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Abbreviation

ANK -
ATM -
Bcl-3 -
BCR -
Ca2+ _
CBD -
CB1 -
CB2 -
CDKN2A -
CDKN2B -
CNS -
CBP -
DAG -
DAPI -
DNA -
ECS -
EGFR -
EMA -
GBM -
GLP -
GPCR -
GPR55 -
Gy -
H3K9 -
IDH1 -
IKK -
IkB -
IL-1R -
LTBR -

Definition

Ankyrin Repeats

Ataxia Teleangiectatica Mutated
B-cell ymphoma 3-encoded protein
B Cell Receptor
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Cannabidiol

Cannabinoid Receptor 1
Cannabinoid Receptor 2
Cyclin-Dependent Kinase Inhibitor 2A
Cyclin-Dependent Kinase Inhibitor 2B
Central Nervous System
CREB-binding Protein

Diacylglycerol
4',6-Diamidin-2-phenylindol
Desoxyribonucleic Acid
Endogenous Cannabinoid System
Epidermal Growth Factor Receptor
European Medicine Agency
Glioblastoma multiforme

G9A-like protein

G-Protein coupled Receptor
G-Protein coupled Receptor 55
Gray

Histone H3 Lysine 9

Isocitrate Dehydrogenase-1
Inhibitor of kappa-B Kinase
Inhibitor of kappa-B

Interleukin 1 Receptor

Lymphotoxin B receptor
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3 Summary

Glioblastoma is a highly aggressive and malignant tumor with an inauspicious prognosis. Its
rapid proliferation and invasive properties can, at least in part, be attributed to the
transcription factor NF-kB. The cannabinoid cannabidiol has been shown to exert a cytotoxic
effect in certain cannabidiol-sensitive glioblastoma cells. Interestingly, while cannabidiol
promotes the nuclear accumulation of NF-kB, it simultaneously inhibits its phosphorylation at
serine 311, which is an essential modification for its function as a transcription factor.

In the first part of this publication, the relevance of NF-kB translocation was examined in more
detail. Cytotoxicity assays demonstrated that co-application of the NF-kB sn50 inhibitor
completely abolished the cytotoxic effect of cannabidiol, indicating that NF-kB translocation
is essential for mediating the cytotoxic response to cannabidiol. Supporting this,
immunocytochemical staining revealed that the inhibitor effectively prevented NF-kB from
translocating into the nucleus in the same cells. These findings suggest that translocation and
consecutive nuclear accumulation of NF-kB lacking phosphorylation at serine 311 is critical for
the cytotoxic effect of cannabidiol in cannabidiol-sensitive glioblastoma cells.

The second part of this publication further investigated the role of protein kinase C zeta in
glioblastoma cells, given its ability to phosphorylate NF-«kB at serine 311, a modification critical
for transcriptional activity related to cell survival. Viability assays demonstrated that PKCT is
present in glioblastoma cells, as evidenced by a reduction in cell numbers following the
application of a PKCT pseudosubstrate. This observation was further confirmed by
immunocytochemical staining. However, CBD application led to varying effects on PKCT
expression across the investigated cell lines, with some showing increased expression, others

unchanged levels, and some a reduction.
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4 Zusammenfassung (Deutsch)

Das Glioblastom ist ein hochaggressiver und maligner Tumor mit infauster Prognose. Die
aggressive und invasive Proliferation des Glioblastoms kann unter anderem auf den
Transkriptionsfaktor NF-kB zuriickgefiihrt werden. Das Cannabinoid Cannabidiol kann bei
bestimmten Cannabidiol-sensitiven  Glioblastomzellen einen zytotoxischen Effekt
hervorrufen. Dabei bewirkt Cannabidiol, dass in jenen Zellen NF-kB im Nukleus verstarkt
akkumuliert. Die fir die Funktion von NF-kB als Transkriptionsfaktor wichtige
Phosphorylierung an Serin 311 wird jedoch unterbunden.

In dem ersten Teil wurde die Bedeutung der Translokation von NF-kB genauer eruiert. Dabei
konnte in Zytotoxizitatsassays gezeigt werden, dass durch die gleichzeitige Applikation des
Inhibitors NF-kB sn50 der zytotoxische Effekt von Cannabidiol aufgehoben werden konnte.
Erganzend konnte in immunozytochemischen Farbungen gezeigt werden, dass in den gleichen
Zellen der Inhibitor die Translokation von NF-kB in den Nucleus verhinderte. Daraus konnte
die Schlussfolgerung gezogen werden, dass die Translokation von NF-kB fiir den zytotoxischen
Effekt von Cannabidiol in Cannabidiol-sensitiven Zellen essenziell ist, da es nur dadurch zur
nukledaren Akkumulation von NF-kB ohne Phosphorylierung an Serin 311 kommt.

Im zweiten Teil wurde die Rolle von PKCC in Glioblastomzellen weiter eruiert. PKCE
phosphoryliert NF-kB an Serin 311, welche fiir die transkriptionelle Aktivitdt von NF-kB in
Hinsicht auf das Zelliberleben essenziell ist. In Viabilitdtsassays konnte gezeigt werden, dass
PKCE in den Glioblastomzellen vorhanden ist, indem nach Applikation eines PKCC-
Pseudosubstrates eine reduzierte Zellzahl zu beobachten war. Dieser Fund konnte in
immunzytochemischen Farbungen verifiziert werden. In den verschiedenen Zellreihen zeigt

sich dabei jedoch kein einheitliches PKC{ Expressionsmuster nach CBD-Applikation.
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5 Introduction

5.1 Glioblastoma

Glioblastoma (GBM), formerly known as Glioblastoma multiforme, is a neuroepithelial-
derived brain tumor (Rivera et al 2008). Due to its invasive and destructive growth the World
Health Organization (WHO) classifies GBM as a CNS WHO grade 4 tumor (Louis et al 2021). It
is the most common, malignant and aggressive primary brain tumor, accounting for 14.7% of
all brain and central nervous system (CNS) tumors, for 47.7% of all primary malignant CNS
tumors and 56.6% of all astrocytic tumors (Ostrom et al 2018). The annual incidence rate is
3.21 per 100,000, with men being affected slightly more frequently than women (1.58:1)
(Ostrom et al 2018). GBM can occur in children as well as in adults with an average age of 65
when diagnosed (Ostrom et al 2018). Despite standard therapy consisting of neurosurgical
resection followed by radiotherapy (60 Gy in 30 fractions) and either concomitant or adjuvant
chemotherapy with temozolomide (TMZ), survival remains poor with an average survival of
14 months and a 5-year survival rate of 5.6% (Hanna et al 2020, Ostrom et al 2018). Last major
therapeutical changes have been the introduction of postoperative radiochemotherapy in the
clinical routine in 2005 and the improvement of surgery techniques like utilizing 5-
aminolevulinic acid (5-ALA) to detect tumor tissue and intraoperative Magnetic Resonance
Imaging (MRI) (Eljamel & Mahboob 2016, Eriksson et al 2019, Jenkinson et al 2018). But after
the introduction of temozolomide more than 15 years ago, there has been no appreciable
progress from a pharmacological point of view (Stupp et al 2005). Even promising approaches
such as the angiogenesis inhibitor Bevacizumab failed to show a survival benefit (Gilbert et al
2014). Therefore, new and more effective pharmacological options are needed (Aldape et al

2019).

5.1.1 Clinical Presentation and Diagnostic Procedure

Patients with GBM do not show specific initial symptoms. The symptoms reported at initial
consultation with a physician are either due to direct impairment of brain areas or increased
intracranial pressure, which is due to the peritumoral edema (Liu et al 2013, Wen et al 2020).
The most commonly reported initial symptom is headache, which can vary widely depending
on the size and location of the tumor. Especially in combination with other neurological
symptoms or deficits the probability for the presence of a brain tumor increases (McKinnon

et al 2021). The second most common initial symptom is an epileptic seizure (McKinnon et al
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2021). Other possible complaints are nausea, dizziness, lethargy, focal neurological deficits,
stroke-like symptoms, loss of memory or personality changes (Young et al 2015).

The diagnosis of GBM is confirmed by contrast-enhanced cranial MRI. Here, GBM typically
presents as a necrotic area with marginal contrast agent uptake and peritumoral edema (Wen
et al 2020). To further classify the tumor, a sample of the tumor tissue is needed, which can
be obtained either by surgery or, if this is not an option for a patient, by biopsy (Weller et al

2017).

5.1.2 Classification of Glioblastoma

According to the WHO classification of tumors of the central nervous system (WHO CNS5)
Glioblastoma, isocitrate dehydrogenase (IDH) wildtype are classified as CNS WHO grade 4,
which is the highest stage within the classification (Louis et al 2021). This classification, which
classifies all tumors of the brain and spinal cord, is based primarily on histopathologic
appearance and molecular genetic patterns. Especially in the latest version of this
classification the importance of molecular diagnostics is emphasized (Louis et al 2021). With
respect to GBM, IDH-wildtype this means that diagnostic criteria include not only the classic
pathologic findings, microvascular proliferation, or necrosis, but also when any of three
specific molecular alterations are present. These include Telomerase Reverse Transcriptase
(TERT) promoter mutation, or Epidermal Growth Factor Receptor (EGFR) gene amplification,
or chromosome 7 amplification and chromosome 10 loss (+7/-10) (Louis et al 2020).
Therefore, molecular testing should be performed as part of standard diagnostics for accurate
diagnosis and to guide appropriate treatment decisions (Louis et al 2020, Sejda et al 2022).
Molecularly, 3 different subtypes of GBM can be distinguished (Mao et al 2022). These include
the classical, the mesenchymal and the proneural subtype (Jankowska et al 2021, Verhaak et
al 2010). The classic subtype shows a high rate of chromosome 7 amplification and
chromosome 10 loss (+7/-10) commonly combined with alterations in the EGFR gene, but a
lack of TP53 mutation. Also molecular alterations can occurin the CDKN2A, RB1, CDK4, CCDN2,
NOTCH3, JAG1, LFNG, SMO, GAS1 and GLI2 gene (Jankowska et al 2021, Verhaak et al 2010).
In the mesenchymal subtype alteration in the Neurofibromin (NF1) gene is common, but also
alterations in the PTEN, AKT, MET, CHI3LI, TP53, TRADD, RELB and TNFRSF1A genes can occur.
Additionally mesenchymal and astrocytic markers like CD44 and MERTK can be found

(Jankowska et al 2021, Verhaak et al 2010). In the proneural subtype alterations in PDGFRA
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and IDH1 are dominant. Further mutations in the TP53, PIK3CA/PIK3RI, HIF, CDKN1A, NKX2-2,
OLIG2, SOX, DCX, DLL3, ASCL1 and TCF4 gene are commonly present (Jankowska et al 2021,
Verhaak et al 2010). Previously, the neural subtype was described containing fewer specific
mutations, including alterations in the NEFL, GABRA1, SYT1, SLC12A5 and TP53 genes
(Jankowska et al 2021, Verhaak et al 2010). Recent results, however, indicate that the neural

subtype is more likely an artifact, representing non-tumor specific changes (Wang et al 2017).

5.1.3 Common and important mutations in GBM

The EGFR gene encodes the homonomynous protein, the transmembrane EGFR, a receptor
tyrosine kinase of the ERBB family. This can form homodimers after binding of one of its
ligands and, through its activation, stimulate cell survival and proliferation, but also cell
migration and invasion (Chakravarti et al 2004, Roskoski 2014). Mutations of the EGFR are
common in GBM and are especially characteristic for the classical subtype (Brennan et al 2013,
Verhaak et al 2010). The most common of its mutations in GBM is the EGFRvIIl variant (Aldape
et al 2004). Structural changes prevent EGFRvIIl from binding ligands and instead remains
constitutively active (Guo et al 2015). Although EGFR is part of a common and significant
pathway, targeted therapies with EGFR tyrosine kinase inhibitors have not been effective (Le

Rhun et al 2019).

The tumor suppressor gene TP53 encodes the transcription factor p53. This protein plays an
important regulatory role in the cell cycle by activating the expression of genes involved in
DNA repair, cell cycle regulation and induction of apoptosis when DNA damage is present
(Zhang et al 2018). Alterations in the p53 pathway are present in the majority of GBM, often
due to alteration of TP53 (Brennan et al 2013). Dysfunction of the p53 pathway leads to less
apoptosis and more proliferation. In combination with other genetic alterations, it drives GBM

progression (Zhang et al 2018).

Cyclin-dependent kinase inhibitor 2A (CDKN2A) is a gene encodes for the proteins p14**F and
p16'Nk4a  Cyclin-dependent kinase inhibitor 2B (CDKN2B) encodes for the protein p15'Nk4b,
These tumor suppressors regulate the cell cycle, consequently mutations in the genes lead to

uncontrolled cell proliferation (Funakoshi et al 2021, Gil & Peters 2006). Deletion in CDKN2A
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is the most common reason for dysregulation in p53 signaling pathway in GBM (Brennan et al

2013).

Platelet-derived growth factor receptor a (PDGFRA) is a members of the receptor tyrosine
kinase (RTK) family. It is encoded by the PDGFRA gene. Activation of the receptor ultimately
promotes cell survival, differentiation and proliferation (Guérit et al 2021). Alterations of
PDGFRA are dominant in the proneural subtype (Verhaak et al 2010) and play an important
role in tumorigenesis and progression (Gai et al 2022). However, targeted therapy with

antibody against PDGFRA failed to induce antitumor effect (Gai et al 2022).

The Neurofibromatosis type 1 (NF1) gene codes for the protein Neurofibromin 1, a GTPase-
activating protein, which downregulates GTP-bound RAS by stimulating its intrinsic GTPase
activity. Hence, the loss of function of NF1 supports uncontrolled growth and cell proliferation
(Philpott et al 2017). Mutations in NF1 are predominantly present in the mesenchymal

subtype (Verhaak et al 2010).

06-methylguanine-DNA methyltransferase (MGMT) promoter status is a stratification marker
with therapeutic and prognostic relevance (Hegi et al 2005). MGMT is part of the DNA repair
system and removes unintended alkyl groups from 06 guanine of DNA. Methylation of the
promoter results in decreased expression of MGMT and consequent accumulation of
methylated DNA at O6 position of guanine (Watts et al 1997). It has been shown that silencing
of the MGMT promoter by methylation is associated with a better response to the alkylating

agent temozolomide and longer survival (Hegi et al 2005).

IDH catalyzes the oxidative decarboxylation of isocitrate and is best known for its role in the
citrate cycle (Han et al 2020). IDH-wildtype is a defining criterion for GBM, IDH-wildtype (Louis
et al 2021, Songtao et al 2012). In contrast, mutations of IDH occur in astrocytoma, IDH-
mutant, which can be classified as CNS WHO grade 2,3 or 4, as well as in oligodendroglioma,
IDH-mutant, which can be classified as CNS WHO grade 3 or 4 (Louis et al 2021, Songtao et al
2012). Mutated IDH causes the accumulation of the oncometabolite D-2-hydroxyglutarate.

Simultaneously, impaired function of the citrate cycle occurs (Han et al 2020).
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5.2 Cannabidiol (CBD)

Cannabidiol (CBD) is one of 125 phytocannabinoids extracted from the female hemp plant,
Cannabis sativa, and accounts for up to 40 percent of the plant's extract (Campos et al 2012,
Radwan et al 2021). However, compared to the other most abundant cannabinoid delta-9
tetrahydrocannabinol (THC), CBD is a non-intoxicating agent (Hindocha et al 2015). CBD, which
was first isolated in 1940, has increasingly become the focus of current research after the
endogenous cannabinoid system was described in 1991 (Adams et al 1940, Burstein 2015,

Devane et al 1992).

Figure 1: Structural formular of Cannabidiol (CBD) (Created with mol2chemfig 2022, after alignment with PubChem 2022)

5.2.1 Therapeutic Applications of CBD

Documentation on the medicinal use of cannabis can already be found in the oldest
pharmacopoeia, the pen-ts'ao ching. It reports that cannabis was used in ancient China as
early as 2700 B.C. to treat rheumatic pain, intestinal constipation, disorders of the female
reproductive system, as well as infectious diseases such as malaria (Zuardi 2006). When
cannabis for medicinal purposes was introduced to Europe in the mid-19th century, it was
used to treat rheumatic diseases, epileptic seizures, as well as muscle spasms associated with
rabies and tetanus (Zuardi 2006).

Until today, a wide range of therapeutic possibilities has been discovered. Among other things,
CBD has been proven to have anxiolytic (Blessing et al 2015), anti-psychotic (McGuire et al
2018), anti-epileptic (Devinsky et al 2016) and spasmolytic effects (Riva et al 2019). Thus, a
reduction in the frequency of seizures has been demonstrated in children with therapy-
resistant seizures in Dravet syndrome or in patients of all ages with Lennox-Gastaut syndrome
(Devinsky et al 2017, Devinsky et al 2018). For this, purified CBD, Epidyolex®, received its
approval by the European Medicines Agency (EMA) in 2019 (ema.europa.eu 2021). Another
established field of application is the treatment of spasticity in patients with multiple sclerosis

(MS) (Collin et al 2007). Here, Nabiximol, Sativex®, which has a 1:1 ratio of CBD to THC, can be
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applied oromucosally (Vermersch & Trojano 2016). Overall, CBD has a favorable side effect
profile and is well tolerated by most patients. Commonly reported adverse effects are
drowsiness or fatigue (Huestis et al 2019, Iffland & Grotenhermen 2017). This, combined with

CBD's versatile effects, is spurring research into finding other potential applications.

5.2.2 Pharmacology of CBD

The two main receptors of the endogenous cannabinoid system (ECS) are cannabinoid
receptor 1 (CB1) and 2 (CB2), which are both G-protein coupled receptors (GPCR) (Houston &
Howlett 1993, Munro et al 1993). CB1 is mainly located in the CNS, whereas CB2 can be found
in the glial cells as well as peripheral localized leukocytes (Howlett 2002, Miranzadeh
Mahabadi et al 2021). Two main endocannabinoids that bind to the receptors are
arachidonoyl ethanolamide (anandamide) and 2-arachidonoyl glycerol (2-AG) (Devane et al
1992, Mechoulam et al 1995). Of the phytocannabinoids, THC shows a strong effect as an
agonist at CB1 and CB2 (Huestis et al 2001), while CBD shows an antagonistic effect at both
receptors (Thomas et al 2007). Although the exact mechanisms of action of CBD are still
unclear, there have been described a variety of targets on which CBD exerts an effect. These
include agonism at Transient Receptor Potential (TRP) channels like TRP Vanilloid Type 1
(TRPV1), TRP Ankyrin Type 1 (TRPA1) or TRP Melastin Type 8 (TRPMS8) (Bisogno et al 2001, De
Petrocellis et al 2008), Glycine Receptor al, alp and a3 (Ahrens et al 2009, Xiong et al 2012)
and Serotonin Receptor 1A (5-HTia) (Russo et al 2005) as well as antagonism at G-protein
Coupled Receptor 55 (GPR55) (Ryberg et al 2007) and Nicotinic Acetylcholine Receptor a7
(nAChRa-7) (Mahgoub et al 2013). In addition, CBD shows a direct inhibitory effect on T-type
calcium channels and voltage-dependent sodium currents (Ghovanloo et al 2018, Ross et al
2008). Furthermore, CBD interacts with many enzymes and proteins, including many of the

cytochrome P450 family (Ibeas Bih et al 2015).

5.2.3 Effect of CBD on GBM
Recent works in our laboratory have shown the potentially therapeutical use of cannabidiol in
GBM (Nagl 2022, Volmar et al 2021). Both in vitro and in vivo, CBD induced cell death of GBM
cells, and mice implanted with GBM and subsequently treated with CBD showed prolonged
survival (Volmar et al 2021). It was observed that not all GBM cell lines were sensitive to CBD.
Those in which CBD showed increased cytotoxic effects were categorized as CBD-responders
(Volmar et al 2021). This work also provided evidence that Nuclear Factor kappa B (NF-kB)
13



Introduction

plays in a crucial roles in GBM cell lines and is substantially involved in mediating the cytotoxic

effect of CBD (Volmar et al 2021).

5.3 NF-«kB

The members of the NF-kB/Rel family are proteins functioning as dimerizing transcription
factors (Siebenlist et al 1994). NF-kB was named after its first description in 1986 as a protein
complex that selectively binds to and activates the enhancer region of the immunoglobulin k
light-chain gene in B cells (Sen & Baltimore 1986a, Sen & Baltimore 1986b). Now more than
30 years later, NF-kB is known to be expressed in almost all different types of cells and tissues
and NF-kB specific binding sites can be found at promoter and enhancer regions of more than
500 genes (Gupta et al 2010, Oeckinghaus & Ghosh 2009). Thus, NF-kB regulates not only
genes responsible for innate and adaptive immune responses but also those responsible for
cell differentiation, proliferation, cell survival and stress response (Bonizzi & Karin 2004,
Gerondakis et al 1999, Hayden & Ghosh 2004, Pahl 1999). Dysregulation or dysfunction of NF-
KB can lead to a variety of pathologies such as diabetes, liver disease or cancer (Dolcet et al

2005, Pasparakis et al 2006).

5.3.1 Family Members and Structure of NF-kB

The NF-kB/Rel family comprises a total of five members. These include RelA (p65), RelB, c-Rel,
NF-kB1 (p50) and NF-kB2 (p52) (Oeckinghaus & Ghosh 2009). Together, these form homo- and
heterodimers in particular combinations, of which p65/p50 is by far the most common
(Oeckinghaus & Ghosh 2009). For dimerization, a special region, the Rel Homology Domain
(RHD), which is localized towards the amino-terminus and is about 300 amino acids long, is
present in all five proteins. In addition, the RHD is critical for interaction with inhibitor of
nuclear factor kappa B (IkB) proteins, translocation to the nucleus, and eventually binding to
DNA (Oeckinghaus & Ghosh 2009). RelA, RelB and c-Rel also possess a transactivation domain
(TAD), which is localized towards the carboxy-terminus and is necessary to recruit coactivators
and displace repressors (Hayden & Ghosh 2004). Therefore, an NF-kB dimer must obtain at
least one of these three proteins to initiate transcription at the DNA (Hayden & Ghosh 2012).
RelB uniquely possesses a leucine zipper region at the amino-terminus in addition to the TAD,
which is required for full active function (Dobrzanski et al 1993). P50 and p52, on the other

site, lack in TAD. Instead, they contain several carboxy-terminal located ankyrin repeats (ANK),
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which inhibit nuclear translocation and DNA binding, providing them the function of IkB
proteins (Mussbacher et al 2019, Naumann et al 1993, Rice et al 1992). Homo- and
heterodimers consisting of p50 and p52 therefore act as repressors for kB-depending
transcription (Zhong et al 2002). P50 is processed from its precursor pl05 by the 20S
proteasome (Moorthy et al 2006), whereas p52 is processed by proteolytic cleavage from its
precursor p100 (Heusch et al 1999). The precursors p105 and p100 are also classified as kB
proteins (Oeckinghaus & Ghosh 2009).

Post-translational protein modifications of NF-kB subunits are important for optimal NF-kB
response. These include acetylation, ubiquitination and especially phosphorylation
(Hochrainer et al 2013, Oeckinghaus & Ghosh 2009). Since NF-kB p65 possesses the strongest
transcriptional potential (Schmitz & Baeuerle 1991), its post-translational phosphorylations
have been well mapped. These phosphorylation sites (phospho-sites), containing serine (ser)
or threonine (thr), can be found all over the molecule. Four phospho-sites (ser-205, thr-254,
ser-276 and ser-281) are contained within the amino-terminal RHD (Anrather et al 1999, Ryo
et al 2003), two more (ser-311 and ser-316) are located carboxy-terminally to the RHD (Duran
2003, Wang et al 2015) and further six (thr-435, ser-468, thr-505, ser-529, ser-536 and ser-
547) are found in the carboxy-terminal TAD (O'Shea & Perkins 2010, Perkins 2006, Sabatel et
al 2012). Phosphorylation of these phospho-sites results in modulation of transcriptional

activity (Christian et al 2016).

5.3.2 Activation and Regulation of NF-«kB

In cells in which the NF-kB signaling pathway is predominantly inactive, NF-kB proteins are
chaperoned by kappa B (IkB) proteins and sequestered in the cytoplasma (Oeckinghaus &
Ghosh 2009). Overall, there are eight different IkB family members: the typical IkBa, kB3 and
IkBe, the precursor p100 and p105, as well as the atypical members B-cell ymphoma 3 (BCL-
3), IkBE, and IkBNS (Hayden & Ghosh 2012). They all share five to seven ANK toward the
carboxy-terminus, which can interact with the RHD of NF-kB proteins (Oeckinghaus & Ghosh
2009). While the typical IkBs fulfill their classical inhibitory function mainly in the cytosol,
atypical IkBs interact with DNA-bound NF-kB to modify transcription activity (Hayden & Ghosh
2012).
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NF-kB can be activated via two pathways: the canonical and non-canonical pathways. In the
canonical pathway the most abundant NF-kB heterodimer, consisting of NF-kB p65 and p50,
is bound by a typical kB, mostly IkBaw (Huxford et al 1998, Jacobs & Harrison 1998). IkBa.
sequesters the two subunits, masking the nuclear localization signal (NLS) of p65 but not the
NLS of p50 (Huxford et al 1998). IkBa possesses a nuclear export sequence (NES), thereby
enabling continuous shuttling of the IkBa/NF-kB complex between the cytosol and the
nucleus. However, the majority of the IkBa/NF-kB complex is located within the cytoplasm
(Arenzana-Seisdedos et al 1997, Huxford et al 1998). The IkB/NF-kB complex, on the other
side, does remain in the cytosol without shuttling as long as the complex remains inactivated
(Malek et al 2001).

Multiple intracellular and extracellular stimuli can lead to initiation of the canonical pathway.
Possible activation pathways include Tumor Necrosis Factor Receptor (TNFR1), T Cell Receptor
(TCR), B Cell Receptor (BCR), Interleukin 1 Receptor (IL-1R) or Toll-Like Receptor (TLR), but also
Ataxia Teleangiectatica Mutated (ATM), which is induced by DNA damage (Yu et al 2020). After
activation by their respective ligands and propagation of the signal through the respective
downstream receptor-internal signaling pathway, all result in activation of the inhibitor of
kappa kinase (IKK) complex (Yu et al 2020). The IKK complex consists of three subunits, the
two kinases IKKa and IKK and the regulatory subunit NF-kB Essential Modulator (NEMO, IKKy)
(Yamaoka et al 1998). Within the complex NEMO is crucial for the activation of IKK3 (May et
al 2000), which in turn is important for the phosphorylation of IkB proteins (Huber et al 2002).
The phosphorylation leads to ubiquitinylation and consecutive proteasomal degradation of
IkB (Li et al 1995), which eventually releases NF-kB, enabling unrestricted translocation into
the nucleus and DNA binding (Huber et al 2002).

In the non-canonical pathway, the NF-kB heterodimer RelB/p52 plays a crucial role (Sun 2011).
RelB is initially bound to the precursor p100, which inhibits nuclear translocation and DNA
binding activity (Naumann et al 1993).

The non-canonical signaling pathway can be initiated by different receptors, which all belong
to the TNFR superfamily. These include the B-cell activating factor receptor (BAFFR), CD40,
lymphotoxin B-receptor (LTBR), receptor activator for nuclear factor kB (RANK) and Fn14 (Sun
2011). Activation of any of these receptors leads to recruitment of TNF receptor-associated
factor (TRAF) proteins and results in activation of NF-kB inducing kinase (NIK) by preventing

proteasomal degradation of NIK, which is constant under basal conditions (Liao et al 2004, Sun
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2011). NIK phosphorylates and thus activates IKKo (Ling et al 1998). IKKa. in turn
phosphorylates p100, which is subsequently ubiquitinylated and proteasomally processed
(Senftleben et al 2001, Xiao et al 2004). The no longer inhibited heterodimer RelB/p52 can be

translocated into the nucleus and become transcriptionally active there (Sun 2011).

Last, NF-kB is subject to post-translational modifications, in particular phosphorylations,
which in the case of p65 cause an predominantly transactivation affecting effect (Christian et
al 2016). Among the proteins that cause phosphorylation are, for instance, IKKB, which
phosphorylates NF-kB p65 at ser-536 (Sakurai et al 1999), Protein Kinase A (PKA), which
phosphorylates NF-kB p65 at ser-276 (Zhong et al 1997), or Protein Kinase C{ (PKCC), which
causes phosphorylation at ser-311 (Duran 2003).

5.4 PKCC

Protein Kinase C (PKC) is a family of phospholipid-dependent serine/threonine kinases
involved in signal transduction downstream of receptors (Kang et al 2012). In total, at least 11
different isoforms are known. The isoforms of PKC can be divided into three groups: the
conventional PKCs, which are Diacylglycerol (DAG) Ca?*-dependent, the novel PKCs, which are
Ca%*independent, but still require DAG and the atypical PKCs, which require neither DAG nor
Ca?*. PKC( is considered as one of the atypical PKCs (Donson et al 2000, Kang et al 2012).

It has been shown that elevated protein level of PKCC occur in human GBM cell lines (Xiao et
al 1994). In non-proliferating cells, PKCC is primarily localized in the cytoplasm. In proliferating
cells, active PKCT translocates to the nucleus (Kiley & Parker 1995, Umar 2000). Furthermore,

PKCC is crucial for proliferation and cell growth in GBM (Donson et al 2000).

5.4.1 PKCCE and its interaction with NF-kB p65

PKCC influences the NF-kB pathway at several sites. On the one hand, activated PKCC can
activate IKK (Lallena et al 1999, Savkovic et al 2003), on the other hand, PKC{ is crucial for
phosphorylation of NF-kB p65 at ser-311 (Duran 2003).

In unstimulated cells, NF-kB p65 is a substrate of SETD6 (SET domain containing 6), a protein
lysine methyltransferase (PKMT) that monomethylates NF-kB p65 at lysine 310 (lys-310). The
ANK domain of G9A-like protein (GLP) can specifically recognize and bind this methylated lys-

310 (Levy et al 2011). GLP, in turn, forms heterodimers together with G9a, which methylates
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euchromatin at histones H3 Lys 9 (H3K9), thereby repressing transcriptional activity of NF-kB
p65 (Levy et al 2011, Tachibana et al 2005).

In the context of activating the NF-kB pathway, PKCE, which is able to phosphorylate NF-kB
p65 at ser-311, can also be activated and is translocated into the Nucleus (Duran 2003, Umar
2000, Yao et al 2010). Phosphorylation of ser-311 prevents the ability of GLP to bind to lys-
310 (Levy et al 2011). Furthermore, phosphorylated ser-311 promotes CREB-binding Protein
(CBP) binding, a transcriptional coactivator with histone acetyltransferase activity, which
acetylates lys-310 as well as histones. These acetylations promote transcription due to the

relaxed chromatin structure (Duran 2003, Rimessi et al 2013, Yao et al 2010).

IkB-degradation p65 | p50 | IkB-degradation

|_> kB-transcription L)(., kB-transcription

Figure 2: PKCZ and its interaction with NF-kB. (a) Upon activation, the IKK complex phosphorylates IkB, which is subsequently
ubiquitinated and then degraded by the proteasome. Then, NF-kB p65 is phosphorylated by PKC{ at serine 311 (Ser-311) and
translocates into the nucleus. Phosphorylation at Ser-311 inhibits GLP binding to Lys-310 and promotes the binding of CBP, a
transcriptional coactivator with histone acetyltransferase activity. CBP acetylates Lys-310 and histones, leading to a relaxed
chromatin structure and enhanced transcription. (b) Under basal conditions (and without phosphorylation by PKC,
respectively) , NF-kB p65 is monomethylated at lysine 310 (Lys-310) by SETD6, a protein lysine methyltransferase. The ANK
domain of GLP specifically recognizes and binds this methylated Lys-310. GLP forms heterodimers with G9a, which methylates
histone H3 at Lys 9 (H3K9), thereby repressing NF-kB p65 transcriptional activity. (created with Microsoft® PowerPoint, single
elements extracted from © 2024 BioRender).
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5.5 Aim of this Dissertation

GBM is an aggressive malignancy with a poor prognosis, in which NF-kB has been shown to
play a crucial role. CBD, which has been established in recent years as a therapeutic agent for
neurological diseases and at the same time has a favorable risk profile, has been shown to
have a cytotoxic effect on GBM cells. CBD was shown to cause translocation of NF-kB into the
nucleus.

The first part of this work addresses the question of whether translocation of NF-«kB into the
nucleus is crucial for the cytotoxic effect of CBD in CBD-sensitive GBM cell lines. For this
purpose, cytotoxicity assays were performed and tested by immunocytochemistry.

In the second part, we investigated whether PKC{, the protein kinase that can phosphorylate
NF-kB at ser-311, is present in GBM cell line. For this purpose, viability assays were performed

and verified by immunocytochemistry.
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6 Materials

6.1 Laboratory Equipment, Devices and Software

Equipment / Device /

Software

Company

Type / Cat. Number

Axiovision rel. 4.8 / 4.9
software

Centrifuge

Digital orbital shaker

Dry incubator
Fluorescence microscope
GraphPad Prism

HERA safe hood

Humid incubator

Imagel

Inverted trinocular
microscope

Las X software

Leica inverted confocal
microscope

Micropipette (10, 20, 200 and
1000 pl)

Microsoft Office

Multimode microplate Reader
Pipettor

Refrigerators (4°C, -20°C)
Stepper

Vortex mixer

Water bath

Zeiss

Thermo Scientific
Biozym

Thermo Scientific

Zeiss

GraphPad Software, Inc.
Thermo Scientific
Binder

Wayne Rasband

hund

Leica Microsystems

Leica Microsystems

Eppendorf

Microsoft
Tecan
Integra
Liebherr
Eppendorf
VWR

Julabo

Heraeus Multifuge 1S
HSB02159

Heraeus B6

KS 12
9040-0038

Wilovert S

DMi8

Eppendorf Research plus
(3123000020, 3123000098,
3123000055, 3123000063)
Excel

Infinity® 200 PRO

Pipetboy comfort

Multipipette® Plus

12-620-856
TW20
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6.2 Consumables

Culture slides

Cell culture flask T25
Cell culture flask T75
Cell culture flask T150
Cell culture dish

Cell Strainer 70 um

Combitips advanced® 1 ml

Combitips advanced® 5 ml

Cover slips

Stripette® 5 ml
Stripette® 10 ml
Stripette® 25 ml
Centrifuge tubes 0.5 ml
Centrifuge tubes 1.5 ml
Centrifuge tubes 2 ml
Centrifuge tubes 15 ml
Centrifuge tubes 50 ml
Pipette tips 0.5 - 10 ul
Pipette tips 10 - 100 pl
Pipette tips 20 - 200 ul
Pipette tips 100 - 1000 pl
96-well plate

384-well plate, black, flat

bottom

Falcon

TPP

TPP

TPP
Sigma-Aldrich
BD
Eppendorf
Eppendorf
Thermo Fisher Scientific
Costar

Costar

Costar
Eppendorf
Eppendorf
Eppendorf 0030121.094
TPP / Falcon
TPP / Falcon
Eppendorf
Eppendorf
Eppendorf
Eppendorf
TPP

Corning

354108
90026
90076
909151
755923
352350
0030089430
0030089456

BBAD02400500#A1

CLS4487
CLS4488
CLS4489
0030121.023
0030121.694
0030121.094
91015
91051
3123000020
3123000047
3123000055
3123000063
92096

3573
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6.3 Cell Culture Materials

B-27™ Supplement Gibco
DMEM/F-12, without phenol red Gibco
DMEM/F-12, with phenol red Gibco
Epidermal Growth Factor (EGF) PeproTech
Fibroblast Growth Factor (FGF) PeproTech

NeuroCult™ Basal Medium
(Mouse)(NSC)
NeuroCult™ Proliferation

Supplement (Mouse)

Penicillin-Streptomycin (P/S)

6.4 Chemicals and Reagents

Accutase®

Acetic acid

ACHP

Cannabidiol (CBD)

DAPI

Dimethyl sulfoxide (DMSO)
Donkey Serum
Fluorescence mounting
medium

Laminin

NF-xB sn50
Paraformalaldehyd (PFA)
Phosphate-buffered saline
(PBS)

PKCC Pseudosubstrate

Poly-D-Lysine-hydrobromid

Stemcell Technologies

Stemcell Technologies

Gibco

Gibco

Roth

Tocris

GW Pharmaceuticals
Fluka

Sigma-Aldrich

Jackson ImmunoResearch

Dako

Sigma-Aldrich
Enzolifesciences
Sigma-Aldrich

Apotheke Klinikum LMU

Tocris

Sigma-Aldrich

17504044
21041025
11320074
AF-100-15
AF-100-18B
05700

05701

15140122

A11105-01
6755.2
4547

32670
D8418
017-000-121
53023

L2020-IMG
BML-P600-0005
30525-89-4
APO-STO16

1791
P7280
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Poly-L-Ornithine- Sigma-Aldrich P3655
hydrobromid

Sodium dodecyl sulfat (SDS) = Sigma-Aldrich L5750
TNF o PeproTech 300-01A
Triton X-100 Roche Diagnostics 93418
Trypan blue Sigma-Aldrich T8154

6.5 Assay Kits

Kit Supplier Cat. Number
CytoToxFluor™ Promega G9262
MTT Cell Proliferation Kit Sigma-Aldrich 2128

6.6 Antibodies

6.6.1 Primary Antibodies

Antigen Host Species Dilution Supplier Cat. Number
NF-kB p65 total Rabbit IgG 1:400 BioLegend 622601
PKCCE Mouse IgG 1:125 Merck MABC946

6.6.2 Secondary Antibodies

Conjugate Antigen Host Dilution Supplier

Species
Fluor® 488 ImmunoResearch 152
Biotinylated = Mouse Donkey 1:250 Jackson 715-065-

ImmunoResearch 151

6.6.3 Streptavidin Conjugates

Conjugation Dilution Supplier Cat. Number
Alexa Fluor® 488 - 1:500 Jackson 016-540-084
Streptavidin ImmuniResearch
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6.7 GBM Cell Lines

GBM cell lines were either obtained from patients or from genetically alternated mice. After

harvesting and separating tumor cells from non-tumor cells, cells were stored in NPC

medium with 5% DMSO in a liquid nitrogen freezing tank at -180°C.

GBM 14

GBM 20

Line 2

Line 11

NCH 421k

NCH 441

NCH 644
Cdkn2aKO-EGFRvIII
P53R172H-PDGFB

human
human
human
human
human
human
human
murine

murine

neural
mesenchymal
classical
mesenchymal
proneural
neural
proneural
classical

proneural
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7 Methods

7.1 Cell Culturing

Cells were cultured in suspension with Gibco cell culture medium. If not otherwise mentioned
this accords to DMEM/F-12 with phenol red with 1% P/S, 2% cell supplement B27, 10ng/ml
FGF and 10 ng/ml EGF, abbreviated referred to as DMEM/F-12. Line 2 and Line 11 constituted
an exception by being cultured in NSC with phenol red with 1% P/S, 10ng/ml FGF and 10ng/ml
EGF and 50ml of its own medium specific proliferation supplement. Phenol red in both media
indicated an acidic pH by turning from red to orange to yellow resulting from an increase of
acidic metabolic and consequently indicated a decrease of nutrition within the medium. Cells
in suspension were kept in cell culture flasks and incubated in a humid cell incubator at 37°C
and 5% CO,. After thawing, cells were kept in small 25 ml flasks (T25) with 5 ml medium,
ordinary cell culturing in 75 ml flasks (T75) with 10 ml medium and if cells were demanded in

high numbers, 150 ml flasks (T150) with 15 ml medium were utilized.

7.2  Medium Changes

A decrease of nutrition within the medium required a medium change to avoid stress-induced
transcriptional changes of the molecular pattern. Changing the medium of cells was
performed by transferring the entire cell suspension from the cell culture flask into a 15 ml
Falcon tube. Cells adhered to the bottom of the flask were obtained by gently rinsing the
bottom with PBS. The tube was centrifuged at 1400 rpm for 5 minutes. The supernatant was
tipped and new medium was carefully applied to bring the cells back into suspension. The cell
suspension was transferred back into the cell culture flask. If initially to many cells adhered to
bottom of the flask and where no able to be obtained by rinsing, the empty flask was changed

to a new one.

7.3 Passaging Cells

If cell were forming bigger cell spheres, cells needed to be split. This was accomplished by
centrifuging the cells equal to the initial procedure for the medium chance and tipping away
the supernatant. 1 ml Accutase®, a cell dissociation reagent, was added to the cell pellet,
gently mixed and incubated for 3 to 5 minutes in a water bath at 37°C. The tube was filled up

with 10 ml PBS to dilute the Accutase® and was centrifuged again at 1530 rpm for 5 minutes.
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The supernatant was tipped away and the respective medium was applied. Cell suspension

was transferred back into the cell culture flask.

7.4 Cell Counting

To obtain a required number of cells for an assay cells needed to be counted. In order to count
cells, they needed to be treated with Accutase® as described in the previous section. After
centrifuging the second time and tipping away the supernatant exactly 1 ml of medium was
applied to the cells. If cells were counted for one of the following experiments it is
recommended to do this initially with DMEM/F-12 without phenol red. 20 ul of the cell
suspension was diluted in trypan blue in a ratio of 1:1. If requested 20 ul of that solution could
be further diluted in trypan blue until the demanded dilution was achieved. Diluted cell
suspension was applied to a counting grid and was counted under the microscope. Only viable
cells were counted. If to many cells still adhere together and appropriate counting was not
possible, cell suspension was filtered by pipetting cells onto a 70 um cell strainer. Dilution and

counting were repeated with the filtered cell suspension.

7.5 Cytotoxicity Assay

In-vitro cell cytotoxicity was measured utilizing the CytoToxFluor™ cytotoxicity assay from
Promega. Therefore 3,000 cells in 50 ul DMEM/F-12 without phenol red per well were seeded
into a 96 well plate with flat bottom. The setup of the cytotoxicity assay required wells with
the following conditions: cells with the substance/drug to be examined, cells with the vehicle
control, cells initially untreated for the positive control and cell free wells filled with 100 ul of
DMEM/F-12 without phenol red which were considered as a no-cell control. Each condition
had involved a group of 5 replicates. All the relevant wells were framed with a layer of wells
filled with 100 pl PBS to prevent desiccation. Then or later depending on the setup of the assay
50 pl of the substance/drug to be examined diluted in DMEM/F-12 without phenol red was
concentration adjusted added into the wells. The covered plate was incubated in a humid cell
incubator at 37°C. For the positive control 50 pl of Digitonin dissolved in deionized water with
the concentration of 300 pg/ml were added to the respective wells causing a total cell lysis.
For an optimal positive control, the Digitonin was added 1 hour prior to the transfer. The

measuring of the cytotoxicity started with the transfer. Up to four transfers at different points
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of time could be performed from a single 96 well plate enabling multiple measurements for
one assay.

For the transfer, 20 ul of each well were equally pipetted into a corresponding well of a 384
well plate. Additionally, 20 ul of the CytoToxFluor™ reagent, containing the fluorogenic
peptide substrate bis-AAF-R110 (bis-alanyl-alanyl-phenylalanyl-rhodamine 110) diluted in a
ratio of 1:1,000 in the cytotoxicity assay buffer, was applied to those well. Gently tapping the
lid of the 384 well plate encouraged a homogenous mixture for optimal outcome. The covered
384 well plate was incubated in a dry incubator at 37°C for 3 hours. After incubation the
fluorescence intensity was obtained by the plate reader infinite® F200 from TECAN® with the
software Magellan 7.1 SP1. The reader was set up to a wavelength of 485 nm Excitation and
520 nm Emission. Values of blank wells were subtracted from the rest.

Bis-AAF-R110 is converted in Rhodamine 110 by proteases released by dead cell. Due to the
fact, that the bis-AAF-R100 substrate cannot cross the intact cell membrane of living cells and
consequently cannot be converted by their protease, the fluorescent intensity is proportional
to activity of the released proteases and therefore can be used to visualize the amount of cell

death (Niles et al 2007).

7.6 MTT Assay

In-vitro cell viability was measured utilizing the MTT cell growth assay kit. This Assay was
utilized in particular experimental setups, in which the cytotoxicity assay was not able to be
determined cytotoxicity correctly for unknown reasons. Therefore, cells were plated equally
to the setup of the cytotoxicity assay with 3,000 cells per 50 ul DMEM/F-12 without phenol
red per well. Also, the setup of the MTT assay required the same conditions, in this case,
however, each condition involved a group of 3 biological replicates. Since the cytotoxic effects
of substances/drugs is demonstrated in this assay by a decreased viability, the condition with
Digitonin was required to reflect a minimum of cell viability after total cell lysis. Wells were
framed with a layer of wells filled with 100 ul PBS to prevent desiccation. The substance/drug
diluted in DMEM/F-12 without phenol red was concentration adjusted added into the wells.
The covered plate was incubated in a humid cell incubator at 37°C. 50 pl Digitonin (300 pg/1 ml
deionized water) was added 1 hour prior to the begin of the measurement into the respective
wells. Measuring started by pipetting 20 pl of the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide) into each well. After gently mixing the liquid by tapping onto
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the lid the covered plate was incubated in a humid cell incubator at 37°C for 3 hours. 100 pl
of the solubilize solution (99.4 ml DMSO, 0.6 ml 100% acetic acid, 10 g SDS; SDS tended to
precipitate so it needed to be shaken thoroughly prior to application). The plate was incubated
at room temperature for 5 minutes. Black crystals appear on the bottom of the plate.
Absorbance was detected using an ELISA plate reader with the wavelength 570 nm and a
reference wavelength of 630 nm. Values of blank wells were subtracted from the rest.

The yellow MTT is converted to formazan by NAD(P)H-depending oxidoreductases localized
at the mitochondria of viable cell. The insoluble formazan forms crystals inside the viable cells
which appear black after solubilization (Huet et al 1992). Hence, the obtained absorbance of
the black crystals is proportional to the number of viable cells inside a well assuming that

oxidoreductases within on cell line converting with an average consistent rate.

7.7 Immunocytochemistry

8-well cell culture chamber slides were utilized for growing cell onto an object slide. To provide
an optimal adherence slides required a coating prior to seeding the cells using Poly-L-Ornithine
(PLO) for Line 2 and Line 11 or Poly-D-Lysin (PDL) for NCH 644, NCH 441, NCH 421k and GBM
14 and Laminin. 100 pl of PLO or PDL in a concentration of 50 pg/ml were applied in each well
and incubated in a humid cell incubator at 37°C for 24 hours. Liquid was extracted and gently
washed with PBS for 5 minutes once. Laminin was applied and slides were incubated again in
a humid cell incubator at 37°C for 2 hours. Laminin was extracted and 10,000 - 30,000 cells in
150 pl DMEM/F-12 without phenol red per well were seeded. In order to adhere to the coated
surface of the slide, cells were incubated at 37°C for 24 - 48 hours. 2 wells were treated with
50 ul of the vehicle control, whereof one was required for the negative control of the staining.
Other wells were treated with 50 ul of the substance/drug to be examined. Slides were
incubated at 37°C. Possibly a second substance/drug was added later considering the
adequate final concentration and adjusting the volume of the first treatment to not exceed a
final volume of 200 pl in each well.

Some cell lines (NCH 441, NCH 421k and GBM 14) did not attach very well to the coated
surface. To enable a better fixation the slide was centrifuged at 800 rpm for 5 minutes forcing
more cells to stick to the surface when fluid was removed.

Fixations of the cells onto the slides was performed by removing the supernatant and washing

the wells with PBS for 5 minutes once. To avoid detaching cells from the surface in this and all
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further pipetting procedures the fluid was gently pipetted against the inner side wall of the
wells. PBS was removed and 100 - 200 ul 4% PFA was applied and incubated at room
temperature for 10 minutes. Achieving an optimized fixation only freshly prepared PFA was
utilized. PFA was removed and wells were washed with PBS 3 times for 5 minutes. After
washing PBS was removed, the slide was air dried under the cell hood for 5-10 minutes.
Wells were washed with PBS for 5 minutes once again and after removing the PBS the protein
blocking solution (0.3% TritonX-100 in PBS with 5% donkey serum) was applied and incubated
at room temperature for 30 minutes. For the blocking as well as for all further incubation
procedures an orbital shaker on a low-speed level was utilized for an evenly distribution of
the liquid inside the wells.

The primary antibody was diluted in blocking solution and 100 ul were applied to each well
except one in which 100 pl of blocking solution without primary antibody was applied. This
well was later used as a negative control for the secondary antibody. The slide was put into a
refrigerator at 4°C overnight, at least for 8 hours.

Primary antibody solution was removed and wells were washed with PBS for 5 minutes 3
times. The secondary antibody was diluted in blocking solution and 100 ul was applied to each
well. The slide was incubated for 2 hours at room temperature. An Alexa Fluor® fluorescent
dye was linked to the secondary antibody.

In the stainings for PKCC an increase of the sensitivity was required to obtain an adequate
signal under the microscope. In this case the secondary antibody was not linked to the
fluorescent dye, but to biotin. The Alexa Fluor® fluorescent dye was coupled to streptavidin,
a protein with 4 highly biotin-affine binding sides. After washing with PBS for 5 minutes 3
times, this conjugate was diluted in blocking solution and applied to each well. The slide was
incubated at room temperature for 1 hour.

In order to visualize the nuclei in the cells DAPI was employed. Therefore, DAPI was diluted in
PBS in a ratio 1:10,000. After washing with PBS for 5 minutes 3 times, 100 ul DAPI-solution
was applied to each well for 2 minutes. DAPI was removed and wells were washed again with
PBS for 5 minutes 3 times.

Mounting the slides required to remove the PBS first and detaching the glass gasket second.
3-4 drops of the fluorescent mounting medium were gently applied onto the slide and a cover

glass was mounted. Bubbles were not supposed to be under the cover glass. The edges of the
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cover slides were sealed with transparent nail polish to prevent desiccation and to store the
slide over a longer period.

Stained cells were evaluated under either a fluorescent microscope or a confocal microscope.
The negative control was utilized to obtain the background intensity which was subtracted
from the intensity of the other wells to eliminate the visualization of unintended background.
Eventually microscopy images were analyzed with Imagel. This software enables channel
splitting and hence was utilized to evaluate protein distribution in contrast to the nuclear

staining.

7.8 Statistical evaluation

All data was collected and immediately transferred into Excel sheets, where mean value and
standard deviation as well as normalizations to the control group were determined. The mean
value of the control group was arbitrarily set to 1 for all experiments to obtain relative results.
All further statistical evacuations were performed with GraphPad PRISM 5 or 9. In each
Experiment outlier were detected utilizing the Grubbs-Test. The Significance between groups
was analyzed using an analysis of variance (ANOVA) with post hoc Dunnett’s test. Results were
considered as significant if P (P-value) <0.05. Following abbreviations are used: *: p<0.05,
**: p<0.005, ***: p<0.001, ns = not significant. All graphs show mean values with standard

deviation.
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8 Results

8.1 Inhibition of IKK with ACHP to prevent Nuclear Translocation of NF-kB

The first part of this work focuses on the question whether NF-kB is crucial for the cytotoxic
effect of cannabidiol or not. For this purpose, different substances were tested, which were
previously shown (by others) to modulate the NF-kB signaling pathway. For the investigation
of the following substances the cytotoxicity assay was used because the cytotoxic effect of
cannabidiol is well represented in this assay.

To accomplish this, the first attempt to prevent translocation of NF-kB into the nucleus was
utilizing ACHP (2-amino-6-[2-(cyclopropylmethoxy)-6-hydroxyphenyl]-4-(4-piperidinyl)-3-
pyridinecarbonitrile), a selective inhibitor of IKKa and IKKB. This inhibitor prevents the
phosphorylation of IkBa, which in turn prevents NF-kB p65 from translocating to the nucleus.
To this end, it was first investigated whether ACHP, at a dose that has been targeted in other
work (Mia & Bank 2015), causes a cytotoxic effect on GBM cells on its own, or not. For this
purpose, the cytotoxicity assay and the two cell lines Line 2 and NCH 644 were utilized. The
cytotoxic effect was compared to the vehicle control with DMSO 0.01%. The cytotoxicity
assays performed displayed no cytotoxic effect of ACHP in either cell lines (Figure 3 and 4).
Subsequently, in a new run 10 uM CBD was added to the same cell lines after pretreatment
with ACHP in different doses for 6 h and the cytotoxicity was measured. In CBD sensitive cell
lines, including Line 2 and NCH 644, 10 uM CBD results in a maximal cytotoxic effect. Hence,
the ACHP + CBD groups were compared to the CBD group. Here, in both cell lines, Line 2 and
NCH 644, pretreatment with ACHP did not prevent or decrease the cytotoxic effect of CBD
(Figure 5 and 6).
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Figure 3: Relative cytotoxicity of ACHP in Line 2. 3,000 cells of Line 2 were seeded in each well. Each group consists of 5
biological replicates. ACHP was applied in 1 uM, 500 nM, 250 nM, 100 nM, 50 nM, 10 nM and 5 nM doses, vehicle control
with DMSO 0.01%. Cytotoxicity was determined by TECAN® reader after 24 h. The graph demonstrates that ACHP had no
significant increased cytotoxic effect in comparison with the control group on Line 2.
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Figure 4: Relative cytotoxicity of ACHP in NCH 644. 3,000 cells of NCH 644 were seeded in each well. Each group consists of 5
biological replicates. ACHP was applied in 500 nM, 250 nM, 100 nM, 50 nM, 10 nM and 5 nM doses, vehicle control with DMSO
0.01%. Cytotoxicity was determined by TECAN® reader after 24 h. The graph demonstrates that ACHP had no significant
increased cytotoxic effect in comparison with the control group on NCH 644.

32



Results

a b
Line 2 after 16 h Line 2 after 24 h
4 4
2 2
S S T
§ 3 E 3
(% 2 :% 2 § "%
p 2 %
: 7 7 el
[} [} %%
: % 7 NE N EE
09'\e\o'\Q § 000 0@0 0@0 000 0@0 0@0 0@0 QﬁQQ\@'\Q § 0@0
& @0 Q‘$ Q§ 0§ Q§ o§ 0§ Q§ X Q’o Q‘$ Q§
0\& (@) SN N NN NN o\ts (&) NN«
0,§ (}28 ng 0,§ (}28 (38 0‘28 OQg (;28 OQg o,§ (}zs OQg (}zg
AP P P P\ N N\ & A\ P &
S8 S
N %QQ .{:Q \@ S O o N %@ qf>° \@ S O o
Treatment Treatment

Figure 5: Relative cytotoxicity of CBD after pretreatment with ACHP in Line 2. 3,000 cells of Line 2 were seeded in each well.
Each group consists of 5 biological replicates. 10 uM CBD were applied after pretreatment of 1 uM, 500 nM, 250 nM, 100 nM,
50 nM, 10 nM and 5 nM ACHP for 6 h, vehicle control was performed with DMSO 0.01%. Cytotoxicity was determined by
TECAN® reader after (a) 16 h and (b) 24 h. The graphs demonstrate that neither at 16 h nor at 24 h pretreatment with ACHP
prevents or decreases the cytotoxic effect of CBD on Line 2.
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Figure 6: Relative cytotoxicity of CBD after pretreatment with ACHP in NCH 644. 3,000 cells of NCH 644 were seeded in each
well. Each group consists of 5 biological replicates. 10 uM CBD were applied after pretreatment of 1 uM, 500 nM, 250 nM,
100 nM, 50 nM, 10 nM and 5 nM ACHP for 6 h, vehicle control was performed with DMSO 0.01%. Cytotoxicity was determined
by TECAN® reader after (a) 16 h and (b) 24 h. The graph demonstrates that neither at 16 h nor at 24 h pretreatment with
ACHP prevents or decreases the cytotoxic effect of CBD on NCH 644.
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8.2 Inhibition of the Translocation of NF-kB with sn50

Although ACHP could not abrogate the cytotoxic effect of CBD, the approach was not
completely rejected and another attempt was made to inhibit the translocation of NF-kB
elsewhere. For this purpose, the inhibitor NF-kB sn50 was selected. NF-kB sn50 is a small cell
membrane-permeable peptide that carries both the nuclear localization sequence (NLS) of
NF-kB p50 and a hydrophobic region (h-region) and thus can inhibit the translocation of active

NF-kB complexes to the nucleus.

8.2.1 Cytotoxicity Assay

First, it was again examined whether NF-kB sn50, at a dose that has been targeted in other
work (Kolenko et al 1999, Lin et al 1995), has a cytotoxic effect on GBM cells on its own, or
not. In the three cell lines NCH 644, Line 2, and Line 11, the vehicle control with DMSO 0.01%
was compared with the groups with the inhibitor at the concentrations of 40 uM, 20 uM,
10 uM, and 5 uM NF-kB sn50. As can be seen in Figures 7, 8 and 9, this showed no significant
increase in relative cytotoxicity when comparing the control group with the different doses of

NF-kB sn50.
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Figure 7: Relative cytotoxicity of NF-kB sn50 in Line 2. 3,000 cells of Line 2 were seeded in each well. Each group consists of 5
biological replicates. NF-kB sn50 was applied in 40 uM, 20 uM, 10 uM and 5 uM doses, vehicle control with DMSO 0.01%.
Cytotoxicity was determined by TECAN® reader after (a) 24 h, (b) 48 h and (c) 72 h. The graphs display that at no time a
significant difference in relative cytotoxicity in comparison with the control group occurred, which negates a direct cytotoxic
effect of NF-kB sn50 on Line 2.
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Figure 8: Relative cytotoxicity of NF-kB sn50 in Line 11. 3,000 cells of Line 11 were seeded in each well. Each group consists of
5 biological replicates. NF-kB sn50 was applied in 40 uM, 20 uM, 10 uM and 5 uM doses, vehicle control with DMSO 0.01%.
Cytotoxicity was determined by TECAN® reader after (a) 24 h, (b) 48 h and (c) 72 h. The graphs display that at no time a
significant increase in relative cytotoxicity in comparison with the control group occurred, which negates a direct cytotoxic
effect of NF-kB sn50 on Line 11.
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Figure 9: Relative cytotoxicity of NF-kB sn50 in NCH 644. 3,000 cells of NCH 644 were seeded in each well. Each group consists
of 5 biological replicates. NF-kB sn50 was applied in 40 uM, 20 uM, 10 uM and 5 uM doses, vehicle control with DMSO 0.01%.
Cytotoxicity was determined by TECAN® reader after (a) 24 h, (b) 48 h and (c) 72 h. The graphs display that at no time a
significant increase in relative cytotoxicity in comparison with the control group occurred, which negates a direct cytotoxic
effect of NF-kB sn50 on NCH 644.
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In the following, the interaction of NF-kB sn50 and CBD was investigated. For this purpose, the
three cell lines were each pretreated with the doses of 20 uM, 10 uM, or 5 uM NF-kB sn50 for
6 h before 10 uM CBD was added. As it's demonstrated in Figure 10, 11 and 12, at 24 h after
the addition of CBD, the groups that were pretreated with NF-kB sn50 showed a significant
reduction in relative cytotoxicity compared to the groups with CBD without the inhibitor.
Similarly, there were no increases in relative cytotoxicity in the groups pretreated with NF-kB
sn50 compared with the control group with DMSO 0.01%, supporting the absence of the
cytotoxic effect of CBD with inhibition of the NF-kB pathway.

This cytotoxicity assay thus demonstrates that without sufficient translocation of NF-«B to the
nucleus, the cytotoxic effect of CBD is absent in CBD-responsive cells. This in turn suggests

that translocation of NF-kB into the nucleus is essential for the effect of CBD on GBM cells.
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Figure 10: Relative cytotoxicity of CBD after pretreatment with NF-kB sn50 in Line 2. 3,000 cells of Line 2 were seeded in each
well. Each group consists of 5 biological replicates. 4 technical replicates were conducted (n=4). 20 uM, 10 uM or 5 uM NF-kB
sn50 was applied 6 h prior to the 10 uM CBD application. Vehicle control was performed with DMSO 0.01%. Cytotoxicity was
determined by TECAN® reader 24 h after the CBD treatment. NF-kB sn50 significantly reduced the cytotoxic effect of CBD in
Line 2 (p<0.001).
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Figure 11: Relative cytotoxicity of CBD after pretreatment with NF-kB sn50 in Line 11. 3,000 cells of Line 11 were seeded in
each well. Each group consists of 5 biological replicates. 4 technical replicates were conducted (n=4). 20 uM, 10 uM or 5 uM
NF-kB sn50 was applied 6 h prior to the 10 uM CBD application. Vehicle control was performed with DMSO 0.01%. Cytotoxicity
was determined by TECAN® reader 24 h after the CBD treatment. NF-kB sn50 significantly reduced the cytotoxic effect of CBD
in Line 11 (p<0.05).
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Figure 12: Relative cytotoxicity of CBD after pretreatment with NF-kB sn50 in NCH 644. 3,000 cells of NCH 644 were seeded in
each well. Each group consists of 5 biological replicates. 4 technical replicates were conducted (n=4). 20 uM, 10 uM or 5 uM
NF-kB sn50 was applied 6 h prior to the 10 uM CBD application. Vehicle control was performed with DMSO 0.01%. Cytotoxicity
was determined by TECAN® reader 24 h after the CBD treatment. NF-kB sn50 significantly reduced the cytotoxic effect of CBD
in NCH 644 (p<0.005).
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8.2.2 Immunocytochemistry

To better visualize the interaction of NF-kB sn50 with the NF-kB pathway,
Immunocytochemistry fluorescence staining was added in a second part. This was intended
to show that the inhibitor NF-kB sn50 indeed inhibits the translocation of NF-kB into the
nucleus and that the effect of reducing cytotoxicity shown in the previous sections can
therefore be attributed to this inhibition.

For this purpose, the cell lines NCH 644, Line 2 and Line 11 were incubated in chambered slides
and then treated according to each of the groups mentioned. Thus, in addition to vehicle
control with DMSO 0.01%, cells were treated with 10 uM CBD, 10 uM NF-kB sn50, or 10 uM
NF-kB sn50 for 6 h followed by 10 uM CBD. As a positive control for pronounced translocation
of NF-kB p65 to the nucleus, one group was treated with 10 ng/ml TNF a for 1 h, as this causes
rapid, although not long-lasting, but very pronounced nuclear translocation of NF-kB p65
(Volmar et al 2021).

16 h after the addition of CBD, cells were fixed and stained with fluorescent antibody against
NF-kB p65 total. Nuclei were visualized with DAPI. The time point of 16 h after CBD addition
was chosen because at this time NF-kB p65 should already be reliably present in the nucleus
of the cells without the cytotoxic effect already being so pronounced that most cells had
already perished. Figure 13 (a), 14 (a) and 15 (a) show these stainings of the cell lines Line 2,
Line 11, and NCH 644. In the vehicle control groups, it was clearly visible how most of the
nuclei appeared to be excluded from the NF-kB p65 total staining, indicating that there was
far more NF-kB p65 total in the cytosol than in the nucleus. The same was the case in the
groups with NF-kB sn50 alone. As expected, the cytosol remained strongly stained and most
of the nuclei only weakly stained. The situation was different in the groups with 10 uM CBD,
in which most cells showed clear staining of the nuclei. This was comparable in intensity to
the groups in which the expected strong staining of the nuclei by the previously applied TNFa
had occurred. In the now decisive groups, in which the cells were first pretreated with NF-kB
sn50 for 6 h and subsequently exposed to the influence of CBD, a strong staining of the
cytoplasm was seen with mostly simultaneous absence of staining of the nuclei. Since no
absolute result was obtained in all groups, i.e., not all nuclei were either stained or not stained,
the positively stained nuclei were counted and placed in relation to the total number of cells.

The comparison of these ratios is shown in Figure 13 (b), 14 (b) and 15 (b). These quantitively
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illustrate that not only is NF-kB p65 total more frequently translocated into nuclei in the CBD

groups, but also that this same translocation can be abrogated by application of NF-kB sn50.

This visualization of the inhibition of the translocation of NF-kB p65 total in combination with

the results from the cytotoxicity assay strengthen the assumption that NF-kB p65 and its

translocation into the nucleus is essential for the cytotoxic effect of CBD in CBD-sensitive GBM.
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Figure 13: Immunocytochemistry of NF-kB p65 in Line 2. a: fluorescence
microscopy images show staining for NF-kB p65 in Line 2 (40x
magnification). Cells were incubated in chambered slides and treated
with either the vehicle control DMSO 0.01%, 10 uM NF-kB sn50 only, 10
uM CBD only, 10 uM CBD after pretreatment with 10 uM NF-kB sn50 for
6 h, or 10 ng/ml TNF a for 1 h. CBD causes distinct translocation of NF-kB
p65 to the nucleus as measured after 16 h. TNF a causes a strong
translocation of NF-kB p65 to the nucleus after 1 h. NF-kB sn50 markedly
inhibits nuclear translocation of NF-kB p65 and prevents the nuclear
translocation of NF-kB p65 induced by CBD. b: Comparison of the ratios
of the positive stained nuclei of the groups mentioned in a. CBD causes
significant translocation of NF-kB p65 into the nucleus compared to
vehicle control (p<0.001). NF-kB p65 sn50 causes significant inhibition of
the CBD induced translocation of NF-kB p65 into the nucleus (p<0.001).
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Figure 14: Immunocytochemistry of NF-kB p65 in Line 11. a: fluorescence
microscopy images show staining for NF-kB p65 in Line 11 (40x
magnification). Cells were incubated in chambered slides and treated
with either the vehicle control DMSO 0.01%, 10 uM NF-kB sn50 only, 10
uM CBD only, 10 uM CBD after pretreatment with 10 uM NF-kB sn50 for
6 h, or 10 ng/ml TNF a for 1 h. CBD causes distinct translocation of NF-kB
p65 to the nucleus as measured after 16 h. TNF a causes a strong
translocation of NF-kB p65 to the nucleus after 1 h. NF-kB sn50 markedly
inhibits nuclear translocation of NF-kB p65 and prevents the nuclear
translocation of NF-kB p65 induced by CBD. b: Comparison of the ratios
of the positive stained nuclei of the groups mentioned in a. CBD causes
significant translocation of NF-kB p65 into the nucleus compared to
vehicle control (p<0.001). NF-kB p65 sn50 causes significant inhibition of
the CBD induced translocation of NF-kB p65 into the nucleus (p<0.001).
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Figure 15: Immunocytochemistry of NF-kB p65 in NCH 644. a: b
fluorescence microscopy images show staining for NF-kB p65 in NCH 644

(40x magnification). Cells were incubated in chambered slides and
treated with either the vehicle control DMSO 0.01%, 10 uM NF-kB sn50
only, 10 uM CBD only, 10 uM CBD after pretreatment with 10 uM NF-kB
sn50 for 6 h, or 10 ng/ml TNF o for 1 h. CBD causes distinct translocation

of NF-kB p65 to the nucleus as measured after 16 h. TNF a causes a strong
translocation of NF-kB p65 to the nucleus after 1 h. NF-kB sn50 markedly
inhibits nuclear translocation of NF-kB p65 and prevents the nuclear
translocation of NF-kB p65 induced by CBD. b: Comparison of the ratios

of the positive stained nuclei of the groups mentioned in a. CBD causes
significant translocation of NF-kB p65 into the nucleus compared to
vehicle control (p<0.005). NF-kB p65 sn50 causes significant inhibition of

the CBD induced translocation of NF-kB p65 into the nucleus (p<0.005). Treatment
n=5
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8.3 Role of PKCCin selected GBM Cell Lines

The second part of this work further evaluates the role of PKCZ in GBM cells. As mentioned in
the introduction, NF-kB p65 phosphorylation of ser-311 is essential for NF-kB to fulfill its
proper function including cell survival. Since NF-kB p65 phospho ser-311 could be detected in
CBD responders (Alenezi 2022, Volmar et al 2021), this part focuses on the detection of PKCT
in GBM cells.

8.3.1 MTT Assay

A PKCT pseudosubstrate was used for competitive inhibition of PKCZ, which should reduce cell
survival due to the absence of NF-kB p65 phosphorylation at Ser-311. Therefore, the PKCT
pseudosubstrate was employed to indirectly demonstrate the presence of PKCZ in GBM cell
lines. Even though the cytotoxicity assay was the first choice of measuring the cytotoxic effect
of the agent, it did not function adequately to detect the effect of the PKC{ pseudosubstrate
on GBM cells. Therefore, the cell viability assay (MTT assay) was utilized.

A total of 6 GBM cell lines were tested, including 4 GBM cell lines of human origin, Line 2, Line
11, NCH 644 and GBM 20, and 2 murine GBM cell lines, p53172H-PDGFB and cdkn2aKO-
EGFRuIIL. Cells were treated with PKC{ pseudosubstrate at concentrations of 25 uM, 10 uM,
or 5 uM for 24 h. Similarly, in addition to the control group treated with DMSO 0.01%, one
group each was treated with 10 uM CBD for 24 to display the known cytotoxic effect of CBD
in the MTT assay. The measurements showed, as can be seen in Figure 16 to 21, that
significantly fewer cells had survived in the groups treated with the PKC{ pseudosubstrate
compared to the control group. Especially in the groups with the higher concentration, the
number of still viable cells was strongly decreased. This gives evidence that PKC zeta is present

in GBM cell lines and that its inhibition is associated with an expected decreased cell survival.
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Figure 16: Relative viability of Line 2 after PKC{ pseudosubstrate-treatment. 3,000 cells of Line 2 were seeded in each well.
Each group consists of 3 biological replicates. 5 technical replicates were conducted (n=5). 25 uM, 10 uM or 5 uM PKCZ
pseudosubstrate were applied, vehicle control was performed with DMSO 0.01%. Measuring with ELISA reader after 24 h. The
graph shows a significantly reduced cell viability in the groups treated with 25 uM (p<0.001) and 10 uM PKC{ pseudosubstrate
(p<0.005). Hence, inhibition of PKC{ results in a decreased cell survival.
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Figure 17: Relative viability of Line 11 after PKC{ pseudosubstrate-treatment. 3,000 cells of Line 11 were seeded in each well.
Each group consists of 3 biological replicates. 5 technical replicates were conducted (n=5). 25 uM, 10 uM or 5 uM PKC{
pseudosubstrate were applied, vehicle control was performed with DMSO 0.01%. Measuring with ELISA reader after 24 h. The
graph shows a significantly reduced cell viability in the groups treated with 25 uM, 10 uM PKCZ pseudosubstrate (p<0.001).
Hence, inhibition of PKCT results in a decreased cell survival.
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NCH 644 after 24 h
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Figure 18: Relative viability of NCH 644 after PKC{ pseudosubstrate-treatment. 3,000 cells of NCH 644 were seeded in each
well. Each group consists of 3 biological replicates. 5 technical replicates were conducted (n=>5). 25 uM, 10 uM or 5 uM PKCZ
pseudosubstrate were applied, vehicle control was performed with DMSO 0.01%. Measuring with ELISA reader after 24 h. The
graph shows a significantly reduced cell viability in the groups treated with 25 uM(p<0.001) and 10 uM PKC{ pseudosubstrate
(p<0.005). Hence, inhibition of PKC{ results in a decreased cell survival.

GBM 20 after 24 h
ns N
1.5 * ! '
2 s
3
g 1.0 T
[
2
205
(14
0.0 Ll
o\ Q @ @ ]
S & & F &
D o) o o)
o Q R R 5
¥ N & I S
3 & F
& &
W R
& & &L
N N N
&N AR &N

Figure 19: Relative viability of GBM 20 after PKC{ pseudosubstrate-treatment. 3,000 cells of GBM 20 were seeded in each well.
Each group consists of 3 biological replicates. 5 technical replicates were conducted (n=5). 25 uM, 10 uM or 5 uM PKC{
pseudosubstrate were applied, vehicle control was performed with DMSO 0.01%. Measuring with ELISA reader after 24 h. The
graph shows a significantly reduced cell viability in the groups treated with 25 uM (p<0.001) and 10 uM PKCZ pseudosubstrate
(p<0.05). Hence, inhibition of PKC{ results in a decreased cell survival.
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p53R172H-PDGFB after 24 h
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Figure 20: Relative viability of p53172H-PDGFB after PKC{ pseudosubstrate-treatment. 3,000 cells of p53172H-PDGFB were
seeded in each well. Each group consists of 3 biological replicates. 5 technical replicates were conducted (n=5). 25 uM, 10 uM
or 5 uM PKCZ pseudosubstrate were applied, vehicle control was performed with DMSO 0.01%. Measuring with ELISA reader
after 24 h. The graph shows a significantly reduced cell viability in the groups treated with 25 uM, 10 uM (p<0.001) and 5 uM
PKCZ pseudosubstrate (p<0.05). Hence, inhibition of PKC{ results in a decreased cell survival.

cdkn2aKo-EGFRUVIII after 24 h

1.5 ek ) '
I *kk I

E‘ I % kK I
210
g
T §
05
4

0.0 [T Imﬂ

Treatment

Figure 21: Relative viability of cdkn2aKo-EGFRVIIl after PKC{ pseudosubstrate-treatment. 3,000 cells of Line 2 were seeded in
each well. Each group consists of 3 biological replicates. 5 technical replicates were conducted (n=5). 25 uM, 10 uM or 5 uM
PKC{ pseudosubstrate were applied, vehicle control was performed with DMSO 0.01%. Measuring with ELISA reader after 24
h. The graph shows a significantly reduced cell viability in the groups treated with 25 uM, 10 uM and 5 uM PKC{
pseudosubstrate (p<0.001). Hence, inhibition of PKC{ results in a decreased cell survival.
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8.3.2 Immunocytochemistry

To investigate the CBD triggered cell death pathway in more detail, PKCZ was additionally
stained by immunocytochemistry. Therefore, in total 6 GBM cell lines were utilized, 3 CBD-
sensitive cell lines, Line 2, Line 11 and NCH 644, and 3 CBD-non-sensitive cell lines, NCH 441,
NCH 421k and GBM 14. Cells were incubated in chamber slides and either treated with 16 pM
CBD or the vehicle control DMSO 0.01%. Again, the fixation took place after 16 h and staining
was performed using anti-PKCZ-antibody. Here, PKCT was found to be present in both CBD-
sensitive and CBD-non-sensitive cell lines. Comparing the images of each cell line in terms of
CBD treatment results were varying (Figure 22 to 27). In Line 2 and Line 11, the amount of
PKCT detectable remained equally between the two groups. In NCH 644, a slightly more
pronounced signal from the PKCT staining was apparent after CBD treatment. In NCH 441 and
NCH 421k, a clearly attenuated intensity of PKCZ signaling was detectable after CBD treatment.
In GBM 14 the PKCT signal remained equally.

Line 2 PKCT DAPI merged

without CBD

with CBD

Figure 22: Confocal microscopy of Line 2 with fluorescent staining of PKC{ without and with CBD treatment (40x
magnification). Cells were incubated in chambered slides and either treated with the vehicle control DMSO 0.01% or with 10
uM CBD for 16 h. Both groups display a predominantly cytoplasmic distribution of PKC{. CBD did not induce any alterations in
the expression level of PKC{.
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Line 11

without CBD

with CBD

Figure 23: Confocal microscopy of Line 11 with fluorescent staining of PKC{ without and with CBD treatment (40x
magnification). Cells were incubated in chambered slides and either treated with the vehicle control DMSO 0.01% or with 10
uM CBD for 16 h. Both groups display a predominantly cytoplasmic distribution of PKC{. CBD did not induce any alterations in
the expression level of PKCZ.

NCH 644 PKCC DAPI merged

without CBD

with CBD

Figure 24: Confocal microscopy of NCH 644 with fluorescent staining of PKC{ without and with CBD treatment (40x
magnification). Cells were incubated in chambered slides and either treated with the vehicle control DMSO 0.01% or with 10
uM CBD for 16 h. Both groups display a predominantly cytoplasmic distribution of PKC{. CBD causes a slightly increased PKC{

signal.
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NCH 441 PKCC DAPI merged

without CBD

with CBD

20 um

Figure 25: Confocal microscopy of NCH 441 with fluorescent staining of PKC{ without and with CBD treatment (40x
magnification). Cells were incubated in chambered slides and either treated with the vehicle control DMSO 0.01% or with 10
uM CBD for 16 h. Both groups display a predominantly cytoplasmic distribution of PKCZ. In cells treated with CBD, the level of

PKCZ is markedly decreased.

NCH 421k PKCC DAPI merged

without CBD

with CBD

20 um

Figure 26: Confocal microscopy of NCH 421k with fluorescent staining of PKC{ without and with CBD treatment (40x
magnification). Cells were incubated in chambered slides and either treated with the vehicle control DMSO 0.01% or with 10
UM CBD for 16 h. Both groups display a predominantly cytoplasmic distribution of PKCZ. In cells treated with CBD, the level of

PKCC is markedly decreased.
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GBM 14 PKCt DAPI merged

o . . .

Figure 27: Confocal microscopy of GBM 14 with fluorescent staining of PKC{ without and with CBD treatment (40x
magnification). Cells were incubated in chambered slides and either treated with the vehicle control DMSO 0.01% or with 10
uM CBD for 16 h. Both groups display a predominantly cytoplasmic distribution of PKC{. CBD did not induce any alterations in

with CBD

the expression level of PKCT.
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9 Discussion

The transcription factor NF-kB is important for cell survival and proliferation. Dysregulated NF-
kB can be observed in many different tumor types, including GBM (Dolcet et al 2005, Volmar
et al 2021). NF-kB has garnered attention as a promising target for therapies aimed at
inhibiting and modulating its activity. However, interfering with the NF-kB pathway presents
challenges. NF-kB is ubiquitously expressed in all human cells to a greater or lesser extent.
Interfering with the signaling pathway can thus lead to undesired adverse effects in any cell
or organ system (Donovan et al 2017, Gupta et al 2010). Thus, although inhibition of the NF-
kB pathway has been shown to be associated with improved response to chemotherapeutic
agents and radiation in some tumor entities (Mortezaee et al 2019), it should not be neglected
that NF-kB is crucial for many more physiological aspects. For instance, considering NF-kBs
function in the immune system (Zeligs et al 2016). NF-kB is implicated in both tumor-
promoting and tumor-depressing activities (Perkins 2004). Beside promoting proliferation in
tumor cells itself, NF-kB stimulates the production of cytokines by immune cells outside the
tumor microenvironment, which are pro-inflammatory and stimulating for the tumor-
promoting NF-kB pathway of tumor cells (Zeligs et al 2016). On the other hand, however,
activation of the classical NF-kB pathway promotes the expression of Major Histocompatibility
Complex Class I-related Chain A gene (MICA), which encodes a protein that is a target for
natural killer (NK) cells (Molinero et al 2004). Furthermore, activation of the classical pathway
promotes differentiation of T cells into Th17 cells, which are thought to play a role in anti-
tumor immunity (Zeligs et al 2016). These few examples illustrate why specific modulation of

the NF-kB pathway is necessary.

9.1 Interpretation of the Results of the Inhibition of the Translocation of NF-kB

CBD has a cytotoxic effect on certain GBM cells (Nagl 2022). Likewise, CBD had been shown to
induce increased translocation of NF-kB p65. However, in this nuclear translocation of NF-kB
p65 initiated by CBD, it is observed that phosphorylation of NF-kB p65 at ser-311, unlike
translocation induced by other substances such as TNF alpha, is absent (Alenezi 2022, Volmar
et al 2021). Until now, it was not clear whether this translocation of NF-kB to the nucleus was
crucial for the cytotoxic effect of CBD. This question was addressed in the first part of this
work using the inhibitor NF-kB sn50. The cytotoxicity assay thereby indicated that the

additional pretreatment of the cells with NF-kB sn50 prevented the cytotoxic effect of CBD. In
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addition, immunocytochemical staining was performed, which gave evidence that in those
GBM cells in which the cytotoxic effect of CBD was absent due to the pretreatment with NF-
kB sn50, no translocation of NF-kB p65 into the nucleus induced by CBD could be achieved
due to the inhibitor. Taken together, these two findings indicate that translocation of NF-kB
p65 into the nucleus, which is induced by CBD, is crucial for the cytotoxic effect of CBD.

This would also explain why the combination of TNFo. with CBD has an enhanced and more
rapid onset of cytotoxic effect than CBD on its own. TNFa provides rapid translocation of NF-
kB into the nucleus, accelerating the accumulation of NF-kB p65 with absent phosphorylation
at ser-311, which is required for the cytotoxic effect of CBD in CBD-sensitive cells (Alenezi

2022, Nagl 2022)

9.2 Interpretation of the Results of the Investigations on PKCC

Previous studies in our research facility have revealed changes in post-translational
modification under the influence of CBD. In particular, it has been induced that in CBD-
sensitive cells phosphorylation at ser-311 is absent under CBD (Volmar et al 2021). An enzyme
that can carry out this phosphorylation under physiological conditions is PKCZ (Duran 2003).
Suppression of this phosphorylation of NF-kB p65 at ser-311 results in NF-kB p65 being able
to bind to the appropriate sites on DNA, but its transcriptional activity is significantly reduced
(Levy et al 2011). It is precisely this mechanism that was targeted in the second part of this
work to investigate whether PKCZ is present in GBM cells in which the cytotoxic effect of CBD
could be induced. The results demonstrate that inhibition of PKCZ by a pseudosubstrate was
associated with reduced cell survival. Thus, it can be assumed that PKCC is present in the GBM
cell lines studied. In addition, immunocytochemistry staining was performed to visually depict
and semiquantitatively analyze the distribution of PKCT before and after CBD treatment. On
the one hand, it could be confirmed that PKCCis present in CBD-sensitive, but also in non-CBD-
sensitive, GBM cells. This, in combination with the previous results, suggests that PKCC is
present in GBM cells and that influencing its activity has a direct impact on cell survival of GBM
cells. This, in turn, raises the possibility of whether CBD affects PKCC activity or expression.
Whether the expression of PKCZ was affected by CBD was also assessed in the stainings.
However, in the immunocytochemical stainings, a consistent change in the distribution
pattern or intensity following treatment with CBD was not observed in either the CBD-

sensitive or the non-CBD-sensitive cell group.
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Two of three CBD-sensitive cells, Line 2 and Line 11, did not display any changes in PKCC
expression, whereas one cell line, NCH 644, did display an increased amount of PKCZ after CBD
treatment. However, if one were to assume that the decreased cell survival after CBD
treatment is dependent on less NF-kB p65 being phosphorylated by PKCT at ser-311, this
observation is less fitting into the overall picture.

In contrast, two out of three of the non-CBD-sensitive GBM cell lines induced a decrease in
expression of PKCT after CBD treatment. However, no decrease in the amount of NF-kB p65
phosphorylated at ser-311 could be detected in these non-CBD-sensitive cells in another work
(Alenezi 2022, Volmar et al 2021). Similarly, in this work, CBD was observed to downregulate
Prkcz, the gene encoding PKCZ (Volmar et al 2021).

One possible aspect that may be crucial for the interaction between PKCTZ and NF-kB p65 is
localization. PKCC is predominantly localized in the cytoplasm (Kiley & Parker 1995), as
confirmed by immunocytochemical staining. The phosphorylation of NF-kB p65 at ser-311 by
PKCT occurs primarily in the nucleus, after PKC{ was activated and translocated into the
nucleus (Umar 2000, Yao et al 2010). Nonetheless, there are indications of alternative
intracellular localizations of PKCZ. For instance, there is evidence that PKCT can also be
membrane-localized (Muscella A 2005). Though, a membrane-localized PKCZ, might have little
effect on the phosphorylation of NF-kB p65 unless there are additional proteins that facilitate
the intracellular transport of NF-kB p65 to the membraneous PKCC prior to the nuclear
translocation. Currently (as of 2025), there is no evidence of such a protein. It should be noted
that while the immunocytochemical stainings conducted in this study provide an initial visual
assessment of cellular localization, additional methods such as Western blotting should be
employed to accurately distinguish between cytoplasmic, nuclear, and membraneous
fractions.

Eventually, the role of PKCZ needs to be further illuminated. In the experiments 16 h after CBD
treatment was set as the optimal time in terms of fixation and subsequently staining. Adhering
to this time interval had proven appropriate for assessing whether and to what extent
translocation of NF-kB p65 into the nucleus had occurred after CBD treatment (Alenezi 2022).
Nevertheless, it might be not optimal fitting for the PKCT staining. It is possible that a different
time point might be more appropriate for this. However, immunocytochemistry may not be

the optimal method to evaluate the expression of PKCZ in response to CBD.
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In addition, the PKCZ enzyme activity was not further investigated in the experiments in this
work as well as in those at our research facility. These could also contribute a partial

component to the observed effect of decreased phosphorylation of NF-kB p65.

9.3 Prospect for the future of CBD on Gliblastoma

The results of our research group have shown that CBD indeed has a cytotoxic effect on CBD-
sensitive GBM cells in vitro and in mouse experiments (Volmar et al 2021). In this regard, a
crucial part of this cytotoxic effect can be attributed to the translocation of NF-kB p65 into the
nucleus, which, however, is not phosphorylated at ser-311. The absence of this
phosphorylation can be attributed to PKCZ, which is involved in the signaling pathway of CBD.
This can be due in part to the downregulation of gene expression of Prkcz (Volmar et al 2021).
Although the signaling pathway was elucidated in major points, some mechanisms remain
uncertain.

In the meantime, further publications have demonstrated an anti-tumor effect of
cannabinoids on GBM cells. CBD was also shown to be a cannabinoid with a great anti-tumor
effect, but combinations with additional THC treatment have also been shown to be
beneficial. The majority of all work on cannabinoids and GBM relates to preclinical trials
utilizing in-vitro cell culturing or in-vivo experiments with mouse models (Kyriakou et al 2021,
Lopez-Valero et al 2018). The few first approaches with cannabinoids in patients with GBM
are currently not surpassing Phase | or Il (Schloss et al 2021, Twelves et al 2021).

CBD has been proven to be a well tolerated agent with its success in other neurological
disorders. Epidyolex® is approved by the EMA for the treatment of Dravet-syndrome or
Lennox-Gastaut-syndrome in children (ema.europa.eu 2021). Nabiximol, a combined
preparation of CBD and THC, is utilized in the treatment of spasticity in MS patients (Collin et
al 2007).

The side effect profile of CBD is favorable and severe adverse effects are rare, when used by
its own or in combination with other drugs, e.g., antiepileptics. Nevertheless, CBD-drug
interactions shall not be underestimated since CBD is interacting with several enzymes of the
cytochrome P450 family (Huestis et al 2019, Ibeas Bih et al 2015). This is especially important
since CBD can be obtained prescription free. This characteristic of a drug can mislead to the

assumption that the drug does not cause any adverse effects or interactions with other drugs
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at all. In addition, one should always keep in mind that the quality and purity of CBD
production beyond certified suppliers can be considered questionable (Lachenmeier et al
2021).

Thus, to further evaluate the role of CBD in the treatment of GBM, more extensive studies in
GBM patients are needed. Furthermore, the determination of subtypes and their response to
a possible CBD treatment could be purposeful in identifying patients who may benefit from it.
This could be integrated in patients who are undergoing neurosurgery anyway and in whom a
sample is obtained for pathology. This could pave the way for CBD as an optional add-on

therapy in patients with GBM.
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