treatment.

Although TRAIL is a prime therapeutic candidate, many cancer cells are intrinsically
resistant and/or acquire resistance to TRAIL. The mechanism of TRAIL resistance is still not
completely solved, but it is believed to be due to dysregulations at multiple levels from death
receptors to executor caspases within the apoptotic pathway. TRAIL resistance can be overcome
by combination therapies. Combination of TRAIL with chemotherapeutics, radiation or other
novel therapeutic drugs is a promising approach based on several pre-clinical observations.

In this thesis, we describe our approach of identifying novel TRAIL-sensitizing drugs
among known and approved chemicals and utilizing high throughput screening (HTS) method.
HTS is a method used for drug discovery, where large numbers of drug-like compounds are

tested using robotic methods, data processing and control software, to identify promising leads.



Drug repurposing is the application of known drugs to other uses, which takes off years required
to develop a new drug and provides a drastic economic benefit. In addition, a repurposed drug
already comes with the systemic toxicity knowledge, hence reducing cytotoxicity problems. With
this in mind, a HTS with a chemical library consisting of 1200 Food and Drug Administration
(FDA) approved drugs were utilized for investigating TRAIL sensitizers for GBM. Accordingly,
we identified a class of drugs, called cardiac glycosides, with a novel TRAIL sensitizing function
for GBM cells. We also investigated the downstream changes in apoptosis pathway components
upon the application of this new class of drugs. Our results suggest that combination of cardiac

glycosides and TRAIL can be a promising therapeutic approach for GBM patients.



OZET

Glioblastoma multiforme (GBM) beyin tiimoérleri arasinda en sik goriilen ve en agresif
primer beyin tiimoriidiir. Yetiskinlerde goriilen kanserler arasinda sadece %1°lik dilim GBM’ e
ait olsa da, kotii huylu yapisi nedeniyle tiim kanser Sliimleri arasinda dordiincii siradadir. GBM
tiimorlerinin tedaviye yliksek direng gostermesi, beyinde bulunan ve sinirli gegirgen Ozellige
sahip Kan-Beyin Bariyeri’nden (KBB) gecisi kemoterapi tedavisinin zorlastirmasi gibi
faktorlerden dolayr GBM tedavisi giiclesmektedir. Ayrica hiicreler mevcut tedavi bigimleri olan
cerrahi miidahale, radyoterapi ve kemoterapiye ¢ok hizli direng gosterdikleri i¢in bu tiir tedaviler
GBM hastalarinin yasam siirelerini ve kalitesini yeterince arttiramamaktadir. Tiim bu sebeplerle
GBM tiimorlerinde yeni tedavi yaklasimlarina ihtiya¢ duyulmaktadir.

Apoptoz, ¢ok hiicreli organizmalarin gelisimi ve homeostazinda énemli bir rol oynayan
programli hiicre 6limiidiir. Memeli hiicrelerinde tanimlanmis iki temel apoptoz yolagi vardir:
Oliim Reseptérleri Yolagi ve Mitokondriyal Yolak. Mitokondriyal apoptoz yolagi mitokondri
aktivitesi icerir ve Bcl-2 protein ailesi iiyeleri tarafindan kontrol edilir. Oliim reseptérleri yolag
ise tiimor nekroz faktorii (TNF) reseptor iist ailesinin bir alt grubudur ve 6lim reseptorleri
tarafindan yonetilir. Kanser hiicrelerinde apoptozda gorev alan bu yolaklar baskilanmaktadir. Bu
nedenle, disaridan ligandlar kullanilarak 6liim reseptorii yolagini aktive etmek 6nemli bir tedavi
yaklasimi olarak goziikmektedir. TNF-aracili apoptoz-indiikleyici ligand (TRAIL) 1in normal
hiicreler tizerindeki sitotoksik etkisi az olmakla beraber, kanser hiicrelerinde apoptozu
tetikleyebilmektedir. Bu nedenle TRAIL, GBM tedavisi i¢in 6nemli bir adaydir.

TRAIL o6ncii bir tedavi aday1 olmasina ragmen, pek ¢ok kanser hiicrelerinde TRAIL’e
diren¢ goriilmektedir veya bu hiicreler zamanla TRAIL e diren¢ kazanmaktadirlar. TRAIL direng
mekanizmalar1 tam olarak ¢oziilememis olsa da direncin 6liim reseptorlerinin diizensizliginden,
apoptoz yolagi i¢inde Onemli bir rolii olan kaspaz enzimlerine kadar bir¢cok nedenden
kaynaklandig diisiiniilmektedir. Kanser hiicrelerindeki TRAIL direnci; kemoterapi, radyasyon
veya diger tedavi amacl kullanilan ilaglarin kombinasyonu ile asilabilmektedir.

Bu tezde, Yiiksek Verimli Tarama (High Throughput Screening, HTS) yontemi ile bilinen
ve onayli kimyasal kiitiiphanesi kullanilarak TRAIL direncini asan ilaglar belirlenmistir. Bilinen
ilaglarin kullaniminin yeniden yonlendirilmesi yeni bir ilacin kullanimi ve onaylanmasi i¢in
gereken siireyi ve ekonomik boyutu azaltacaktir. Buna ek olarak, onaylanmis ilaclarin sistemik

toksisite tizerinde bilinen etkileri de biiyiik bir avantaj saglamaktadir. Bu diisiinceyle GBM
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hiicrelerinde, Amerikan Gida ve Ila¢ Idaresi (FDA) tarafindan onaylanmis 1200 ilach bir
kimyasal kiitliphane ile HTS metodu kullanilarak TRAIL direncini yenebilecek ilaglar
taranmigtir. Buna gére GBM hiicrelerinin TRAIL’a kars1 duyarliligini arttiran yeni bir ila¢ sinifi
tanimlanmistir. Kardiyak glikozitler adi verilen bu ilag smifi iyelerinin. apoptoz yolagi
bilesenlerinin {izerindeki etkileri aragtirilmistir. Sonuglarimiz dogrultusunda kardiyak glikozitler
ve TRAIL kombinasyonunun GBM hastalar1 i¢in umut verici bir tedavi yaklagimi olabilecegini

ongormekteyiz.

Vi
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Chapter 1: Review of Literature 1

Chapter 1

Review of Literature

1. Overview of primary brain tumors
1.1. Glioblastoma multiforme

Primary brain tumors are tumors that originate within the brain tissue and are classified by
the tissue type that they arise from. Gliomas, arising from glial tissue, are the most common types
of brain tumors effecting 1 in 20,000 individuals annually [1, 2]. According to World Health
Organization (WHO) gliomas are classified into astrocytomas, oligodendrogliomas,
ependymomas and oligo-astrocytomas (mixed gliomas). Further classification is done by taking
the size, level of penetration and the capacity of infiltration of tumor into consideration [3].

Astrocytoma grade IV or glioblastoma multiforme (GBM) is the most aggressive and the
most frequent type of primary brain tumors. The term “multiforme” demonstrates the
heterogeneity of GBM regarding clinical presentation, pathology, genetic signature and response
to the treatment [3]. GBM cases make up 60-70% of all gliomas [1]. Even though only 1% of
adult cancers are GBMs, their malignant nature makes them the fourth greatest cause of cancer
deaths [4].

In most GBM patients, no specific risk factors can be identified. It can arise de novo or
from a lower grade tumor [5]. Up to date, only known risk of GBM is exposure to ionizing
radiation. GBM epidemiology revealed that 87% of the patients are aged older than 55 years and
it is seen more in men compared to women. Only 5% of patients have a familial background of
GBM [6]. Despite the advancements in medicine, therapeutics and technology, the median
survival of GBM has remained 12-15 months for the past 20 years [7]. Recurrence is another
major issue of GBM with a median patient survival of 3-6 months (Figure 1) [8].

The hallmarks of GBM can be defined as uncontrolled cell proliferation, diffuse
infiltration, tendency for necrosis, angiogenesis, resistance to apoptosis, and genomic instability.
Due to heterogeneity of GBM, it is difficult to obtain pathology and gene expression patterns
even within a single tumor. Many overactive oncogenes in GBMs were found to be a part of
receptor tyrosine kinase (RTK)-Ras-Akt pathway. These include epidermal growth factor
receptor (EGFR), platelet-derived growth factor (PDGF), platelet-derived growth factor receptor
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(PDGFR) and Ras. Tumor suppressor genes lost in GBM are involved in cell cycle regulation
such as p16, p14, p53, Rb, cyclin D, cyclin E, cyclin-dependent kinase (CDK) 4/6 and PTEN [3,
5,9]

Figure 1. MRI of a GBM patient. A. Before surgery B. After surgery C. Recurrence of tumor 18 months

of therapy (MRI scan, kind gift from Prof. Dr. Ihsan Solaroglu)

1.2. Treatment options for Glioblastoma multiforme

Treatment of GBM is extremely difficult due to several factors. First, the tumor cells,
despite their relatively rapid cell cycle, are quite resistant to conventional therapies. Also, the
brain has a limited capacity to repair itself. In addition, the blood-brain barrier (BBB)
permeability makes it difficult to achieve the desired effect chemotherapeutics without dose—

limiting systemic side effects [9].

1.2.1. Current treatment options

The aggressive nature and the heterogeneity of GBM make treatment very difficult. Most
chemotherapeutic agents or treatment regimens do not increase patient survival significantly.

After diagnosis, the initial step for GBM patients is to undergo surgery either for a biopsy
or maximal tumor removal while preserving neurological function. The decision for the surgery
is made due to the location of the tumor and size. If possible, during surgery a biodegradable
chemotherapy implantation (Carmustine) in the form of impregnated polymer wafers are
implanted. These wafers provide release of chemotherapeutic agents to the surrounding tissue for

several weeks, which results in statistically significant benefit for patients [10, 11].
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Following surgery, radiation therapy and chemotherapy via cytotoxic agents are given.
First line cytotoxic agents include temozolomide (TMZ) which is a small alkylating agent that
disrupts DNA by forming O°-methylguanine that miss-pair with thymine during DNA
replication. After consequent replications these miss-pairings leads to cell death [3]. TMZ is
preferred because it has fewer side effects and has better capacity to cross BBB compared to
other chemotherapeutic agents [3, 5]. This agent was found to prolong survival 2-3 months with
radiotherapy combination [12]. However, resistance development to these agents is frequent. For
this purpose, new treatment options are needed for GBM patients.

Due to the necessity of new GBM treatments, numerous experimental strategies are
currently in clinical trials including refined surgery, radiation and chemotherapy approaches. In
addition, several novel biologically strategies such as gene therapy, immunotherapy and cytotoxic

viral therapy are being tested in clinical trials [5, 10].

1.2.2. Molecular Targeted Therapy

Common molecular alterations among GBM patients such as several growth factors,
hormones and cytokines became the focus of research in the last years, which are indicated in

Figure 2.

1.2.2.1.  Inhibition of growth factor ligands and receptors

The high angiogenesis capability of malignant gliomas revealed vascular endothelial
growth factor (VEGF) as a key growth factor for blood vessel formation. Bevacizumab
(Genentech, USA) is a humanized neutralizing monoclonal antibody that acts as an angiogenesis
inhibitor by targeting vascular endothelial growth factor A (VEGF-A). Phase Il clinical trials
revealed significant antitumor effect and it was approved by the FDA to be used in recurrent
GBM patients in 2009 [13]. Vatalanib (Novartis, Switzerland) and AZD2171 (AstraZenaca,
USA) are two of the VEGF-R inhibitors that are currently in clinical trials for GBM treatment
[14-16]

EGFR was found to be amplified in approximately half of the GBM, thus making it a
potential target for molecular targeted therapy. Gefitinib (AstraZeneca, USA) and Erlotinib
(Genentech, USA) are EGFR kinase inhibitors that has shown progress in survival rates in

clinical trials either alone or in combination with TMZ [17, 18].
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PDGF and PDGF receptors (PDGF-R) are important in glioma growth and angiogenesis.
A tyrosine kinase inhibitor, Imatinib (Novartis, Switzerland) shows antiglioma activity, however

it was not successful as monotheraphy in the clinical trials [11].
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Figure 2. Schematic overview of current molecularly targeted GBM therapies. Small molecular inhibitors
are used to inhibit several oncogenic pathways such as PI3K-Akt (green) and RAS (pink) pathways. EGF,
VEGF, PDGF and their receptors can be blocked by small molecules and monoclonal antibodies. Blue

boxes include the examples of drugs. [19]
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1.2.2.2. Inhibition of Intracellular Effectors

Serine/threonine kinases have important roles in malignant gliomas. Once the growth
factor receptor is activated, effector molecules such as RAS, phosphatidylinositide-3-kinase
(P13K) and phospholipase C are recruited to the cell membrane. Majority of gliomas are
associated with activation of these effector molecules or negative regulators of these kinases such
as PTEN in PI3K pathway. In addition RAF, mitogen-activated protein extracellular regulated
kinase (MEK), extracellular regulated kinase (ERK; also termed mitogen-activated protein kinase
[MAPK]), AKT, and mammalian target of rapamycin (mTOR) are important intracellular
mediators in gliomas [11]. For this reason targeting RAS-RAF-MEK-ERK, PI3K/AKT/mTOR

and Protein Kinase C pathways are promising treatment options for GBM.

1.2.2.3. Deacetylase Inhibitors

Epigenetic alterations can lead to defective apoptotic signaling resulting in evasion of
apoptosis. However, the reversible nature of epigenetic modifications makes them promising
candidates for therapeutic research. Histone deacetylase (HDAC) inhibitors are a class of targeted
cancer agents. They induce cell cycle arrest by up-regulating p21 (cyclin-dependent kinase
inhibitor 1) and induce apoptosis through intrinsic apoptosis pathways [11, 20]. Treatment with
Vorinostat (Aton Pharma, USA) enhanced gliomas cells’ sensitivity to chemotherapy and
radiation [21].

1.2.2.4. Proteasome Inhibitors

The vital role of ubiquitin-proteasome system in homeostasis by regulating cell cycle
proteins to balance cell proliferation and apoptosis makes proteasome inhibitors promising agents
in inducing cell cycle growth arrest. Bortezomib (Millennium Pharmaceuticals, USA) is the first
proteasome inhibitor tested in humans. Many studies confirmed that it induces cell cycle arrest

and apoptosis in gliomas cell lines [22].

1.2.3. Combination therapy

Due to the heterogeneous nature of GBM, monotherapies do not provide the best survival
benefits. For this purpose, targeting multiple signaling pathways or different targets in the same

pathway is a promising strategy for more efficient treatments. As indicated, there are currently
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numerous ongoing clinical trials for GBM, and most agents are not promising as monotherapies.
Selected drugs are listed in Table 1 below. For this purpose, combinations with TMZ, radiation
and/or other therapeutics are in search for better efficacies. For example, Rapamycin is not
effective as a single agent in GBM, but a current phase Il clinical trial shows that Rapamycin
with the combination of Avastin is showing promising results in both initial and recurrent GBM
patients [23].

Most Recent GBM
Drug Target Trail; initial or Comments
recurrent GBM
Erlotinib EGER Phase I, Minimal efficacy as single agent; modest survival benefit with TMZ and
initial and recurrent  radiation; ongoing frials in combination with other drugs
Gefetinib EGFR fi?ii;ﬁt Minimal efficacy as monotherapy, combination therapies not effective either.
Lapatinib EGFR, ErbB2 Phase II; No efﬁf.:acy in a trial with small number of recurrent GBMSs; one Phase II trial
recurrent is ongoing.
Sunitinib PDGFR’ VEGER, Phasc IL Phase I trials underway
c-Kit recurrent
Phase II; .. . L L
Sorafenib Raf, VEGFR, initial and Minimal efficacy cas monotheraohy; ongoing Phase II trials in combination
PDGFR with other drugs
recurrent
.. BCR-ABL, Src family Phase I, IT; Among seven Phase I/Phase II trials of GBM, one was withdrawn and three
Dasatinib (Sprycel) . L
kinases initial andrecurrent ~ were suspended.
. Phase II, III; Well tolerated in patients, modest (17.47 months vs 14.6 months ) survival
Nimo ab EGER initial andrecurrent  benefitin small subgroup of GBM
. . Phase I, II; . .
Cetuximab (Erbitux)  EGFR initial and recurrent Phase II trials ongoing

AMG 102

Hepatocyte growth factor

Phase II;

Phase II trials ongoing

(HGF) recurrent
.. PDGEFR, ¢-KIT, BCR- Phase I, IT; Minimal efficacy as single agent; further trials of combination therapies are
Imatinib (Gleevec) .
ABL recurrent ongoing
Tandutinib (MLN518) PDGFR, FLT3, ¢-KIT fi?ii;ﬁt Phase II trials as single agent and in combination with Avastin are underway
. PKC. PI3K/AKT pathway Phase I, IL, IIT; Limited efficacy in recurrent GBM as monotherapy; in a phase IIT trial with
Enzastaurin R L
inhibitor initial and recurrent  recurrent GBM
Sirolimus (Rapamycin) mTOR inhibitor Pha}e 1I; Not effcc.tlve. as monotht.traphy; Phase II trials in combination with EGFR/PI3K
initial andrecurrent  pathway inhibitors ongoing
Temsirolimus mTOR inhibitor,ester Phase I, II; Limited efficacy as single agent in recurrent GBM; ongoing trials of
analog of sirolimus initial and recurrent  combination therapies with EGFR/PI3K pathway inhibitors or Avastin
Everolimus mTQR .ll‘J_hlbl'[Ol', denvahve?ha_se I Multiple Phase II trials of combination therapies ongoing
of sirolimus initial and recurrent
Veliparib PARP inhibit Phase I, Currently Phase IT trials ongoi
elipari inhibitor initial and recurrent urrently Phase als ongoing
.. . Phase I, IT; .. .
Iniparib PARPI inhibitor primary Currently recruiting for Phase I and Phase II trials
. S Phase I, Phase I trials established the safe doses and showed low response rate in
Bortezomib (Velcade) - Proteasome inhibitor initial andrecurrent  recurrent GBM but favorable tendency in initial GBM with standard RT/TMZ.
Phase II. I1I- Phase I trials found the drug well tolerated also with TMZ; encouraging results
Cilengitide antiangiogenesis ase 0L of combining cilengitide with standard TMZ/RT in initial GBM with

initial and recurrent

methylated MGMT promoter, on which a Phase III trial is ongoing

Table 1. Selected drugs for GBM that are currently in clinical trials [19].
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2. TNF-related apoptosis-inducing ligand (TRAIL)
2.1. Apoptosis

Apoptosis, programmed cell death, plays a central role in the development and homeostasis of
multicellular organisms. Two main characterized apoptosis pathways are defined in mammalian
cells: extrinsic and intrinsic pathways. Intrinsic pathway includes the activity of mitochondria and
is controlled by Bcl-2 protein family members. Extrinsic pathway is mediated by death receptors
which are a subgroup of the tumor necrosis factor (TNF) receptor superfamily (Figure 3) [24].

DNA damage, cell cycle checkpoint defects, hypoxia and several other cell stress
conditions can trigger intrinsic apoptosis pathway by activation of pro-apoptotic Bcl-2 gene
superfamily, which in turn trigger mitochondria to release cytochrome c into the cytosol.
Following the release, cytochrome c binds to Apoptotic protease activating factor 1 (APAF-1),
forming the apoptosome complex and activating caspase-9. Active caspase-9 then initiates the
activity of executioner caspases; caspase-3, caspase-6 and caspase-7 [25].

TRAIL induces apoptosis through DR4 and DR5 receptor binding, resulting in
trimerization of the receptor. Clustering of the receptor’s intracellular death domain (DD) triggers
the formation of death-inducing signaling complex (DISC). Trimerization of DD results in
recruitment of an adaptor molecule called Fas-Associated protein with Death Domain (FADD)
which then activates caspase-8 and caspase-10. Following activation of caspase-8 and caspase-
10, they lead to the cleavage of caspase-3 which in turn cleaves death substrates [25]

The intrinsic and extrinsic pathways are linked with each other. Specifically, caspase-8
can cleave pro-apoptotic Bcl-2 family member BH3 interacting-domain death agonist (Bid),
which results in the translocation of truncated Bid (tBid) in mitochondria. tBid promotes
cytochrome c release by interactions with Bcl-2-associated X protein (Bax) and Bcl-2
homologous antagonist/killer (Bak) [26] . Therefore, tBid is an important effector of TRAIL

signaling.
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Figure 3. TRAIL induced apoptosis overview. The extrinsic apoptosis pathway (Black arrows) TRAIL
can bind to four membrane-bound receptors and one soluble receptor. Binding of TRAIL to DR4, DR5
leads to recruitment of the adaptor FADD and initiator procaspase-8 and -10 to form the DISC.
Procaspase-8 and -10 are cleaved in order to form caspase-8 and -10, which activate effector caspase-3, -6,
and -7 committing the cell to apoptosis. At the DISC, cFLIP can inhibit the activation of caspase-8 and
thus the apoptotic signaling. The intrinsic apoptosis pathway (Blue arrows) is initiated in response to cell
stress such as chemotherapy and radiotherapy. This results in DNA damage causing the p53 oncogene to
activate the proapoptotic Bcl-2 family proteins Bak and Bax. Pro-apoptotic proteins cytochrome c¢ and
Smac/DIABLO are released from mitochondria. Cytochrome ¢ forms a protein complex, the apoptosome,
with APAF-1 and activates caspase-9, which in turn activates effector caspase-3, -6, and -7 resulting in
apoptosis. Smac/DIABLO inhibits apoptosis-inhibiting proteins such as XIAP, thus amplifying apoptotic
signaling. [27]



Chapter 1: Review of Literature 9

2.2. TRAIL

TRAIL ligand (TRAIL/Apo2L) was discovered by two different groups in 1995 and 1996
as a new protein that can induce apoptosis [28, 29]. TRAIL is normally expressed by immune
system cells and has a role in homeostasis of certain T cells and in Natural Killer cells. TRAIL is
important in T-cell-mediated destruction of virally and oncogenically infected cells [29-31].

TRAIL is normally expressed on both normal and tumor cells as a non-covalent
homotrimeric type Il transmembrane protein (memTRAIL). A soluble form of TRAIL (STRAIL)
with proapoptotic activity can also be formed by alternative mRNA splicing or proteolytic
cleavage of extracellular domain of memTRAIL [32].

2.2.1. TRAIL receptors

TRAIL forms homotrimers and induces apoptosis via interactions with three cross-linked
receptor molecules on the cell surface. TRAIL has a complex receptor system with the capacity
of binding to 5 receptors in humans: DR4, DR5, DcR1, DcR2 and a soluble receptor called
osteoprotegerin (OPG). DR4 and DR5, death receptors, are type | transmembrane proteins with
death domains (DD) to induce apoptosis upon TRAIL binding. DcR1 and DcR2 are also called
decoy receptors, they lack DD, and they prevent apoptosis. [33-36].

2.2.2. TRAIL selectively induces death on tumor cells, but not on normal cells

A standard solid tumor treatment consists of surgery, radiotherapy and chemotherapy to
get rid of cancerous tissue. However, these non-specific treatment options result in loss of healthy
cells also. TRAIL has the ability to induce apoptosis in tumor cells but it does not have
cytotoxicity on normal cells both in vitro [28, 37] and in vivo [38-40]. In 2000, an alarming study
was performed on TRAIL’s toxicity on normal human hepatocytes, however later on it was found
to be an artifact caused by particular preparation of TRAIL [41]. To date, TRAIL is used in
clinical studies and no significant indications of cytotoxicity on normal cells have been reported.

For this reason, TRAIL based therapy is a promising option for cancer treatments.

2.2.3. TRAIL resistance

Although TRAIL has the ability to selectively kill cancer cells, many cancer cells are

intrinsically resistant and/or acquire resistance to TRAIL. The mechanism of TRAIL resistance is
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still not completely solved, but it is believed to be effected on multiple levels from its receptors to

executor caspases within the apoptotic pathway.

2.2.3.1. Resistance caused by anti-apoptotic mechanisms

Reduced caspase expression, increase expression of caspase inhibitors, overexpression of
pro-apoptotic Bcl-2 family members and other inhibitors of intrinsic apoptosis pathway are
among the major causes of TRAIL resistance.

Flice-like inhibitory protein (FLIP) is a homolog of caspase-8 with mutations in the
catalytic domain and it competes with caspases at DISC to prevent binding and activation. FLIP
overexpression was found in many TRAIL resistant cancers and downregulation induced TRAIL
induced apoptosis [42].

X-linked inhibitor of apoptosis (XIAP) inhibit the activity of caspase 3, 7 and 9 [43], and
mediate TRAIL resistance when overexpressed [44].

In intrinsic TRAIL signaling, pro-apoptotic Bid activates Bax and Bak which in turn
induce the mitochondrial membrane permeabilization and cytochrome c release. Loss of Bax
and/or Bak or overexpression of anti-apoptotic Bcl-2, Bcl-xL and Mcl-1, results in TRAIL

resistance [44].

2.2.3.2.  Resistance caused by defects in death receptor signaling

It was proposed that TRAIL resistance was mediated by the decoy receptors DcR1 and
DcR2 and their competition with DR4 and DR5 for TRAIL binding. However, no correlation
between expression of death receptors and TRAIL sensitivity among cancer cells were found. On
the contrary, it was found that downregulation of DR4 and DR5 by epigenetic changes, such as
hypermethylation, deletions or point mutations, is related to TRAIL resistance in cancer [44].

Even though a tumor cell expresses both DR4 and DR5, apoptosis signaling continues
through one, regardless of the presence of the other. MacFarlene and colleagues found that in
chronic lymphatic leukemia and mantle cell lymphoma, primary tumor cells express both DR4
and DRS5, but can only be killed by DR4 agonists [45]. Thus, TRAIL effect may vary in different
tumors depending on which death receptor is active.

TRAIL resistance can also be acquired because of inefficient transportation of receptors

to the cell membrane. Transportation process involves glycosylation and the protein N-
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acetylgalctosaminyltransferase-14 (GALNT14) has a big role. A whole genome microarray
profiling project done by Wagner and colleagues among 119 human cancer cell lines revealed
GALNT14 as an outstanding molecule in TRAIL resistance. In 61% of the time presence of this
enzyme predicted sensitivity to TRAIL and in 88% of absence predicted resistance among all

samples [46].

2.3. TRAIL and glioblastoma multiforme

The selective apoptotic ability of TRAIL towards cancer cells made it a candidate for
GBM treatment. A study containing 62 primary GBM tumors revealed that DR4 and DR5 were
expressed in 75% and 95% of the cases, respectively [47]. However, most GBM tumors are
resistant to TRAIL or they acquire resistance over time. Thus, TRAIL as a monotherapy is not
the best option for GBM.

TRALIL resistance can be overcome by combination therapies. Combination of TRAIL
with chemotherapeutics, radiation or other novel therapeutic drugs in preclinical studies gave
positive results on tumor regression [32]. For example, in vivo administration of TRAIL and
cisplatin, a chemotherapeutic agent, reduced the tumor formation and growth of human
glioblastoma xenografts in nude mice [48].

A small molecule inhibitor of histone-deacetylase (HDAC), MS-275, does not have a
significant effect on GBM alone. However, when combined with TRAIL, it was shown by Bagci-
Onder and colleagues to induce death even in TRAIL resistant GBM cells [49].

TRAIL and Bortezomib is an exciting combination for GBM. Bortezomib works as a
proteasome inhibitor and it has different response on normal and cancer cells. It arrests the cell
cycle in G2/M phase, but in normal cells can resume division after treatment. The combination
has been shown to work very well in GBM cell lines and primary tumors by many investigators
in vitro [50-54]. However, research done in animal models showed that Bortezomib cannot easily
pass the BBB [55], thus further research on Bortezomib and GBM is needed.

Despite these promising approaches, more thorough studies assessing a large panel of
TRAIL-sensitizing treatment strategies are needed since acquired TRAIL resistance remains as a

problem.
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3. High throughput screens

High throughput screening (HTS) is a method used mainly by the pharmaceutical industry
for drug discovery. In this method, large numbers of drug-like compounds are tested using
robotic methods, data processing and control software, liquid handling devices, and sensitive
detectors to identify promising leads for potentially marketable drugs. In the recent years, HTS
had made its way in academic research settings with a variety of libraries.

There are numerous types of libraries used by researchers such as chemical,
peptide/antibody and genetic inhibitor (SiRNA) libraries. Chemical libraries can be composed of
natural, synthetic and combinatorial compounds. While generating drug leads, high molecular
diversity is important without losing “Drug-like” properties. Natural product structures have high
chemical diversity and biochemical specificity, making them more favorable than synthetic and
combinatorial compounds [56].

Antibodies are naturally evolved defense mechanisms that recognize and eliminate
pathogenic and disease antigens. Their highly specific features and potential to be genetically
engineered make them a focus of research for cancer, autoimmune and infection therapies [57].
However, the high cost of producing antibodies with mammalian expression systems is a major
challenge.

Advances in genetics allow manipulation of gene expression in living cells. sSIRNA are
20-25 nucleotide long double-stranded RNA molecules that can selectively silence specific genes
[58]. siRNA libraries are used to identify genes and pathways for cancer cell survival and obtain
a more specific treatment approach.

After a possible lead is found, detailed biological evaluation is needed; such as the
Structure-Activity Relationships of analogous compounds with regard to their in vitro and in vivo
efficacy and safety [59]. Drug repurposing is the application of known drugs to other uses which
takes off years that is needed to develop a new drug and provides a drastic economic benefit. In
addition, a repurposed drug already comes with the systemic toxicity knowledge, hence reducing
cytotoxicity problems [60]. For this reason, many investigators are utilizing drug libraries that
contain Food and Drug Administration (FDA) and other agencies’ approved chemicals to
investigate the hidden potentials of those drugs. The most known example for drug repurposing is
sildenafil citrate (Viagra) (Pfizer, USA), which was originally used as a hypertension drug, but
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now is a drug for erectile dysfunction therapy. Repurposed drugs contain 30% of FDA approved
drugs in recent years. [61]

Drug repurposing by using HTS method has provided many potential candidates for
various diseases. For example, a HTS done in 1994 revealed Gefitinib (AstraZeneca, USA) and
Erlotinib (Roche, Germany) as specific inhibitor of the epidermal growth factor receptor tyrosine

kinase, which were approved by FDA in 2003 and currently used in many cancer treatments [62].

3.1. High throughput screens for glioblastoma multiforme

Investigation of repurposed drugs for GBM can be the solution to the limited success of
current GBM treatment options. In 2012, Wang and colleagues performed a high throughput
screen for GBM cell growth and invasion, using an annotated chemical library of 1,280 small
chemicals and obtained 4 novel inhibitors (6-nitroso-1,2-benzopyrone, S-(p-azidophenacyl)
glutathione, phenoxybenzamine hydrochloride and SCH-28080) for human glioblastoma cell
lines US7MG and U251MG [63].

Glioma stem cells (GSCs) are taught to have a role in GBM recurrence and resistance to
therapy. For this purpose, Hothi and colleagues screened a diverse chemical library of 2,000
chemicals to inhibit GSC proliferation. Of the 78 hits they obtained, they chose an FDA approved
drug for alcoholism treatment, disulfiram (DSF) which has relatively low cytotoxicity and
capacity to cross BBB [64]. Two different clinical trials (ClinicalTrials.gov Identifier:
NCT01907165, NCT01777919) using DSF for GBM patients have been recruiting patients since
2013 [65] .

Selective effect of inducing apoptosis on cancer cells makes TRAIL an encouraging
treatment option for GBM patients. Yet, TRAIL resistance is a major issue among GBM tumors
that needs to be overcome. Utilizing HTS for investigating TRAIL sensitizers is a fast and cost
effective method. A functional drug screen of 1,040 drugs and bioactive compounds in vitro in
human glioblastoma cell line U87MG combined with TRAIL, revealed Digitoxin, Stropanthidin,
Peruvoside, Neriifolin, Digoxin, Ouabain and Lanatoside C which belong to the family of cardiac
glycosides [66]. However further studies are needed before the establishment of these drugs into

the clinic.
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Chapter 2
Materials and Methods

1. Cell culture

Human glioma U87MG, U373, LN229, A172 and human embryonic kidney 293T cells
were purchased from American Tissue Type Culture Collection (USA). US7MG TRAIL-resistant
cell lines and U87MG Bcl-xL cells were generated by Ahmet Cingoz by selection of U87MG
cells under TRAIL treatment for a long time and via virus transduction respectively (See
Appendix 1). BJ and DH1F Fibroblasts were kind gifts from Dr. Tamer Onder (TURKEY).
Primary GBM cell lines KUGBM2 and KUGBM4, as well as patient-derived fibroblasts
(KUFibroMNG and KUFibro4) were generated by Dr. Tugba Bagci Onder in collaboration with
Dr, Ihsan Solaroglu at Koc University (Appendix I1). All cells were cultured in 37°C humidified
incubator with 5% CO, in DMEM medium (Gibco, USA) with 10% fetal bovine serum
(Invitrogen, USA) and 1% Penicillin-Streptomycin (Gibco, USA). U87TMG cells were used

between passage numbers 7 and 15 for the consistency of the high throughput drug screening.

2. Production of TRAIL in 293T cells

For TRAIL production, 293T cells were transfected with TRAIL vector encoding a
secretable version of TRAIL as described [67]. Transfection was performed with the aid of
Fugene Transfection Reagent (Promega, USA).

293T cells were plated to 80% confluency prior to experiment setup. On Day 0, 2.5 x10°
numbers of 293T cells were seeded to 10 cm cell culture plates. In the afternoon of day 1, for
each plate 20 ul of Fugene was combined with 180 ul OptiMEM. 5,000 ng of TRAIL vector
DNA was added to this mixture and added to 293T cells. After a day of incubation, cells were
washed and the medium was replaced with serum-free medium. About 48 hours after
transfection, first collection was performed and this procedure was repeated the following day.
To concentrate TRAIL, spin filter columns with a 15kD cut-off (Millipore, USA) were used.
Spinning was performed at 3,800 rpm at 4°C for 20 minutes. TRAIL concentration amount was
detected by TRAIL Human ELISA Kit, following manufacturer’s instructions (Abcam, United
Kingdom) as described below. TRAIL was stored at -80°C.
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2.1.TRAIL ELISA:

Abcam’s TRAIL Human ELISA Kit contains a monoclonal antibody specific for
TRAIL which has been coated onto the wells of the provided microtiter strips. TRAIL
detection is performed by comparing the desired sample to known TRAIL concentration
standards and control specimens. First, incubation is done with the standards or samples and a
biotinylated monoclonal antibody specific for TRAIL. Afterwards the enzyme Streptavidin-
HRP, that binds the biotinylated antibody is added. Finally, a substrate solution which acts
on the bound enzyme to induce a colored reaction product is added. The intensity of this
colored product is directly proportional to the concentration of TRAIL present in the
samples. To detect the intensity of the colored product the read was performed at 540 nm by
Synergy H1 Reader (Biotek, USA).

3. Chemicals and reagents

The drug library composed of 1,200 FDA (Food and Drug Administration of US)
approved drugs were purchased from Prestwick Chemical (FRANCE). The list and structure of
the drugs are provided in Appendix Ill. Bortezomib was purchased from Selleck Chemicals.
Individual drugs, namely Niclosamide, Astemizole, Terfenadine, Camptothecine (S,+)
Quinacrine dihydrochloride dihydrate, Mitoxantrone dihydrochloride, Amphotericin B,
Cyclosporin A, Digitoxigenin, Digoxin, Daunorubicin hydrochloride, Pinaverium bromide,
Lanatoside C, Cycloheximide, Azacytidine-5, Digoxigenin, Proscillaridin A, Pyrivinium
pamoate, Vorinostat and Topotecan were then separately supplied from Prestwick Chemicals in

higher quantities.

4. Drug screen

For the optimal usage of reagents and having more technical replicates at once, 384 well
plates (Corning, USA) were chosen for the high throughput drug screen.

The optimal number of cells seeded to a 384 well plate was found by different number
cell seeding in the range of 50-10,000 cells/well. 2,000 cells were chosen as optimal for the
assays. For the drug screen, U87TMG cells were automatically seeded to 384 well plates at the
number of 2,000 cells/40 pl/well via Multidrop™ Combi Reagent Dispenser (Thermo-Scientific,
USA).
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1 day after seeding the cells, a fixed concentration of TRAIL (25 ng/ml chosen after
optimization as described in Results section) was applied to cells alone or along with individual
drugs at a final concentration of 5 uM. Untreated cells as well as DMSO-treated cells were used
as negative controls. Bortezomib is a proteasome inhibitor that is known to sensitize GBM cells
to TRAIL [22] and was used as a positive control in the screen.

The Prestwick drug library was supplied as 10 mM stock soluble in DMSO in a total of 15
96-well plates. 1 mM personal stocks were prepared by DMSO dilution in a total of 20 96-well
plates by reformatting the plate set-up according to the experimental design. On the day of drug
treatment, fresh 50 uM drug plates were prepared with DMEM and added to 384 well plates with
an automated pipettor (Matrix™ Multichannel Electronic Pipettes) (Thermo Scientific, USA) for

a final concentration of SuM. Each treatment was done in triplicates (Figure 4).

Day 1 Day 2 Day 3
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lat with DMEM and fot was performed
paiss added to the plates PLes

Figure 4. Drug library screen procedure. (Day 1) U87MG cells were automatically seeded to 384 well
plates (2,000 cells/well). (Day 2) Prestwick Chemical Library stock of ImM was diluted to 50 uM in
DMEM. Drugs, TRAIL, or drugs + TRAIL were added (Final concentration of drug 5 uM, TRAIL 25
ng/ml). (Day 3) Cell viability was determined by CellTiterGlo assay.

Screen design contained each single agent and combination of agent with TRAIL in
triplicates. In addition, each 384 well plate contained control, positive/negative controls and only
TRAIL treated cells.
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Cell viability was determined after 24 hours of drug treatment as described below.

For the screen of U87MG TRAIL-resistant cells, the same design and method was used.

5. Determination of cell viability

Cell viability was determined via Cell Titer-Glo® (CTG) Luminescent Cell Viability
Assay (Promega, USA). CTG determines the number of viable cells via luciferase reaction by
measuring ATP amount, which is an indicator of metabolically active cells. CTG reagent lyses
cell membranes for ATP release and inhibits endogenous ATPases simultaneously while
providing luciferin, luciferase and other reagents for a bioluminescent reaction. CTG assay was
slightly modified from the manufacturer’s instructions for economizing the HTS.

Each plate was incubated 10 minutes at room temperature before CTG reagent addition.
For 384 well plates, 5 ul of CTG reagent was added directly to a well containing 50 pl DMEM.
For 96 well plates, medium was removed and 4 pl + 40 pl of DMEM mix was added per well.
Following CTG addition, the plate was put into Synergy H1 Reader (Biotek, USA) for 2 minutes
of shaking and 8 minutes of incubation at dark before luminometric read. Survival was expressed
as the percentage of viable cells in the treated sample compared to untreated control samples.

For the chosen hits, cell viability was further investigated on black 96 well plates
(Corning, USA). For US7TMG, U373, LN229, 293T and primary GBM cells, 10,000 cells/well
and for fibroblast cells 2,500 cells/well were seeded. Drug treatment was performed by aspirating
the medium and replacing with medium containing respective drug or the combination of TRAIL
with the respective drug. After 24 hours, CTG cell viability determination was performed as

explained above.

6. Caspase 3/7 Activity Assay

Caspase 3 and Caspase 7 activation are indicators of late-stage apoptosis. Caspase 3/7
activity was determined by the Caspase-Glo® 3/7 Assay (Promega, USA). The assay provides a
proluminescent caspase-3/7 DEVD-aminoluciferin substrate and a proprietary thermostable
luciferase in a reagent optimized for caspase-3/7 activity, luciferase activity and cell lysis. With
cell lysis, followed by caspase cleavage of the substrates free aminoluciferin, which is consumed
by the luciferase, gives out a luminescent signal. The signal is proportional to caspase-3/7

activity.
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10,000 cells were seeded into 96-well black bottom plates a day prior to drug treatment.
Selected drugs (Digitoxigenin, Digoxin, Digoxigenin, Lanatoside C, Proscillaridin A, and
Bortezomib) were added at a final concentration of 500, 50, 50, 50, 25 and 5 nM respectively.
For the detection of the combination effect, 25 ng/ml TRAIL was added, and incubated for 4
hours. Afterwards, The Caspase-Glo® 3/7 reagent was added and incubated for half an hour.
Measurement was performed at 560 nm by Synergy H1 Reader (Biotek, USA).

7. Drug concentration dependent assays

To characterize the effect of single agent and combination, different concentrations of
single agent and combination were tested. For further studies best dose for combination was

chosen for each agent as described in detail in Results Section.

8. Statistical analysis

Statistical analyses were performed using Microsoft Excel 2010 and/or GraphPad Prism
4.0. For the drug screen, normalization of raw data to each plate’s own control samples was done
to remove plate-to-plate variation. The effects of single agent treatment were analyzed to
determine the cytotoxicity of drugs on their own. Sensitizing ability of the drug was determined
by comparing the decrease in cell viability following combination treatments (i.e. drug in
combination with TRAIL) to the reduction in cell viability of single agent and TRAIL alone
treatment.

For the selection of hits, a cut off value was determined by taking the average percent cell
viability of cells upon treatment with all drugs, and £3STD values were used as minimum and

maximum values. The same procedure was performed for drug + TRAIL combination.

9. Real-time PCR

To determine the MRNA expression, RNA was isolated from drug treated cells. US7TMG
cells were seeded to 12 well plates at the density of 10° cells/well and treated with selected
concentration of the respective drug (Table 5) for 24 hours. RNA was isolated via Qiagen
RNeasy Mini Kit following manufacturer’s instructions (Qiagen, Netherlands). RNA quality was
determined by Nanodrop measurements. 250 ng cDNA was obtained by reverse transcription of

RNA using M-MLV Reverse Transcriptase (Invitrogen, USA). Relative mRNA expression
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levels were detected by using LightCycler® 480 SYBR Green | Master (Roche, Germany). The

primers used in these experiments are listed in Table 2.

Gene

Sequence

BAD

5-CCCAGAGTTTGAGCCGAGTG-3

5’- CCCATCCCTTCGTCGTCCT- 3

BAX

5'- GGGTGGTTGGGTGAGACTC-3'

5'-AGACACGTAAGGAAAACGCATTA-3

BCL-2

5'-CAGGGCGATGTTGTCCACC-3

5'-GGGGAGGATTGTGGCCTTC-3'

BCL-xL

5'-GGTCGCATTGTGGCCTTTTTC-3

S'-TGCTGCATTGTTCCCATAGAG-3'

BIM

5'- TCCCTGCTGTCTGATCCTC-3'

5-GGTCTTCGGCTGCTTGGTAA-3'

BID

5'-CCTACCCTAGAGACATGGAGAAG-3

5-TTTCTGGCTAAGCTCCTCACG-3

CASP-3

5'-CATGGAAGCGAATCAATGGACT-3

5-CTGTACCAGACCGAGATGTCA-3

CASP-7

5-CGGTCCTCGTTTGTACCGTC-3

5-CGCCCATACCTGTCACTTTATCA-3

CASP-8

5'-ACACCAGGCAGGGCTCAAAT-3

5'-GCAGGTTCATGTCATCATCCAGTT-3'

CASP-9

S5'-CTTCGTTTCTGCGAACTAACAGG-3

5'-GCACCACTGGGGTAAGGTTT-3

DR4

5'-ACCTTCAAGTTTGTCGTCGTC-3'

5'-AACTC TCCCAAAGGGCTATGT-3'

DR5

5'-AAGACCCTTGTGCTCGTTGT-3'

5'-AGGTGGACACAATCCCTCTG-3'

DcR1

5'-GCTGCCAGTCCTAGCTTACTCTG-3

5-CCCTCTGTGCACGGGTTACA-3

DcR2

5'-TGGCTCCTGGACCCCAAGAT-3

5'-ATGAGATCCTGCTGGACACTCCTC-3'

FADD

5'-GCTGGCTCGTCAGCTCAAA-3

5-ACTGTTGCGTTCTCCTTCTCT-3

GAPDH

5-AGCCACATCGCTCAGACAC-3

5-GCCCAATACGACCAAATCC-3

HRK

5'- CCTACTGGCCTTGGCTGTG-3

5-TACAAGTTCCGCCTGCCG-3

Mcl-1

5-TGCTTCGGAAACTGGACATCA-3

5-TAGCCACAAAGGCACCAAAAG-3

OPG

5- GCGCTCGTGTTTCTGGACA -3

5'- AGTATAGACACTCGTCACTGGTG-3'

PUMA

5'-GACCTCAACGCACAGTACGAG-3

5'-AGGAGTCCCATGATGAGATTGT-3

XIAP

5'-TGTCCTGGCGCGAAAAG-3

DM |M|D[(TN|D ||V |TM|D[(TN|[D|T|OD|TM|D[(TN|D|T|OD|TM|O0|(T|D|T|[OD|TM|OD[(TM|D|T|[OD|TM|OD[T]|D|T

5'-TGCCAGTGTTGATGCTGAAAC-3

Table 2. List of primers and their sequences used in qRT-PCR. F: forward, R: reverse primer
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10.Western blot analysis

Equal numbers of cells (3x10°) were seeded to 10 cm plates prior to single agent or
combination treatment for obtaining equal amount of protein extraction. After 6 hours, medium
was collected, cells were lifted by trypsinization and cell pellet was obtained with centrifugation
at 5009 for 5 minutes. Pellets were then re-suspended in an appropriate volume of cell lysis
buffer containing, 1% NP-40, 150 mM NaCl, 1ImM EDTA, 50 mM Tris-HCI (pH 7.8), 1 mM
NaF, 0.5 mM PMSF, 1X phosphatase inhibitor cocktail (PhosSTOP, Roche, Germany) and 1X
protease inhibitor cocktail (cOmplete Protease Inhibitor Cocktail Tablets, Roche, Germany).
Following 20 minutes of incubation on ice, centrifugation at 14,000g for 15 min at 4°C was
performed to yield supernatants containing total cell extract.

Proteins were separated by SDS-polyacrylamide gel electrophoresis and
electrophoretically transferred onto a PVDF membrane by Trans-Blot® Turbo™ RTA Mini
PVDF Transfer Kit (#170-4272, Biorad, USA). The membranes were blocked with 5% nonfat
dry milk in TBS-T (20 mM TrisHCI, pH 7.8, 150 mM NacCl, 0.1%, v/v Tween-20) at room
temperature for 1 hour. Then the primary antibodies were added and incubated rocking overnight
at 4°C. Table 3 contains the primary antibodies and the dilutions used. Secondary antibodies
conjugated to HRP, anti-rabbit and anti-mouse were used in 1:3,000 (#7074 and #7076
respectively, Cell Signaling, USA). Quantification of protein within membranes was done by
using Clarity™ Western ECL Substrate (#170-5061, Biorad, USA). Membranes were exposed
using CL-XPosure Film (Thermo-Scientific, USA).

11.Analysis of cell surface DR4 and DR5

For DR4 and DR5 analysis, 200,000 U87MG cells/well were seeded to 6 well plates,
treated with Digitoxigenin, Digoxin, Lanatoside C, Digoxigenin, Proscillaridin A and Bortezomib
(dosages indicated in Table 5) for 48 hours. Cells were then collected with cell scraper and
pelleted at 1,500 rpm for 5 minutes. Cell pellets were resuspended in 200 ul PBS containing
1%FBS and stained with corresponding PE-conjugated antibodies (DR4:anti human CD261
(DR4) PE; DR5: anti human CD262 (DR5) PE, eBioscience) on ice for 30 minutes in dark. After
2 rounds of washing, cells were resuspended in 300 ul of 1%FBS/PBS and subjected to Flow

Cytometry. Flow cytometry was performed according manufacturer’s instructions on BD Accuri
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instrument (BD Bioscience), where 10,000 events were collected from live cells on FL-2 channel.

Quantification was performed using instrument settings.

Antibody Catalog Number Brand Dilution
a-Tubulin T9026 Sigma-Aldrich 1:5000
Bax #5023 Cell Signaling 1:1000
B-actin #4967 Cell Signaling 1:3000
BID #2002 Cell Signaling 1:1000
Caspase-9 #9508 Cell Signaling 1:1000
c-FLIP ADI-AAP-440-E | Enzo Life Sciences 1:1000
Cleaved Caspase-3 #9664 Cell Signaling 1:1000
DR4 1139 ProSci 1:500
DR5 2019 ProSci 1:500
PARP #9542 Cell Signaling 1:1000
XIAP 610716 BD Life Sciences 1:500

Table 3.

List of primary antibodies used.
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Chapter 3

Results

1. TRAIL selectively affects cancer cells, but not normal cells

TRAIL’s ability to selectively induce apoptosis in tumor cells in vitro and in vivo without
significant effect on normal cells was previously explained [38]. The cytotoxic effect of TRAIL
was tested on two patient-derived primary fibroblasts (KUFibroMNG and KUFibro4) and two
different fibroblast cell lines (BJ and DH1F). In all cases, TRAIL did not have a significant
cytotoxic effect even at a high dosage of 200 ng/ml (Figure 5).
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Figure 5. TRAIL does not have a cytotoxic effect on normal cells. 4 different fibroblast cell lines were
exposed to different concentrations of TRAIL (25, 50, 100, 200 ng/ml respectively). After 24 hours cell
viability was tested using CTG.

2. TRAIL response varies among different GBM cell lines

As previously described, TRAIL response varies among different GBM cell lines [49].
For this purpose, the cytotoxic effects of TRAIL were tested on 4 different GBM cell lines. Cell

proliferation assays validated the previous knowledge: A172 is very sensitive, U87MG is mid-
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sensitive, U373 and LN229 cell lines are very resistant to TRAIL (Figure 6a). Treatment with
TRAIL 50 ng/ml for 6 hours induced cell death with characteristic apoptotic features such as cell
shrinkage and apoptotic body formations observed by bright-field microscopy in TRAIL sensitive
cell lines, but not in TRAIL resistant cell lines (Figure 6b). PARP is a nuclear poly (ADP-ribose)
polymerase and is involved in DNA repair in response to environmental stress. Cleavage of
PARP facilitates cellular disassembly and serves as a marker of cells undergoing apoptosis [68].
Comparing 4 different cell lines, the TRAIL sensitive cell line A172 displayed more cPARP after

6 hours of 50 ng/ml TRAIL treatment (a-tubulin was used as loading control) (Figure 6c).
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Figure 6. TRAIL response among different GBM cell lines. A. 4 different GBM cell lines were exposed
to different concentrations of TRAIL (5, 10, 50, 100, 200, 500 ng/ml respectively). After 24 hours, cell
viability was tested using CTG. B. Microscopy images of GBM cell lines after 6 hours of 50 ng/ml
TRAIL treatment. C. Western blot images displaying cleaved PARP expression of 4 different cell lines
treated with TRAIL (50 ng/ml) for 6 hours.
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3. TRAIL sensitization with drug combinations is possible

To validate the effect of drug combinations on TRAIL sensitization, known TRAIL
sensitizers MS-275 and Bortezomib were used. Both drugs did not cause any significant changes
in cell viability when applied alone. However the combination with 50 ng/ml TRAIL reduced cell
viability of 5 uM MS-275 treated cells by 70% and 50 nM Bortezomib treated cells by 99%
(Figure 7). Bortezomib + TRAIL combination showed more drastic changes in cell viability than
MS-275 + TRAIL combination. For this reason Bortezomib is further studied and was chosen to

be the positive control in drug screen.
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Figure 7. TRAIL sensitization with drug combinations. SuM MS-275 and 50 nM Bortezomib was added
as single agents and in combination with 50 ng/ml TRAIL to U87MG cells. Cell viability was determined
after 24 hours with CTG assay.

Different concentrations of Bortezomib (10° to 10 pM) were tested on US7MG cells to
test the effect of cell viability (Figure 8a). Bortezomib treatment up to 0.5 uM dosages did not
affect the cell viability, whereas the combination with TRAIL revealed drastic alterations: 50 nM
of Bortezomib with TRAIL combination as low as 5 ng/ml caused more than 90% cell death
(Figure 8b). With the guidance of these results, 50 nM of Bortezomib was used for the drug

screen. For gene and protein expression level studies, 5 nM of Bortezomib was chosen.
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Figure 8. The effect of Bortezomib on U87MG cells. A. Bortezomib ranging from 10° to 10 pM was
applied to UB7MG cells and cell viability was determined by CTG after 24 hours. B. 5, 10 and 50 nM of
Bortezomib was combined with 5, 25 and 50 ng/ml of TRAIL. Cell Viability was detected by CTG after
24 hours.
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U373 and LN229 cell lines are TRAIL resistant cell lines and are not affected by 50 ng/ml
TRAIL under normal conditions. However, the combination of 50 nM Bortezomib and 50 ng/ml
TRAIL decreased cell viability of these TRAIL-resistant cells significantly, indicating the
potential of TRAIL sensitizers in TRAIL-resistant cell lines (Figure 9).
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Figure 9. Bortezomib and TRAIL combination’s effect on TRAIL resistant cells. U373 and LN229 cells
were treated with 50 nM Bortezomib, 50 ng/ml TRAIL and their combination. After 24 hours cell viability
was detected by CTG assay.

4. Cell number and TRAIL concentration optimizations prior to high
throughput drug screen

The optimal number of U87MG cells used for the HTS assay to a 384 well plate was
found by different number cell seeding in the range of 50 - 10,000 cells. 2,000 cells were found to
be the best confluency for the assay. For the drug screen, cells were automatically seeded to 384
well black plates at the number of 2,000 cells/40 pl/well.

As indicated before, TRAIL resistance varies among and within different cell lines. For
this purpose the resistance of U87MG cells was detected prior to drug screen. With the negative
15-25 % effect on cell viability (Figure 10), TRAIL 25 ng/ml was used for the screen.
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Figure 10. U87MG TRAIL response. TRAIL dose dependent assay was performed prior to drug
screen to detect the optimum dosage. After 24 hours of treatment cell viability was detected by CTG

assay. The chosen dosage for the primary screen, 25 ng/ml, is indicated in red.

5. High throughput drug screen reveals potential TRAIL sensitizers in
U87MG cells

Initially, the screen was designed to be performed in 5 batches with cells of passage
numbers between 9 and 12. However, TRAIL effect showed high variance (STDEV: 15%)
among different sets of experiments. To eliminate the problem of TRAIL response variance, a
second screen was designed to be done in a single batch, in which all plates were seeded at the
same time on Day 0 and reagent addition was done in Day 1, 14 hours after seeding.

The cut off value for the screen was determined to be “Average = (3STDEV)”. However,
due to the high variance of TRAIL in the first screen, the lower cut off value of drug + TRAIL
effect was hard to estimate. For this purpose, normalization to TRAIL only effect was performed,
resulting in a cut off value of 28%. Every compound that resulted in the normalized percent cell
viability under the lower cut off value were considered as a “hit”. The results from the primary
and secondary screen are presented as scatter plots in Figure 11b and 11c. Notably, at the

concentration of 5 uM some of the drugs had high cytotoxicity as single agents.
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Figure 11. Drug screens. A. A general scheme of different steps of the HTS. B. Scatter plot of first screen,
drug and drug + TRAIL effect. Results are presented as percent cell viability normalized to untreated
control. C. Scatter plot of the second screen, drug and drug + TRAIL effect. Results are presented as
percent cell viability normalized to untreated control. D.Statistical pie representing the different classes of
drug hits. Data are presented as percentage of drugs from the same class compared to total drug hit
number.

From the first screen, 26 hits were chosen from the drug + TRAIL combination. 14 of
those hits caused a cell viability value lower than drug-only cut off value (66%), indicating the
need for adjustment of the dosage for these drugs.

The second screen validated the same 26 hits, with little variance of TRAIL alone effect

(STDEV: 3%) (Figure 12). Hits were found to be clustered around several pharmacological
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classes (antibacterials, antineoplastics and cardiotonics) suggesting that these classes should be
further explored for GBM therapy development (Figure 11d). The summary of drugs identified
as TRAIL sensitizing agents in GBM are indicated in Table 4. Some previously known agents
such as Quinacrine dihydrochloride, Mitoxantrone dihydrochloride, VVorinostat, Campthothecine
(S,+), Daunorubicin hydrochloride, Topotecan, Digoxin, Doxorubicin hydrochloride,
Proscillaridin A, which had been studied in preclinical experiments, evaluated in clinical trials or
used in clinical as chemotherapeutic agents for tumors including GBM were identified in the
screen, thereby validating the efficiency of our screening approach.

Since all the drugs were obtained in DMSO solutions, the screen contained only DMSO
treated cells to observe the effect of DMSO alone on viability. No effect was observed in only
DMSO or DMSO + TRAIL treated cells (Figure 12b).

Further experimental designs were based on the results of the second screen.

6. Screen performed on U87MGTRAIL-resistant subpopulations reveal
the same hits

A third screen containing U87MG TRAIL-resistant subpopulations (U87MG R50) was
performed. As indicated in Appendix I, these cells were generated by selection under 50 ng/ml
TRAIL for 30 days. These cells are considered to be a subpopulation within U87MG cell lines
with very low TRAIL sensitivity, and can be selected and maintained as a separate cell line. In
order to assess the TRAIL-sensitizing efficacy of the drugs the screen was conducted similarly
with the same conditions (TRAIL dose (25 ng/ml) that was used as in the 1% and 2" screens). In
normal U87MG cells 25 ng/ml TRAIL decreases cell viability up to 30%, however TRAIL-R50
are only affected by 5-10% decrease.

As indicated in Figure 13b screen performed on U87MG-R50 resulted in 16 hits. All of
the 16 hits are among the top 26 hits of the previous screens performed on U87MG cells. These
results are promising in that the chosen hits can still affect cell viability even in TRAIL-resistant

subpopulations.
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Figure 12. Secondary screen of U87MG validated top 26 hits of primary screen. A. Normalization to
each plate’s untreated control samples was performed to eliminate variance among different plates.
Results of drug + TRAIL effect were ordered from lowest to highest. Cut off values 29% and 83% were
determined by “average +3 STDEV”. B. 26 hits were determined via cut off value of 28% cell viability
after drug and TRAIL addition. The hits are ordered from highest to lowest effect of drug + TRAIL

combination. Error bars represent “mean = NSEM”.
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Drug Name HIETEEEIE Activity 2nd screen TRAIL TRAIL sensitizer in
effect D D+T| sensitizer? GBM?
Amphotericin B Na* K* ATPase membrane pump inhibiton [69] 84% 21% No No
Cycloheximide Translation inhibition [70] 73% 3% Yes [71] Yes[72]
Daunorubicin hydrochloride DNA topoisomerase Il inhibitor [73, 74] 65% 8% Yes [75] No
Methyl benzethonium chloride antibacterial Mitochondrial membrane depolarization [76] 72% 8% No No
Benzethonium chloride Mitochondrial membrane depolarization [76] 77% 12% No No
Monensin sodium salt Na* ionophore, blocks glycoprotein secretion [77] 62% 24% Yes[78] Yes[78]
Doxorubicin hydrochloride DNA topoisomerase Il inhibitor [79] 74% 13% | Yes[80, 81] Yes[80]
Alexidine dihydrochloride PTPMTL inhibitor [82] 62% 6% No No
Niclosamide antihelmintic Transcription inhibition [83], Wnt/Frizzled-1 signaling inhibitor [84] 41% 3% No No
Quinacrine dihydrochloride Phospholipase A2 inhibitor [85] 61% 1% Yes [86] No
Astemizole antihistaminic hERG potassium channel blocker [87] 64% 26% No No
Terfenadine hERG potassium channel blocker [87] 62% 27% No No
\orinostat Histone de acetylase inhibitor [88] 75% 16% | Yes[89-91] No
Topotecan DNA topoisomerase | inhibitor [92] 78% 9% Yes[93, 94] Yes[95]
Azacytidine-5 antineoplastic DNA methyltransferase inhibitor [96] 74% 17% Yes[97] No
Mitoxantrone dihydrochloride DNA intercalator, DNA topoisomerase Il stabilizer [98] 91% 2% | Yes[99, 100] No
Camptothecine (S,+) DNA topoisomerase | inhibitor [101] 61% 5% No No
Pinaverium bromide antispastic Calcium channel inhibitor [102] 81% 27% No No
Digitoxigenin Na" K" ATPase membrane pump [103]and DNA topoisomerase | /1l inhibitor [104] | 39% 12% No No
Digoxin Na* K* ATPase membrane pump [103]and DNA topoisomerase | /Il inhibitor [104] | 74% 13% Yes[66] Yes[66]
Lanatoside C cardiotonic Na* K* ATPase membrane pump inibitor [105] 31% 10% Yes[105] Yes[66]
Digoxigenin Na* K* ATPase membrane pump inibitor 52% 7% No No
Proscillaridin A Na* K* ATPase membrane pump [106], DNA topoisomerase | /11 inhibitor [104] 42% 14% No No
Cyclosporin A immuno-suppressant| Canonical NFAT pathway inhibitor [107] 44% 10% No No
Pyrvinium pamoate metabolism WNT signaling inhibitor [108], Mitochondrial ETC | and 1l inhibitor [109] 52% 3% No No
Thonzonium bromide antiseptic vacuolar ATPase inhibitor [110] 67% 3% No No
Cut off value for % cell viability 64% 29%

Table 4. Summary of drugs identified as TRAIL sensitizing agents and their previously known activity. Numbers indicated are percent cell viability results

normalized to untreated control samples. D represents the effect of Drug alone; D + T represent the effect of Drug + TRAIL.
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Figure 13. Screen of U87MG-R50 (selected TRAIL resistant cell line). A. Normalization to each plate’s
untreated control samples was done to eliminate variance among different plates. Results of drug +
TRAIL effect were ordered from lowest to highest. Cut off values 41% and 113% were determined by
“average +3 STDEV”. B. 16 drugs scored as hits by the cut off value of 41% cell viability after drug and
TRAIL addition. The hits are ordered from highest to lowest e