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Abstract 
Glioblastoma (GBM) is the most common primary brain tumor with has a median survival of 

only 14 months. Currently, surgery and postoperative adjuvant chemoradiotherapy remain the 
main treatment for this disease with an average postoperative survival of patients of about seven 
months due to tumor recurrence. An important factor contributing to postoperative recurrence 
in patients with GBM are GBM stem cells (GSCs). Hence, inhibiting the proliferation of these 
cells is of great value for patient overall survival. 
In this study, we confirmed that tumor treating fields (TTFields), a new treatment option, can 
decrease tumor recurrence by inhibiting GSCs adhesion and proliferation, as well as the energy 
metabolism by using the efficacy test of midfield stimulation (200kHz). RNA sequencing 
showed that TTFields therapy can lead to dysregulation of several signaling pathways in the 
tested GBM cell lines. To further explore the inhibitory mechanism, we analyzed AKR1C3, a 
potential GBM marker, and its involvement in the PI3K-AKT-mTOR-signaling pathway. These 

results suggested that TTFields might upregulate the expression PTEN through AKR1C3, 
thereby inhibiting PI3/Akt /mTOR pathway, which then may accelerate the apoptosis in GSCs. 

We further analyzed the underlying mechanism of Trihexyphenidyl (THP), which is often 
used in management of Parkinson's disease and is shown to inhibit the growth of GSCs. To 
clarify the specific mode of action of this drug on GSCs. CTG-assay revealed that the increase 
of drug concentration was proportional to the inhibitory effect on the GSCs. In addition, Ki67 
proliferation and Annexin V assays confirm that THP inhibit the proliferation and survival of 
GSCs while not affecting the tumor cell cycle. This was consistent with the observation in 
xenotransplantation animal experiments. Furthermore, we also attempted to discover the poten- 
tial targets of the drug on GBM by analyzing the genetic differences between the THP-acting 
group and the control group. The results suggested that the Cystathionine beta-synthase like 
(CBSL) gene is a potentially valuable marker candidate. Further study regarding the effect of 
THP on GBM by targeting CBSL will be explored. 

In our third attempt we conducted a bioinformatic analysis to screen prognosis-related extra- 
cellular matrix (ECM)-related genes. ECM-related genes can promote tumor development by 
activating a variety of important pathways and have been confirmed to be associated with the 
prognosis of GBM patients. We establish a prognostic model for five ECM-related genes 
(AEBP1, F3, FLNC, IGFBP2, and LDHA), which was further validated in three datasets 
GSE16011, TCGA-GBM, and GSE83300. We can show that this model can accurately predict 
GBM patients after surgery 6, 12, 18, 24, 30, and 36 months of survival. To enhance the appli- 
cation scope of the model and to facilitate clinical decision-making, a publicly accessible open- 
source website (https://ospg.shinyapps.io/OSPG/) was constructed to obtain the survival rates 
of patients at different time periods. 

Overall, in this thesis, we addressed two potential mechanisms by which TTFields and THP 
inhibit the proliferation of GSCs and demonstrated the potential value of computer-assisted 
construction of ECM-related gene models to predict patient survival after surgery. 



IV  

 

Zusammenfassung 
Glioblastom (GBM) ist der häufigste primäre Hirntumor mit einer Überlebenszeit v on nur 

14 Monaten. Operative Entfernung des Tumors und die postoperative adjuvante Chemoradio- 
therapie sind momentan die einzigen Hauptbehandlungen für diese Krankheit, wobei die durch- 
schnittliche postoperative Überlebenszeit der Patienten aufgrund Tumorrezidive etwa sieben 
Monate beträgt. Ein wichtiger Faktor, der zum postoperativen Wiederauftreten von GBM bei- 
trägt, sind GBM -Stammzellen (GSC). Daher ist die Hemmung der Proliferation dieser Zellen 
von großem Wert für das Gesamtüberleben der Patienten. 

In dieser Arbeit bestätigten wir, dass Tumor Treating Fields (TTFields), eine neue Behand- 
lungsoption, Tumorrezidive verringern können, indem sie die Adhäsion und Proliferation von 
GSCs sowie deren Energiestoffwechsel bei einer midfield stimulation (200kHz) hemmen. 
RNA-Sequenzierung zeigte, dass die TTFields-Therapie zu einer Dysregulation verschiedener 
Signalwege in den getesteten GBM-Zelllinien führt. Unter anderem verifizierten wir AKR1C3, 
einen potenziellen GBM-Marker und involviert im PI3K-AKT-mTOR-Signalweg. Unsere Er- 
gebnisse deuten darauf hin, dass TTFields die Expression von PTEN durch AKR1C3 hochre- 
gulieren und dadurch den PI3/Akt/mTOR-Signalweg hemmt, was wiederum Apoptose in GSCs 
initiiert könnte. 

Weiterhin analysierten wir den zugrunde liegenden Mechanismus von Trihexyphenidyl 
(THP), ein Parkinson-Krankheit Medikament, welches nachweislich das Wachstum von GSCs 
hemmt. Wir konnten zeigen, dass der Anstieg der Medikamentenkonzentration proportional zur 
hemmenden Wirkung auf die GSCs war. Darüber hinaus bes tätigten Ki67 - und Annexin-V- 
Analysen, dass THP die Proliferation und das Überleben von GSCs hemmt, ohne deren Zell- 
zyklus zu beeinflussen. Dies stimmt mit den Ergebnissen der xenotransplantation Versuche 
überein. Darüber hinaus analysierten wir die genetischen Unterschiede zwischen der THP-be- 
handelten Gruppe und der Kontrollgruppe, um potenziellen Angriffspunkte des Medikaments 
auf GBM zu identifizieren. Als potenzieller Markerkandidat wurde das Gen Cystathionin-beta- 
Synthase-ähnliche (CBSL) gefunden. 

In unserem dritten Ansatz führten wir bioinformatische Analysen durch, um prognosebezo- 
gene extrazelluläre Matrix (ECM) -verwandte Gene zu untersuchen. ECM-verwandte Gene 

können die Tumorentwicklung fördern, indem sie eine Vielzahl wichtiger Signalwege aktivie- 
ren. Es wurde bereits gezeigt, dass sie mit der Prognose von GBM-Patienten in Verbindung 
stehen. Wir haben ein Prognosemodell für fünf ECM -verwandte Gene (AEBP1, F3, FLNC, 

IGFBP2 und LDHA) erstellt, das in drei Datensätzen (GSE16011, TCGA -GBM und 
GSE83300) weiter validiert wurde. Wir können zeigen, dass dieses Modell die Überlebenszeit 

nach einer Resektion für 6, 12, 18, 24, 30 und 36 Monate genau vorhersagen kann. Um den 
Anwendungsbereich des Modells zu erweitern und die klinische Entscheidungsfindung zu er- 
leichtern, wurde eine Open-Source-Website (https://ospg. Shinyapps .io/OSPG/) eingerichtet. 

Insgesamt haben wir in dieser Arbeit zwei potenzielle Mechanismen untersucht, die die 
Proliferation von GSCs hemmen (TTFields und THP), und den potenziellen Wert der compu- 
tergestützten Konstruktion von ECM -bezogenen Genmodellen zur Vorhersage des Überlebens 
von Patienten nach der Operation aufgezeigt. 
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Predictive gene signatures for the clinical course of GBM 
 Background 

 

Glioblastoma (GBM) is one of the most prevalent brain tumors and is associated with an 

extremely poor prognosis. Extracellular matrix (ECM)-related genes can promote tumor 

development by activating many important pathways. Our study aimed to provide an online 

model to predict the prognosis of GBM by ECM-related genes. 

 Methods 
 

Firstly, we analyzed the relationship of ECM-related genes with GBM prognosis, and then 

important genes related to prognosis were used to develop an ECM index in the CGGA 

dataset. Furthermore, the ECM index is validated on three datasets, namely GSE16011, 

TCGA-GBM, and GSE83300 to obtain different prognoses, differential expression genes, 

and potential drugs. A variety of machine learning methods were performed to build a 

model to predict the survival of GBM patients at 6, 12, 18, 24, 30, and 36 months after 

diagnosis. 

 Results 
 

A five ECM-gene signature (AEBP1, F3, FLNC, IGFBP2, and LDHA) was constructed 

and is proved to be associated with prognosis. GBM patients of the four datasets were 

divided into high and low ECM-index groups, which showed significantly different overall 

survival. The prognosis of patients with a high ECM index was worse than that of patients 

with a low ECM index. The cmap dataset also predicts four small molecules (Podophyllo- 

toxin, Lasalocid, MG-262, and Nystatin) which might reduce the development of GBM. In 

the independent dataset (GSE83300), the maximum values of prediction accuracy at 6, 12, 

18, 24, 30 and 36 months were 0.878, 0.769, 0.748, 0.720, 0.705 and 0.868, respectively. 

The model constructed by machine learning is provided on a publicly accessible open- 

source website (https://ospg.shinyapps.io/OSPG/). 

 Conclusion 
 

Taken together, our findings suggest that ECM genes are prognostic indicators of GBM 

patients, and this study provides an online server for predicting the survival curves of GBM 

patients. 
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1 Introduction 
 

Glioblastoma is one of the most common malignant brain tumors, patients with this disease 

have a very poor prognosis, with an average survival of below years. The accompanying decline 

in neurological function and quality of life can have devastating effects on patients and their 

families. Traditional surgical methods can not cure gliomas, and with the increase in the number 

of operations, the malignant degree of glioma will become higher. How close the gap between 

the lab and patient care is important for all scientists and clinicians. TTF is a new clinical ap- 

proved treatment, and THP is also a drug newly discovered by our team which can inhibit gli- 

oma. Both two types of new treatments are clinically easy to implement, which means I might 

expand the clinical options to glioma patients in China. To further understand the mechanisms 

of the new methods, I started the work presented in this thesis. 

 

 
1.1 Glioblastoma 

 

1.1.1 Overview and cancer stem cells 
 

The incidence of primary brain tumors worldwide is approximately seven per 100,000 individ- 

uals per year, accounting for around 2% of all primary tumors. About 7% of the world's popu- 

lation will die of brain cancer before the age of 70. Tumors that arise from glial (non-nerve) 

cells of the CNS are called gliomas. Gliomas affecting the cerebral hemispheres of adults are 

termed “diffuse” gliomas due to their propensity to infiltrate, early and extensively, throughout 

the brain parenchyma[1]. Gliomas with high morbidity and mortality originate from glial or 

neuronal precursor cells[2], representing approximately 57% of all gliomas and 48% of all pri- 

mary malignant central nervous system (CNS) tumors[3]. Glioblastoma is the most common 

malignant brain tumor, patients with this disease have a very poor prognosis, with an average 

survival of below years[4]. The accompanying decline in neurological function and quality of 

life can have devastating effects on patients and their families. 

In 2016, the World Health Organization (WHO) divided gliomas into four grades to facilitate 

treatment selection based on this classification: Grade I tumors with low proliferation and cur- 

able surgical treatment; Grade II tumors are aggressive and often recur. Grade III tumors are 

usually malignant, characterized by anaplasia and rapid cell division through mitosis; Grade IV 

is the most malignant and advanced form of all gliomas. Tumors in the grade IV classification 
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display the poorest prognosis with high resistance and low survival rate. Grades I and II are 

summarized into low-grade gliomas, and III and IV into high-grade gliomas[5]. The most com- 

mon type of malignant tumor in the central nervous system are glioblastomas, which account 

for 48.3% of all malignant tumors and exhibit a poor prognosis, and are defined as grade IV [3]. 

Clinical manifestations of glioblastoma include headaches, seizures, and focal neurologic defi- 

cits[6]. 

The identification of cancer stem cells (CSCs) or tumor-initiating cells in brain tumors and their 

cell-specific surface markers is of importance for the diagnosis and treatment of malignan- 

cies[7]. These self-renewing populations of tumor cells express enhanced tumorigenic proper- 

ties leading to the reoccurrence or spreading of tumors. Most glioma CSC markers were adopted 

from normal stem cells, but the link between glioma CSCs and normal stem cells remains still 

to be clarified. Many of the transcription factors or structural proteins essential for normal 

NSPC function also mark glioma CSCs including SOX2. NANOG, MYC, MUSASHI, and 

many more. In diagnosis, these factors can help to decide the treatment of the patient. For ex- 

ample, Musashi, an RNA-binding protein expressed in undifferentiated stem/precursor cells at 

both embryonic and adult stages, is important for grading brain tumors and indicates prolifera- 

tive activity in gliomas and melanomas. These proteins were shown to control the stem cell 

state through the translational regulation of target mRNAs[8]. GBMs with an intact expression 

of the PTEN correlated with increased epidermal growth factor receptor (EGFR) inhibitor re- 

sponse and progression-free survival compared with those tumors lacking PTEN[9]. 

 

1.1.2 Discussed causes of glioblastoma development 
 

There are few established risk factors for glioblastoma development. Exposure to ionizing ra- 

diation is the strongest risk factor associated with glioblastoma and the only known potentially 

modifiable risk factor[10]. A negative association between glioblastoma and atopic, allergic, 

and other immune-related disorders has also been established, although the exact underlying 

biological causes remain to be determined[11]. Furthermore, rare genetic syndromes associated 

with glioblastomas, such as Li-Fraumeni syndrome and Lynch syndrome are linked to glioblas- 

toma. However, these account for less than 1% of cases[12]. It is important to note that there is 

no clear, conclusive evidence of an association between cell phone use and the development of 

gliomas, but that further research is needed and the association remains controversial[13]. 
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1.1.3 Diagnosis and therapy 

 
The diagnosis of glioblastoma (GBM) usually starts in late-stage disease progression, when a 

symptomatic patient is presented in a specialized center and subjected to magnetic resonance 

imaging (MRI). (Figure 1)[14]. 

Figure 1: MRI imaging is used for Glioblastoma diagnosis and therapy monitoring. 
 

 
Current treatment standards include concurrent radiotherapy with temozolomide and adjuvant 

temozolomide after surgery as well as newer methods including tumor therapy fields that pro- 

vide low-intensity alternating electric fields combined with adjuvant chemotherapy (te- 

mozolomide). This new method will be explained in detail in paragraph 1.2. However, in the 

event of tumor recurrence, there is no standard treatment or means. Depending on the patient’s 

condition surgery, radiotherapy, systemic chemotherapy (e.g. with bevacizumab), or palliative 

care with nutritional support may be recommended [3]. 

Retrospective analysis showed that regardless of the molecular subtype of GBM, maximum 

surgical resection improved the patients’ overall survival[15]. Prospective data from random- 

ized trials of 5-aminolevulinic acid (5-ALA) fluorescently guided resection also showed im- 

provement in patient overall survival[16]. Therefore enhanced MRI scan should be performed 

within 48 hours postoperatively, which prevents the narrowing of resection and serves as a 

baseline study for subsequent therapeutic interventions. For situations where surgical or micro- 

surgical resection is not possible, such as medical contraindications or patient refusal, stereo 
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tactical or open biopsy is also an option[17]. Moreover, TMZ increases GBM sensitivity to 

radiotherapy[18]. The most effective in O6-methylguanine-DNA-methyltransferase impaired 

GBMs, by increasing the degree of radiation-induced double-strand DNA damage[19]. TMZ 

belongs to a group of anti-cancer drugs that can enter the blood-brain barrier (BBB), which 

additional could be a limiting factor in the treatment of brain-related diseases, including brain 

cancers. 

The BBB is a protective membrane responsible for brain homeostasis and preventing foreign 

substances from entering the blood[20]. This barrier normally protects the central nervous sys- 

tem from pathogens or toxins, but it is also a major barrier to the delivery of anti-cancer drugs. 

It has been shown that most antibodies, proteins, peptides, and small-molecule drugs cannot 

cross the BBB in pathological conditions. Many drugs fail to treat gliomas because of the 

BBB[21]. This puts forward very high requirements for our therapeutic drugs. Since TMZ is 

capable to overcome the BBB it is nowadays used as ’the’ standard drug after surgical resection. 

Despise its action in radio-sensitizing GBM cells, TMZ can also prevent irradiation-induced 

glioma cell invasion [22] through caspase-mediated prevention of irradiation-induced Focal 

Adhesion Kinase activation [23]. TMZ also displays antiangiogenic effects in experimental gli- 

omas [24] and has been shown to first induce pro-autophagic defenses in GBM cells [25], a 

feature that leads to late apoptosis[26]. Thus, although TMZ does not cure GBM patients, it 

significantly improves GBM patients' survival and quality of life. This effect could also be 

demonstrated by the still considered benchmark study by Stupp et al. in the year 2005 [18] who 

assigned 573 GBM patients to different TMZ treatments. Ninety-seven percent (97%) of all 

patients in the radiotherapy-only group and 89% of patients in the combined radiotherapy/TMZ 

group died during the five-year follow-up period. Overall survival rates were 27% at 2 years, 

16% at 3 years, 12% at 4 years, and 10% at 5 years with TMZ versus 11%, 4%, 3%, and 2% 

with radiotherapy alone, respectively[18]. A benefit of combined TMZ and radiation therapy 

was recorded in all clinical prognostic subgroups, including patients aged 60 to 70 years[18]. 

However, GBMs can present innate resistance to TMZ or develop acquired resistance during 

treatment [27]. Innate resistance of GBM cells to TMZ includes various underlying causes, such 

as loss of the phosphatase and tensin homolog, leading to the activation of the phosphoinositide- 

3-kinase/Akt pathway [28], demethylation or high expression of the O6-methylguanine-DNA 

methyltransferase [29], robust base excision repair [30], and deficiency in the DNA mismatch 



5  

 
 

repair system[31]. All these facts make the treatment of GBM challenging and new treatments 

are needed such as the tumor treating fields (TTFields). Increased effort on developing this this 

new technique since the late 2000s, has made considerable progress in the treatment outcome 

of GBM patients. The successes led to milestone events for the company Novocure, featuring 

clinical approval in various Western markets including Germany. It is the only more broadly 

accepted new type of clinical treatment option for GBM for decades. 

 

 
1.2 Tumor Treating Fields 

 

1.2.1 verview 

 
Exposure to ionizing radiation is the strongest risk factor associated with GBM and the only 

known potentially modifiable risk factor [10]. Therefore, if we can control the intensity of the 

electric field can we treat glioblastoma? On that basis, bioelectric therapies show great potential 

for the treatment of cancer, although they are poorly clinically applied to treat human brain 

cancers. This technology is getting more accepted and welcomed in the clinics – not only in the 

context of brain cancer therapy and is known und der the name; tumor treatment fields 

(TTFields). 

In 2011, the United States Food and Drug Administration (FDA) approved the first 

TTFieldsield device for the treatment of recurrent or refractory GBM. More recently, the FDA 

approved the TTFieldsield device as an adjuvant treatment for newly diagnosed patients after 

completing standard-of-care surgery and chemoradiation. The National Comprehensive Cancer 

Network (NCCN) added the TTFieldsield device as an option for the treatment of newly-diag- 

nosed GBM[32]. These devices generate alternating intermediate electric fields that target tu- 

mors or adjacent regions and induce apoptosis through a variety of activation pathways of cer- 

tain cancer cell types, with little to no side effects [2]. The TTFields device has four transducer 

arrays, each consisting of nine insulated electrodes, placed on the patient's scalp to deliver a 

low-intensity, mid-frequency (100-300 kHz) ac electric field [33]. 

Before clinical application, several preclinical trials have shown the efficacy of TTFields in the 

inhibition of cancer cell proliferation and their destruction in vitro. Many cell lines were tested 

with TTFields, among them melanoma, glioma, lung, prostate, and breast cancer cells. For some 

of the cell lines, a specific optimal frequency that demonstrated maximal inhibitory effect was 
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found, possibly reflecting different cell sizes and shapes [34]. TTFields were also shown to 

inhibit tumor growth in several mice, rat, and rabbit animal models, probably due to metastasis 

growth inhibition, migration capability impairment, and primary tumor local control[35]. For 

that purpose, cancer cell lines were implanted to test the most effective frequency and intensity 

for in vivo treatment. Postmortem analysis of the treated animals showed a significant reduction 

in tumor size after TTFields-treatment compared with control animals. Furthermore, these in 

vivo experiments proved the delivery of the field to the target region via insulated non-invasive 

electrodes. Additionally, no abnormality in vital signs, electrocardiograms (ECG), complete 

blood counts (CBC), chemistry, and coagulation panels was found during the follow-up period 

of animals treated with TTFields, and no treatment-related pathologies were found postmortem. 

Interestingly, there was no statistically significant inhibition of tumor growth when a unidirec- 

tional TTFields was delivered this way. Only two- and three-directional fields led to statistically 

significant growth inhibition [36]. However, a dedicated test to investigate the therapeutic po- 

tential of TTFields to eradicate cancer stem cells, or investigate differences in the response to 

this type of treatment depending on what transcriptional [37] or DNA-methylation class [38] 

the glioblastoma belongs to, is missing. In our study, we thought to address this lack of literature 

by utilizing in vitro model systems representing GBM stem cells from those different molecular 

subtypes, as described earlier by our group [39]. 

The first single-arm clinical trial was conducted on 10 patients by Novocure Ltd. (St. Helier, 

NJ, USA) [34]. Novocure Ltd. has produced a clinical TTFields device, named Novo TTFields- 

100A, which uses electrodes configured as a cap that is placed on the patient's shaved scalp and 

powered by a battery pack[32]. 
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Figure 2:The NovoTTF-100A System components and assembly. (a) The transducer arrays are shown 
as they are applied to the scalp (1) with the array cables connected to the color-coded sockets on the 
connection cable and box (2). The box in turn is connected to the 

 
 

The addition of TTFields low-intensity-alternating electric fields delivered by transducer arrays 

for antimitotic therapy during temozolomide-maintenance treatment prolonged survival in pa- 

tients with a supratentorial disease [33]. The phase three trials demonstrated an improvement 

in progression-free survival (PFS) of 6.7 months for TTFields plus maintenance temozolomide 

versus 4.0 months for temozolomide alone (HR, 0.63; 95% CI, 0.52-0.76 [P <0.001]). There 

was also an OS benefit, with a median of 20.9 months versus 16.0 months noted in both groups, 

respectively (HR, 0.63; 95% CI, 0.53-0.76 [P < 0.001]) [4]. Studies have shown that TTFields 

not only inhibit the growth of solid tumors but also have clinical benefits in preventing the 

metastasis and spread of primary tumors [40]. Additional studies on combinational therapy of 

TTFields plus chemotherapy have shown that cancer cell survival is significantly reduced [41, 

42]. This observation was first presented in 2018 and showed that the use of the TTFields device 

and TMZ improved overall survival out to five years in all three recursive partitioning analysis 

(RPA) classes [43]. This led to further clinical investigations using TFF and in November 2018, 

a phase II trial opened comparing a combination treatment with the TTFields and nivolumab 

with or without ipilimumab in patients with bevacizumab-naive recurrent GBM[44]. Research 

on the utilization of TTFields in cancer care is also not limited to GBM. A phase 2 pilot study 

on the safety and efficacy of the TTFields device concomitant with pemetrexed and cisplatin or 

carboplatin in malignant pleural mesothelioma (STELLER) closed in April 2018. In one study, 
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150 kHz electrode arrays were placed on the thorax of patients with previously treated malig- 

nant pleural mesothelioma in addition to chemotherapy. The preliminary efficacy will be com- 

pared to historical cohorts[45]. TFF devices are being now explored for various disease sites 

such as brain metastasis, non-small cell lung carcinoma, ovarian carcinoma, pancreatic carci- 

noma, meningioma, and even as an alternative to prophylactic cranial irradiation in small-cell 

lung cancer [46]. 

 

1.2.2 Identified mechanisms of action in TTFields 
 

There are several modes of action in how TTFields act on tumor cells, the main effect will be 

the disruption of key mitotic proteins, especially on dividing cells. They can exert their antipro- 

liferative effect through three described effects: The antimicrotubular effect, dielectrophoresis, 

and membrane blebbing. The next chapter will describe the knowledge of most of today's ana- 

lyzed modes of action in fields. 

1. Arrest of mitotic spindle formation and Mitotic furrow destruction[35]. 

 
Each cell contains numerous electrically charged molecules. Under an alternating electric 

field, these molecules will oscillate according to the changing direction of the field and its 

density. If the field is uniform, the forces acting intermittently in opposite directions will 

cause a movement parallel to the direction of the field. When the frequency of the field is 

high enough, such as in the case of TTFields, this molecular movement will reduce. In the 

case of dipoles, where there is an electric split between the positive and negative poles of a 

molecule, it will align with the direction of the electric field and remain at the same place. 

All charged molecules, including dipoles, will move toward the higher field density in a 

non-uniform alternating electric field. Within a nondividing cell, the field is mostly uniform 

and the net force on charges and dipoles will, therefore, yield minimal movement. Non- 

uniform electric fields, on the other hand, force polar molecules to move toward higher field 

intensity, in a process called dielectrophoresis[47, 48]. Such fields are characteristic of a 

dividing cell when a narrow furrow connects the two forming daughter cells[35]. The mac- 

romolecular machinery that divides chromosomes among the two daughter cells during mi- 

tosis is called the mitotic spindle. It consists of several compartments but the main compart- 
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ments are the microtubules, which are formed by tubulins dimers (α- and β-tubulin). Micro- 

tubules are in a dynamic state of polymerization-depolymerization that is important for cy- 

toskeletal remodeling during mitosis. As noted before, the electric field is uniform within 

non-dividing cells, but the tubulin subunits will tend to align according to the direction of 

the field. Finite element simulations (FEA), a method, to control and improve the segmen- 

tation speed by calculating various FEA models, showed that the electrical forces acting on 

the tubulin subunits prevent them from attaining the orientation required for efficient 

polymerization, therefore, mitosis becomes arrested for an abnormally long time [35, 36]. 

When this process takes place, cells could either complete mitosis or disintegrate. interest- 

ingly, not all cells seem to be affected by mitotic furrow destruction. In general, the mem- 

branes of cells that complete metaphase will start dividing into two daughter cells, pulling 

the daughter chromosomes to each of the cells’ poles. During the final step of mitosis, the 

cytokinesis, a cleavage furrow is eventually formed, which completes the process of cell 

separation. This narrow membranous link results in an hourglass-shaped, non-uniform elec- 

tric field, in contrast to non-dividing cells, in which the electric field is uniform. Like men- 

tioned earlier, the electric field is densest in the narrow center during cytokinesis. By focus- 

ing the field, all-electric charges and dipoles are directed to the furrow due to the unidirec- 

tional nature of the electric force (dielectrophoretic force) under these conditions. Finite 

element simulations have shown that polarized molecules and organelles within the cell will 

be affected by forces large enough to move toward the furrow to disrupt the internal cell 

structure and cause cell destruction seen under TTFields therapy [35, 36]. 

2. Another, simpler explanation for the mode of action of TTFields is occurring during the 

prophase of mitosis, TTFields interfere with mitotic cells, resulting in plasma membrane 

contraction, instability, and blistering. TTFields inhibit spindle tubulin formation during the 

middle cell cycle, affecting spindle cell formation and prolonging tumor cell division. Dur- 

ing anaphase and telophase, TTFields disrupt cell structure, inhibit the location of spindle 

midline and hydrodynamic groove, and alter physiological function [49]. Taken together, 

one mode of action of TTFields will be the disturbance of the electrical dipole moment of 

microtubules, leading to abnormal mitosis and spindle formation [36] [42]. 

Several studies have shown that autophagy is involved in cancer cell death following 

TTfields treatment in lung cancer and glioma cell lines [50, 51]. It is thought that TTFields 
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inhibit early tumor growth through autophagy [52] and also cause daughter cells to form 

aneuploidy[53]. This is associated with the induction and regulation of autophagy and ly- 

sosomal gene expression[50]. Kim et al. reported that autophagy was activated via the Mir- 

29B-AKT2-mTOR axis after GBM treatment at TTFields. RNAi inhibition of Beclin1 and 

Atg5 significantly restored the number of TTFields-induced cell death, suggesting that au- 

tophagy is a key cell death pathway triggered by TTFields. However, different findings 

have been reported. Increased levels of autophagy flux in TTFields treated cells were not 

associated with decreased mTOR activity in U87MG cell lines, as detected by western blot- 

ting analysis of p70S6K phosphorylation. Thus, inhibition of autophagy sensitizes tumor 

cells to TTFields therapy, leading to increased apoptotic cell death[54]. 

3. Delayed DNA repair and enhanced DNA replication stress 

 
After exposure TTFields to four different cancer cell lines, ingenuity pathway analyses re- 

vealed a significant down-regulation of BRCA1, a well-known tumor suppressor involved 

in DNA double-break repair and maintaining genomic stability through cell cycle check- 

points, and was confirmed by immunoblotting[55]. Furthermore, BRCA1 and BRCA2 also 

are known to mediate homologous recombination and non-homologous end joining up on 

double-strand break[56]. In TTFields exposed cells, DNA DSB repair foci were increased 

and chromosomal aberrations appeared. TTFields not only slow down DNA damage repair 

dynamics but also induce replication stress since a decrease in replication fork speed was 

observed after TTFields treatment [52]. This shows that TTFields cause cell death by inter- 

fering with the DNA repair machinery. A key role of TTFields in DNA damage responses 

was first reported by Karanam et al and subsequent studies in different experimental Set- 

tings have reached similar conclusions[57]. Giladi et al. also demonstrated that TTFields 

may synergically enhance the effect of radiotherapy on glioma cells and reduce colony for- 

mation by blocking homologous recombination repair [54]. 

4. Impact on cell migration and metastasis 

 
Tumor cell migration and metastasis are considered one of the most crucial cancer hall- 

marks and remain one of the major obstacles to obtaining therapeutic success[58]. It is gen- 

erally believed that GBM cannot be resected by surgery because of infiltrative characteris- 

tics[59]. The inevitable recurrence of GBM may be attributed to a small number of residual 
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tumor cells that invade the normal brain tissue, thus surviving from multi-modality thera- 

pies[34].TTFields exposure, resulting in interference with the directionality and robustness 

of cancer cell migration[60]. It is shown that TTFields reduce known drivers of cell migra- 

tion such as MMP2 and MMP9 activities via downregulation of p38, ERK, JNK, and AKT 

phosphorylation, thus inhibiting the MAPK and PI3K/AKT pathway. Downstream involve- 

ment of NF-kB/p65 was also proposed in the study [61]. 

5. Induction of immune response 

 
The microenvironment of GBM exhibits immunosuppressive conditions [62]. TTFields 

have been observed to trigger antitumoral immunity in various investigations. Immune and 

inflammatory response pathways were dramatically affected after 48 hours of TTFields 

treatment compared to the control group, according to microarray gene expression data [60]. 

This is of great interest for anti-PD-L1 treatment therapy since the programmed death-1/pro- 

grammed death ligand 1 (PD-1/PD-L1) pathway have improved clinical outcomes in pa- 

tients with cancer. The PD-1/PD-L1 pathway plays an important role in suppressing the 

function of T cells in eradicating tumor cells[63]. The combination of TTFields and anti- 

PD1 therapy leads to significantly decreased tumor volume compared with the monotherapy 

by each drug in an orthotopic LLC lung cancer mouse model[64]. It was shown that the 

combination of TTFields with anti-PD-1 therapy might enhance PD-L1 expression in infil- 

trating dendritic cells and macrophages to further enhance anti-tumor immunity. 

6. Reversible increase of cell membrane and blood-brain barrier permeability 

 
Scanning electron microscopy (SEM) studies showed that after TTFields treatment an in- 

crease in the number and size of holes in the GBM cell membrane as well as altered mor- 

phology[65]. GBM cells exposed to TTFields, therefore, are more permeable to substances 

ranging from 4kDA to 20 kDa. Interestingly, this phenomenon does not occur in normal 

human fibroblast cells, and the holes are gradually recovered after TTFields withdrawal. 

Therefore, this TTFields -induced effect may serve as a tumor-specific, reversible event and 

can be manipulated for treatment purposes[61]. Correspondingly, the BBB integrity, which 

hampers delivery of therapeutics to the brain tumor core can be disrupted by the TTFields 

application [66]. Combined with the increasing cellular membrane permeability effect, this 

phenomenon provides insights into future novel applications utilizing TTFields to deliver 
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drugs generally unable to cross the BBB. Hence, these findings may explain the additive 

and synergistic effects presented above by altered sensitivity to anticancer drugs[67]. 

7. Impairment of tumor aberrant glycolysis 

 
Patel et al. recently discovered that TTFields impaired GBM aberrant glycolytic metabolism 

through downregulated pyruvate kinase M2 (PKM2) expression. Cancer cells take ad- 

vantage to shift the metabolism towards the anabolic phase by reduced pyruvate kinase ac- 

tivity and the resulting accumulation of upstream glycolytic intermediates. PKM2 is found 

in many tissues as well as in primary brain tumors. While grade I to III gliomas have slightly 

increased levels of PKM2 RNA and protein than healthy brain cells, GBM is depicting a 3- 

to 5-fold increase in PKM2 RNA and protein expression compared to even grade III gliomas. 

PKM2 is an important regulator of the Warburg effect and an increased level of dimeric 

PKM2 in cancer cells contributes to anabolic glucose metabolism, which supports rapid cell 

proliferation and ultimately promotes cancer cell proliferation and growth [68]. To identify 

the effect of TTFieldsield on glycolysis Patel et al. used a novel radiotracer, [18F]DASA- 

23, to measure the PKM2 expression and to detect the TTFields-induced effect. A 6-d 

TTFields exposure led to a reduction in uptake of [18F]DASA-23 and indicated that 

TTFields cause the above-mentioned shift in GBM metabolism from glycolysis to oxidative 

phosphorylation [69]. Despite the promising prospect of TTFields in clinical settings, only 

limited knowledge has been gained of its underlying molecular mechanism[70]. 

Based on that, the current knowledge of this therapy form on a plethora of cellular processes 

proves the fundamental impact and potential of TTFields. However, the full action of TTFields, 

particularly on influencing the differentiation features of malignant, poorly differentiated can- 

cers, and particularly on tumor stem cells, is only poorly understood. 

 
 

1.2.3 PI3K-AKT pathway 

 
A recent retrospective analysis of the patients who received TTFields therapy demonstrated that 

the genetic background was strongly associated with the efficacy of TTFields therapy. A com- 

mon pattern of alterations including CDKN2A/2B co-deletion, MTAP deletion, and PIK3 mu- 

tations was observed in the patients who recurred within 12 months and did not occur in those 

who recurred after 12 months [71]. PI3K/AKT/mTOR signaling pathway is one of the classic 



13  

 
 

pathways regulating the cell cycle and plays an important role in regulating cell division, dif- 

ferentiation, survival, and tumor genesis. More and more studies have found that the 

PI3K/AKT/mTOR signaling pathway also plays various important roles in the central nervous 

system, and its abnormality is closely related to many diseases of the central nervous system 

[72, 73]. 

The PI3K/AKT/mTOR signal transduction pathway is mainly composed of three parts. First, 

the phosphatidylinositol 3⁃kinase (PI3K) acts as the leading startup system. PI3K is an intra- 

cellular phosphatidylinositol kinase. Growth factors and neurotrophic factors can activate PI3K 

by binding to their extracellular domains. [74]. RTKs, as well as other receptors, undergo au- 

tophosphorylation upon binding to these growth factor signals, and PI3K is recruited to the 

receptor phosphorylation site, catalyzing phosphatidylinositol-4,5-bisphosphate (PIP2) synthe- 

sis. PIP2 then generates phosphatidylinositol-3,4,5-trisphosphate (PIP3), which acts as a second 

messenger to further activate downstream AKT signaling molecules and initiate the PI3K/AKT 

pathway [73]. 

The second part and the core regulatory node are the AKT/mTOR pathways. Protein kinase B, 

also known as AKT, is an intracellular Ser/Thr protein kinase. By activating PI3K, PIP3 is 

produced on the plasma membrane, which binds to intracellular AKT and activates it by phos- 

phorylation from the cytoplasm to the membrane. Once activated AKT can phosphorylate a 

series of substrates in the cytoplasm and the nucleus, among which one of the most important 

substrates is the mammalian target of rapamycin, mTOR [75]. AKT activates mTOR by directly 

or indirectly phosphorylating mTOR [73]. After activation of mTOR, the mammalian target of 

Rapamycin Complex 1 (TORC1) is formed, which is the downstream core component of 

PI3K/AKT [75]. 

mTOR regulates a variety of proteins that play an important role in the translation process, such 

as eukaryotic translation initiation factor 4E binding proteins (eIF4EBP) and the p70S6 kinase, 

as well as it will activate various protein synthesis [76]. Part three of this complex pathway is 

the negative regulation mechanism dominated by the phosphatase and tensin homolog (PTEN). 

PTEN is a natural inhibitor of the PI3K/AKT/mTOR pathway. It can dephosphorylate PIP3 into 

PIP2, thus inhibiting the initiation of the PI3K/AKT pathway on the membrane [77]. A decrease 



14  

 
 

in PTEN activity increases the activation of this pathway, which results in increased cell sur- 

vival and proliferation [74], and, therefore, PTEN is one of the most important negative regu- 

latory mechanisms of this pathway. [78] 

Activation of the PI3K/AKT/mTOR pathway can activate as well as inhibit phosphorylation of 

various intracellular proteins and regulate neuronal cell survival/apoptosis, autophagy, neuro- 

genesis, neuronal cell proliferation, and synaptic plasticity[79], depending on the given circum- 

stances. For example, PI3K/AKT/mTOR is the main node of autophagy regulation, upon acti- 

vation, it will inhibit autophagy[80]. 

Activated mTORC1 catalyzes the phosphorylation of a series of autophagy initiation proteins 

(e.g. ULK1 complex), thereby inhibiting signaling molecules for autophagy activation. In ad- 

dition, mTORC1 can also inhibit transcription factors involved in the synthesis of autophagy- 

related proteins and reduce the occurrence of autophagy[81]. Therefore, when the 

PI3K/AKT/mTOR pathway is not inhibited, the peri-cellular phase of neural progenitor cells 

accelerates and rapidly enters the division phase, thus accelerating the proliferation and differ- 

entiation of neuronal cells and playing an important regulatory role in neurogenesis and neural 

cell proliferation and differentiation[82]. 

The PI3K/AKT/mTOR signaling pathway is the classic signaling pathway for various central 

nervous system tumors, and both mTOR1 and mTOR2 pathways are abnormally activated in 

glioma patients[83]. Glioblastoma is usually accompanied by PTEN variation, mTOR over- 

activation, and overexpression of EGF (one of the activating molecules of PI3K)[84]. 

PI3K/AKT/mTOR signaling pathway inhibitors are one of the leading directions of anti-tumor 

drug development. PI3K/AKT/mTOR pathway inhibitors, however, can only limit the growth 

of tumor cells to a certain extent, and their specificity is low. Compared to traditional treatment 

methods like surgery, radiotherapy, and chemotherapy, they can only be used as adjuvant ther- 

apy[85]. There is a great need for cytotoxic and specific inhibitors of the PI3K/AKT/mTOR 

signaling pathway or for methods to inhibit the pathway for the treatment of a variety of nervous 

system tumors and even other cancers. 
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1.2.4 AKR1C3 

 
The aldo-keto reductases (AKRs) comprise a functionally diverse family of NAD(P)(H)- 

dependent oxidoreductases [86]. It becomes increasingly clear that the AKR1C family is 

intimately linked with cancer biology. In humans, four AKR1C isoforms have been charac- 

terized, which include AKR1C1, AKR1C2, AKR1C3, and AKR1C4[87]. Studies suggest that 

deregulated expression of AKR1C3 occurs in multiple types of cancers and contributes to the 

development of human cancer and drug resistance[87]. 

AKR1C3, also known as 17b-hydroxysteroid dehydrogenase type 5, is capable to produce tes- 

tosterone and 17b-estradiol by reducing the androgen precursors and estrone, respectively [38]. 

This will lead to the activation of the nucleus androgen- and estrogen-receptor [39]. In prostate 

cancer cells, some studies have shown a negative interaction and selective dominance between 

PTEN and androgen receptors [40]. In glioma cells, hypoxia leads to upregulation of AKR1C3 

[88], and AKR1C3 was found to be associated with chemoresistance by inactivation of doxo- 

rubicin and oracin[43] [89]. AKR1C3 was also found to play a pivotal role in prostate cancer 

resistance to enzalutamide[44, 90]. AKR1C3 was upregulated to varying degrees in different 

cancer types according to resistance analysis. It may be important for the development of future 

clinical medications to conduct a comprehensive evaluation of AKR1C3 and related path- 

ways[91, 92]. 

However, the above-mentioned mechanism of resistance mediated by AKR1C3 is not clear, 

and there are very few articles on the role of AKR1C3 and PI3K/AKT/mTOR pathway in glio- 

blastoma. One of the main research objectives of this project is to investigate the role of 

AKR1C3 and PI3K/AKT/mTOR in glioblastoma. 

 

 
1.3 Trihexyphenidyl 

 

1.3.1 Overview 
 

Anticholinergic drugs are the first drugs used to treat Parkinson's disease (PD)[93]. The molec- 

ular basis of the therapeutic effect in PD is not completely understood. Anticholinergics appear 

to improve symptoms by modulating the central anticholinergic action in the neostriatum and 

ameliorating the state of cholinergic hypersensitivity that occurs as a consequence of dopamine 
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depletion [94]. With the introduction of newer drugs for the treatment of PD, anticholinergic 

drugs remain among the most commonly used medications worldwide [92, 95]. These drugs 

are often used in combination therapy with levodopa (LD) rather than used as monotherapy[95]. 

The anticholinergic agent trihexyphenidyl (also known as benzhexol) is described to be able to 

block the central cholinergic receptors on receiver cells, helping to balance cholinergic trans- 

mission in the basal ganglia. It also may block dopamine reuptake and storage in central sites 

thus increasing dopaminergic activity[94]. There is also literature suggesting that THP is also 

used in psychiatric comorbidities, schizophrenia emerged as the most recorded, followed by 

depression, substance use disorder, schizoaffective disorder, delusional disorder/psychotic dis- 

order, antisocial personality disorder and/or conduct disorder, borderline personality disorder, 

adjustment disorder, and obsessive-compulsive disorder[96]. 

The onset of action of this medication occurs within an hour of oral administration. It has a 

peak effect 2 to 3 hours after administration, and the duration of action can last from 6 to 12 

hours[97]. 

 
 

 

Figure 3: Trihexyphenidyl 
 
 

The main mechanism of action of trihexyphenidyl may be that the pathophysiology of dystonia 

is associated with dysfunction of the basal ganglia. The pathway between the basal ganglia and 

the cortex is influenced by neurotransmitters that act on various receptors in the feedback loop 

and produce positive or negative effects. 
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By treating dystonia and its associated impairments, clinicians hope to improve activity and 

decrease associated pain and discomfort[97]. In addition, THP can significantly reduce the ex- 

citatory toxicity of glutamate to nerve cells, reducing the content of NO and malondialdehyde, 

and increasing the content of superoxide dismutase [98]. It can promote the recovery of brain 

electrical activity, relieve cerebral edema caused by middle cerebral artery occlusion (MCAO), 

reduce the accumulation of calcium in brain tissue, and has a protective effect on ischemic 

reperfusion brain injury. In addition, Peroxidate-induced oxidative stress damage of PC12 cells 

can be alleviated[99]. 

Previous reports by our laboratory in vitro research have shown that THP has therapeutic po- 

tential for glioblastoma tumors, suggesting that neurotransmitter targeting compounds can be 

used to treat brain tumors[100]. This would be well in line with merging evidence [101], that 

tumor cells can form synapsis with neurons of the surrounding microenvironment and thereby 

enhance neurotransmitter release, that itself in paracrine fashion support tumorigenesis[102]. 

The field is one of the most attractive and innovative areas of current cancer research, and global 

science opinion makers have recently designated the specific term Cancer Neuroscience to de- 

scribe activities in research and development in this area[103]. 

We consider the results of this work associated with this exciting new field of research, with a 

translational-oriented focus on repurposing clinical treatment. Interestingly, THP is a Parkin- 

son’s disease-approved treatment with a Mach/ACh modulating mode of action. These molec- 

ular signaling cascades have been described as glioblastoma disease modulators in recent liter- 

ature [104]. Our work described here aimed to further validate the therapeutic potential of THP 

in the context of brain cancer, interrogating confirmatory assays of our previous work with 

multiple cell models of different molecular tumor subtypes, as well as in vivo validation of a 

xenograft rodent model. 

 
 

1.3.2 Cystathionine β-synthase (CBS) 
 

The cystathionine β-synthase (CBS) is a metabolic enzyme that catalyzes the reaction of homo- 

cysteine with either cysteine or serine to form cystathionine and either hydrogen sulfide or wa- 

ter, respectively[105]. CBS is the first rate-limiting enzyme in the trans-sulfuration pathway 

and by utilizing homocysteine (Hcy) produces H2S and the cysteine precursor cystathi- 

onine[106]. 
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Besides cellular uptake of cysteine, cysteine synthesis is the rate-limiting step for glutathione 

(GSH) production, the ubiquitous antioxidant[107]. In the brain, CBS is expressed by glia and 

astrocytes[108], which are the cells from which gliomas arise. Neural stem cells also express 

CBS and the addition of the substrate L-cysteine to culture media stimulated the in vitro differ- 

entiation of neural stem cells to neurons and astroglia, whereas knockdown of CBS expression 

by small interfering RNA suppressed L-cysteine-induced stem cell differentiation[109]. CBS 

may function to either promote or suppress tumor growth, depending on the cancer cell 

type[110]. 

The pathway catalyzed by the tandem CAT/MPST enzyme can play a role in the production of 

hydrogen sulfide from cysteine, particularly in the glioblastoma cell line U87MG and the neu- 

roblastoma cell line SHSY5Y, and the pathway from methionine to cysteine via the CBS and 

CTH reactions appears to play a more important role in neuroblastoma cells compared to astro- 

cytoma cells. In contrast, there is a higher activity and expression of enzymes involved in the 

generation of H2S from cysteine in neuroblastoma cells, which provides an opportunity for a 

more rapid response to H2S production [111]. 

Furthermore, in colorectal cancer increased CBS expression in tumors was observed, which 

was mediated by short hairpin RNA (shRNA). Silencing of the CBS expression in colon cancer 

cell lines results in decreased proliferation, migration, and invasion that was attributable to de- 

creased hydrogen sulfide production[112]. In contrast, CBS gene expression is silenced by pro- 

moter hypermethylation in gastric cancer[113]. 

Sanjib Bhattacharyya et.al reports an important role of CBS in promoting ovarian tumor growth 

and maintaining the drug-resistant phenotype by controlling cellular redox behavior and regu- 

lating mitochondrial bioenergetics[107]. Taken together sever studies have shown that overex- 

pression of CBS can inhibit proliferation and migration in various types of cancer cells in 

vitro[114]. Interestingly, CD44, a transmembrane glycoprotein and an important biomarker of 

CSCs, that is essential to many tumor cell activities, including proliferation and metastasis is 

inhibited by CBS overexpression[115]. Probably via attenuating the activation and nuclear 

translocation of the transcription factor SP-1[114]. Molecular analysis showed that CBS knock- 

down was associated with increased HIF2α protein expression and HIF2α-dependent expres- 

sion of ANGPTL4 and VEGF. These have been shown to protect against anoikis from other 

cancer cell lines [116, 117]. 



19  

 
 

2 Material and Methods 
 

2.1 Cell Culture 
 

2.1.1 Material 
 

Cell lines Origin Organism Growth 

Properties 

 
GBM1 

A. Vescovi, San Raffaele Hospital, Mi- 

lano, Italy 

 
Human Suspension 

 
NCH644 

C. Herold-Mende, Heidelberg Univer- 

sity, Heidelberg, Germany 

 
Human Suspension 

 
SF188 

E. Raabe, Johns Hopkins, Baltimore, 

MA, USA 

 
Human Suspension 

 
BTSC233 

M.S. Carro, Freiburg University, Frei- 

burg im Breisgau, Germany 

 
Human Suspension 

 
JHH520 

G. Riggins, Johns Hopkins, Baltimore, 

MD, USA 

 
Human Suspension 

U87 ATCC No.: CVCL_0022 Human Adherent 
 

 
HUVE 

Promocell company 

Order No.: C-22010 

 
Human Adherent 

 

 

Table 1: Cell lines 
 

 

GBM1/NCH644/SF188/BTSC233/JHH520 
 

Amount Name Manufacturer 

340 mL DMEM,(+) 4.5g/L D-glucose, (-)Pyruvate Thermo Fisher, 41965-039 

150 mL F-12 supplement Thermo Fisher, 21765-029 

10 mL B27 Supplement Thermo Fisher, 17504001 
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500µL Human EGF Peprotech, AF-100- 

 

 

500µL 

 

 

FGF 

15-1mg 
 

Peprotech, 100-18B-1mg 

500µL Heparin Sigma, H0878-100KU 

5 mL Penicillin-Streptomycin Sigma, P4333-100 mL 

U87   

Amount Name Order No. 

500 mL DMEM,(+) 4.5g/L D-glucose, (+)Pyruvate Thermo Fisher,41965-039 

50 mL Fetal Bovine Serum (FBS) Merck, S 0615 

5 mL Penicillin-Streptomycin solution Gibco, 15140122 

HUVE   

Amount Name Order No. 

500 mL Endothelial Cell Growth Medium C-22010 

12.2 mL Supplemen tMix C-39215 
 
 

Table 2:Medium 
 
 

2.1.2 Methods 
 

All cell lines were incubated under standard conditions (SCs, humidified 37℃, 5% carbon di- 

oxide (CO2)). Cells were regularly tested for mycoplasma accumulation and authenticity using 

the short tandem repeat assay, as previously described [37]. All cell lines were passaged every 

other day. 
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2.2 Passaging cells 

2.2.1 Passaging cells (GBM1/NCH644/SF188/BTSC233/JHH520) 

Material 

Amount Name Manufacturer 
 

1 pcs Cell culture in culture flask 
 

 
Medium 

Gibco, Ther- 

moFisher 

 
1 btl PBS-d 

Gibco, Ther- 

moFisher 

Water bath (37°C) 

Sterile pipettes 

1 pcs 15 mL Falcon Tube or 50 mL Falcon tube 
 

1 or more New culture flask for suspension cells Greiner Bio-One 

1 pcs Inverted Phase-contrast microscope 

Vacuum pump with Pasteur pipettes 
 

Methods 
 

Step Description 
 

1 Let clean bench run for 15 min. 
 

2 Get cell culture in culture flask out of the incubator. 
 

3 Transfer cell culture to a Falcon tube. 
 

4 Centrifuge the cell suspension for 5 min at 500 x g. 
 

Remove supernatant with a pipette or vacuum pump with Pasteur pi- 
5 

pettes. 
 

6 Resuspend cell pellet in a fresh medium. 
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Split medium into 2 or more culture flasks, top flasks off with an addi- 
7 

tional medium 
 
 

Table 3:Passaging cells (GBM1/NCH644/SF188/BTSC233/JHH520) 
 

2.2.2 Passaging cells(U87/HUVE) 

Material 

 

Amount Name Manufacturer 
 

1 pcs Cell culture in culture flask 
 

 
Medium 

Gibco, Ther- 

moFisher 

 

1 btl PBS-d 
 

Water bath (37°C) 

Sterile pipettes 

Inverted Phase-contrast microscope 

Vacuum pump with Pasteur pipettes 

TrypLE 

Gibco, Ther- 

moFisher 

 
 
 
 
 
 
 

 
Gibco, Ther- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

1 pcs 

 

15 mL Falcon Tube or 50 mL Falcon tube 

moFisher 

1 or more 
 

1 pcs 

New culture flask for suspension cells 
 

15 mL Falcon Tube or 50 mL Falcon tube 

Greiner Bio-One 

 
Centrifuge for falcon tubes (500 G) 

 

 
Cell counter (Neubauer chamber+ trypan blue) 

 

Methods   

Step Description  

1 Prewarm PBS-d and Medium to 37°C, warm TrypLE at RT 
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2 Let clean bench run for 15 min. 
 

3 When passaging: 
 

Put ~8 mL medium in T25 flask, ~21 mL medium in new culture 

flask(s), Then put flasks in the Incubator (37°C, 5% CO 2). 

4 Get cell culture in culture flask out of the incubator 
 

5 Remove medium with a sterile pipette or vacuum pump with Pasteur 

pipettes 

6 Put 2 mL PBS-d in a T25 flask 
 

7 Remove PBS-d with a sterile pipette or vacuum pump with Pasteur pi- 

pettes 

8 Add 2 mL TrypLE to the cells in a T25 flask, incubate for up to 3 min 

at 37°C, 5% CO2 Wait until ~50% of the cells are detached (check with 

Phase-contrast microscope) 

9 Add the double volume of medium to stop the TrypLE reaction. Flush 

flask with medium repeatedly to detach the cells from the surface 

10 Transfer the whole volume of cell suspension into a falcon tube ac- 

cording to volume 

11 Centrifuge the cell suspension for 5 min at 500 x g 
 

12 Remove supernatant with a pipette or vacuum pump with Pasteur pi- 

pettes. 

13 Resuspend the cells in fresh medium 
 

14 Transfer desired amount of cells to the new culture flask with fresh 

medium 

15 Incubate at 37°C, 5% CO 2 

 
 

Table 4:Passaging cells(U87/HUVE) 
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2.3 TTFields treatment using the inovitro™ system 
 

To test the effect of TTFields on the different cell types, the inovitro™ preclinical laboratory 

research system (Novocure, Saint Helier, Jersey) was applied. 40,000 cells in 2 mL of complete 

media were plated into each of the special inovitro™ dishes as well as into standard 35 mm cell 

culture dishes, our considered lab ware control condition. In total 15 dishes per experimental 

group and the control group were prepared. The experimental group's dishes were exposed to 

TTFields (1.7 V/cm RMS) via the inovitro™ system by using perpendicular pairs of transducers 

insulated by a high dielectric constant ceramic. TTFields were applied at a frequency of 200 

kHz, the optimal frequency established clinically for glioblastoma patients at a final tempera- 

ture of 37°C , in a humidified incubator with 5% CO2. The control group dishes are directly 

placed into a humidified incubator with 5% CO2 at 37°C . Three dishes from the control group 

and the experimental group were removed at 0h/24h/48h/72h/96h. 100 µL of the cells were 

taken from each of the 6 samples and counted using Trypan blue staining and an inverted phase- 

contrast microscope. MTT Assay is performed on the remaining dishes as described in table 6. 

Three biological replicates were performed for each cell line. 

 

 
2.4 Cell Growth (Trypan blue staining and MTT Assay) 

 

2.4.1 Trypan blue staining 

Material 

 

Amount Name 
 

1 pcs Resuspended cells of cell culture (see CC-001) 

300 µL Trypan blue 

1 pcs Pipette filter tips (20 µL and 1000 µL) 

1 pcs Neubauer chamber with cover glass 

1 pcs Phase contrast microscope 

Methods 
 

Step Description 
 

1 After resuspending the cell pellet for splitting, take 100 µL cell suspen- 
sion and transfer it to a 1,5 mL reaction tube 
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2 Add 300 µL trypan blue using a filter tip, to avoid contaminating the 
pipette with trypan blue. 

Mix the suspension by pipetting up and down a few times 

3 Breathe onto the cover glass, to moisture the surface 
 

4 Lay cover glass onto the Neubauer chamber. Move it around a bit, until 
you see newton rings forming (looks like the pattern on oil film) 

5 Pipette 15 µL of trypan blue cell suspension underneath the cover glass 
by holding the pipette on the edge of the cover glass at a low angle 

6 Use 100 x magnification of the phase-contrast microscope to count liv- 
ing (white) and dead (blue) cells in the four corner squares of the mi- 
croscope 

7 Calculate the concentration of living and dead cells: 

Cells per mL = counted cells *104
 

The chamber factor of 104 is only applicable, when a 
Neubauer/Neubauer improved chamber and the described volumes of 
cell suspension and trypan blue are used. 

8 Calculate Vitality: 𝑣𝑖𝑡𝑎𝑙𝑖𝑡𝑦 = 
𝑙𝑖𝑣𝑖𝑛𝑔𝑐𝑒𝑙𝑙𝑠 ∗ 100% 𝑙𝑖𝑣𝑖𝑛𝑔 𝑐𝑒𝑙𝑙𝑠 + 𝑑𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠 

 

 

9 Dispose trypan blue in special trypan blue waste (hazardous waste) 
 
 

Table 5:Trypan blue staining 
 

 

2.4.2 MTT Lysis Buffer 
 

Material  

Amount Name Manufac- 

turer 

45 mL 99% Isopropanol VWR,20839. 

297 

5 mL Triton X-100 Sigma, X100 

330 µL 25% HCl Roth, 6331.1 
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1 pcs 50 mL Falcon tube 
 

Methods 
 

Step Description 
 

1 Mix all ingredients in a 50 mL Falcon tube, and add HCl as last 
 
 

Table 6:MTT Lysis Buffer 
 
 

2.4.3 MTT Assay 

Material 

 

Amount Name 
 

1 pcs Cell culture in flask / plate 
 

10 µL MTT reagent aliquot 

PBS 

100 µL MTT lysis buffer 
 

1 pcs Paradigm or Saphire plate reader 
 

1 pcs 96-well cell culture plate 
 

Methods 
 

Step Description 
 

1 Thaw MTT reagent in Waterbath 
 

Plate 100 µL Cell culture per well (treated / untreated / control / blank) 

2 in triplicates. Mix cells before plating, because cells will quickly sink 

to the bottom, resulting in inconsistent plating amounts. 

Add 10 µL MTT per Well and incubate the plate at RT in the dark 
3 

between 2 h, formazan crystals are visible under the microscope 
 

Add 100 µL MTT lysis buffer per well and mix the plate at 350 rpm, 
4 

RT for 20 min 
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5 Read the absorbance at 570 nm and background absorbance at 650 nm 
 

For analysis subtract the background absorbance from the absorbance 
6 

values, then subtract the averaged blank values from all measurements 
 
 

Table 7:MTT Assay 
 

 

2.5 CellTiter-Glo (CTG) 
 

To detect the cell survival and cell growth for the THP project the luminescence-based CTG 

assay was applied as indicated in table 8. 
 

Material  

Amount Name Manufacturer 

100 mL 
 

1 vial 

CellTiter-Glo® Buffer 
 
CellTiter-Glo®Substrate (lyophilized) 

THP 

Methanol 
 
96-well black plate 

 
 
 

Sigma Aldrich,MO,USA 
 
 

NuncA/S, Roskilde, Denmark 

Methods   

Step Description  

 

1 × 100 mL Celltiter -Glo ® Buffer and 1 vial Celltiter-Glo ® Substrate (Ly- 
1 

ophilized) are fully mixed to prepare Celltiter-Glo ® solution. 
 

2 Celltiter-Glo ® reagent: 1:1, V: V dilution of CTG solution with PBS 
 

THP was resuspended to a final concentration of 50 mM in methanol, MeOH, 
3 

It is then diluted to the desired concentration as needed; It is then stored at +4°C . 
 

Each cell line was dissociated with TrypLE, washed once with PBS, adjusted 

4 to 2000 cells in 100 µL complete media per well, and pipetted in technical trip- 

licates on black 96-well plates, resulting in concentrations of10, 20, 30, 40, and 
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50 µM of THP and a MeOH control. All assays were performed in biological 

triplicates. 

Cells were then incubated with the drugs for 0,2,4,6day, in standard culture 
5 

conditions (humidified 37°C , 5% CO2). 
 

Cell line trays are removed at 0,2,4, and 6 days respectively. CTG Reagent 50ul 
6 

for each well. 
 

7 Shake in the Dark,300 RPM - 3 min 
 

8 Leave for 10 min in the dark 
 

9 CTG assay was performed as described. 
 

10 All assays were performed in a biological bat. 
 
 

Table 8:CellTiter-Glo(CTG) 

 

 
2.6 qPCR with BioRad thermo cycler 

 

2.6.1 RNA extraction with Trizol Reagent 
 

Material  

Amount Name Manufacturer 

 TRI Reagent Sigma, T9424 
 

Chloroform (pure, without isoamyl al- 

cohol traces) 

 
Roth, 3313.1 

Isopropanol, 100% VWR, 20839.297 
 

 

Ethanol, 70% 

Pharmacy University Medi- 

cal Center Düsseldorf 

(UKD) 

PBS ThermoFisher,14190094 
 

Methods 
 

Step Description 
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1 Centrifuge 5-10*106 cells in a falcon tube, remove supernatant 
 

Add 1 mL TRI Reagent to the cell pellet, pipette up and down repeat- 
2 

edly to lyse cells, transfer to reaction tube or falcon tube 
 

Let samples rest at RT for 5 min, ad 200 µL Chloroform to each sam- 
3 

ple, and cover it tightly 
 

4 Shake sample vigorously for 15 sec and let it rest RT again for 10 min 
 

5 Centrifuge at 12,000 RCF and 4°C for 15 min 
 

6 Each sample should now be separated into three phases 
 

Transfer the aqueous (upper, colorless) phase into a fresh 1.5 mL re- 
7 

action tube 
 

Add 0.5 mL Isopropanol per 1 mL of TRI Reagent originally used and 
8 

mix 
 

9 Incubate at RT 10 minutes 
 

10 Centrifuge at 12,000 RCF at 4°C for 10 minutes to pelletize RNA 
 

Remove the supernatant and add 1 mL 70% Ethanol per mL TRI Rea- 

11 gent added originally to wash pellet. Vortex Sample and centrifuge 

7,500 RCF and 4°C for 5 min 

12 Remove supernatant and air dry pellet for 5-10 min 
 

When the pellet is dry (no ethanol residues), add 25 µL of RNase-free 

13 water, to resuspend the pellet. Pipette up and down to homogenize the 

suspension 

14 Quantize Sample with NanoDrop 
 
 

Table 9:RNA extraction with Trizol Reagent 

 

 

All samples were diluted to 100 ng/ul and sent to the in-house facility（BMFZ, Biologisch- 

Medizinisches Forschungszentrum） for RNA sequencing. 
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2.6.2 cDNA synthesis 
 

Material  

Amount Name Manufacturer 

 RNA extract  

1 µL Random Hexamer Primers Thermo Scientific, SO142 

5 µL 5x cDNA buffer Promega, M531A 

2.5 µL dNTP mix aliquot Thermo Scientific, R0182 

1 µL RNase inhibitor Thermo Scientific, EO0384 

1 µL M-MLV Reverse Transcriptase Promega, 9PIM170 

Min 175 µL Nuclease free water  

1 pcs BioRad CFX Connect Real-Time System 
qPCR cycler 

 

Methods   

Step Description  

 

1 Dilute RNA extract to 80 ng/µL in a total volume of 14 µL in a 0.2 mL 
PCR Tube 

2 Add 1 µL random hexamer primers 
 

3 Heat to 70°C for 5 min in the qPCR cycler 
 

4 In the meantime prepare the RT-master Mix: 

5x buffer: 5 µL 

dNTP mix: 2,5 µL 

RNase inhibitor: 1µL 

Reverse transcriptase: 1 µL 

5 Put in qPCR cycler with the following protocol: 

25°C – 10 min 

42°C – 60 min 

70°C – 10 min 

10°C – hold 

6 Add 175 µL nuclease free water to dilute the cDNA to ~ 10 ng/µL 
 
 

Table 10:cDNA synthesis 
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2.6.3 qPCR with BioRad thermo cycler 
 

 
 

Material 
 

Amount Name Manufacturer 
 

15 µL 2x SYBR Green qPCR Master Mix Absource, B21203 

0,5 µL Primer Sigma-Aldrich 

10 ng cDNA 

Nuclease free water 

1 pcs Hard-Shell PCR Plate BioRad, HSP9601 

1 pcs Microseal 'B' Film BioRad, MSB1001 

1 pcs BioRad CFX Connect Real-Time System 
qPCR cycler 

Methods 
 

Step Description 
 

1 Dilute cDNA with Nuclease free water to 10 ng/µL 
 

2 Prepare qPCR working solution, prepare enough solution for n + 2 samples 
(use duplicates of 

triplicates): 

2x SYBR Green MM 10 µL 

FWD Primer 1 µL 

REV Primer 1 µL 

ROX reference Dye 0 µL* 

Nuclease free water 7 µL 

*ROX reference is not supported by CFX Connect cycler 

3 Pipette 1 µL (= 10 ng) cDNA per sample (use duplicates of triplicates). To 
a Hard-Shell PCR Plate 

4 Add 19 µL of qPCR working solution, mix by pipetting 
 

5 Seal plate with Microseal Film 
 

6 Run a three strep PCR cycle program with an additional melt curve on the 
CFX Connect cycler: 

95°C 5 min 
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95°C 15 sec 

60-67°C 30 sec Repeat 39 times 

72°C 30 sec 

Melt curve 60°C -95°C 

7 Analyze the results with the Bio-Rad CFX Manager software 
 
 

Table 11:qPCR with BioRad thermo cycler 

 
 

The sequence of the primers used for SSCP analysis. The size of the PCR product and the 
annealing temperature of each primer set are indicated. 

 

 
Primers Sequence Size (bp) Temp (°C) 

HEY1 F TCTGAGCTGAGAAGGCTGGT 20 64.3 

HEY1 R CGAAATCCCAAACTCCGATA 20 63.6 

HES F CTCTCTTCCCTCCGGACTCT 20 63.8 

HES R AGGCGCAATCCAATATGAAC 20 63.7 

Gli1 F ACCCGGGGTCTCAAACTG 18 65.1 

Gli1 R GGCTGACAGTATAGGCAGAGC 21 62.9 

SMO F GAGACTCTGTCCTGCGTCATCA 22 66.9 

SMO R AGGCATAGGTGAGGACCACAA 21 65.7 

Lgr5 F CACCTCCTACCTAGACCTCAGT 22 60.2 

Lgr5 R CGCAAGACGTAACTCCTCCAG 21 66.0 

Axin2 F AGCCAAAGCGATCTACAAAAGG 22 65.3 

Axin2 R GGTAGGCATTTTCCTCCATCAC 22 65.5 

CBS F CGGCTTCGACTGGGTGTACT 20 64.8 

CBS R GCAGCCTCCCGATTTGG 17 69.5 

HIF2α F CCGCAGTTGTGCTCCTGAA 19 64.8 

HIF2α R ACCTTGGCGGTCTCGTAGCT 20 
63.9 

HIF1 F CCACAGGACAGTACAGGATC 20 64.7 

HIF1 R TCAAGTCGTGCTGAATAATACC 22 
63.8 

ZEB1 F AAGAATTCAGTGGAGAGAAGCCA 25 64.6 

ZEB1 R CGTTTCTTGAGTTTGGGATT 22  
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63.2 
 

67.4 
 

66.3 
 

63.4 
 

65.1 
 

67.0 
 

64.8 
 
 

Table 12:Primer-Sequences 

 

 
2.7 Guava®Muse®Cell Analyzer 

 

60mL of cell fluid with a concentration of 100,000 cells/mL was prepared for each cell line, 

and 5 mL was added to each T25 flask after mixing. The cells were randomLy divided into two 

groups with six bottles in each group. One group was treated with THP at a final concentration 

of 10 µM. For the analysis, three bottles were randomLy removed from each group at 48h and 

72h, respectively. 

 

 
2.7.1 Ki67 Proliferation Kit 

 

Material  

Amount Name Manufacturer 

100 tests/vial Muse® Hu Ki67-PE Antibody 4700-1667 

100 tests/vial Muse® Hu LgG1-PE Antibody 4700-1669 

50 mL/vial 5×Assay Buffer CS202124 

10 mL/vial Permeabilization Buffer CS202125 

Two 3-mL vials 5×Fixation Solution 4300-0340 

 Guava®Muse®Cell Analyzer Luminex 
 

CBF1 F TGCCTCAGGAACAAAGGTGG 20 

CBF1 R TGCCATGCCAGTAACTGAGC 20 

SNAI1 F GCTGCAGGACTCTAATCCAGA 21 

SNAI1 R ATCTCCGGAGGTGGGATG 18 

TWIST1 F TCCGCGTCCCACTAGCA 17 

TWIST1 R TTCTCTGGAAACAATGACATCTAGGT 26 
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1.5 mL Microcentrifuge tubes with screw caps 16466-030 

1×Phosphate -buffered saline (PBS) 

Micropipettes 

 

Methods 
 

Step Description 
 

The cells were transferred into a 15 mL Olecranon centrifugal 
1 

tube. 
 

2 Centrifuge 1080 rmp 5 min, remove supernatant 
 

3 Add 500ul TrypLE 3 min,then add 500ul medium 
 

4 Cell count, then take 100,000 cells to a 1.5 mL tube 
 

5 Centrifuge 1080 rmp 5min, remove supernatant 
 

6 Add 1 mL PBS, Centrifuge 300G 5min, remove supernatant 
 

Add 50uL of 1×Fixation solution (200uL 5×Fixation Solution 

7 buffer +800uL PBS)to each tube.Mix and incubate for 

15minutes at room temperature. 

Add 150 uL of 1×Assay buffer (200uL 5×Assay Buffer + 4 mL 
8 

H2O, Centrifuge 300 x g 5min, remove supernatant 
 

Add 100uL of Permeabilization Solution to each tube. Mix and 
9 

incubate for 15 minutes at room temperature. 
 

Add 100uL of 1×Assay Buffer, Centrifuge 300 x g 5min, re- 
10 

move supernatant 
 

Add 50uL of 1×Assay Buffer to each tube. Mix and incubate 
11 

for 15 minutes at room temperature. 
 

Add 10uL of either Muse®Hu lgG1-PE or Muse®Hu Ki67 PE 

12 Antibody to each tube. Mix and incubate for 30 minutes at 

room temperature. 
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Add 150 µL of 1×Assay Buffer to each tube and run on the 
13 

Guava®Muse®Cell Analyzer 
 
 

Table 13:Ki67 Proliferation Kit 
 
 

2.7.2 Cell 

Cycle Kit 

Material 

 

Amount Name 
Manufac- 

turer 
 

 

Guava®Muse®Cell Analyzer Luminex 
 

Micropipettes 

Ethanol 70% 

Muse®Cell Dispersal Reagent 
MCH100 

106 

Vortex Mixer 
 

 
1.5 mL Microcentrifuge tubes with screw caps 

16466- 

030 
 

1× PBS 
 

Methods 
 

Step Description 
 

The cells were transferred into a 15 mL Olecranon centrifugal 
1 

tube. 
 

2 Centrifuge 2 x g 5min, remove supernatant 
 

3 Add 500ul TrypLE 3min, then add 500ul medium 
 

4 Cell count, then take 100,000 cells to a 1.5 mL tube 
 

5 Centrifuge 1080 rmp 5min, remove supernatant 
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6 Add 1 mL PBS, Centrifuge 300G 5min, remove supernatant 
 

7 While mixing cells, slowly add 1 mL ice-cold 70% ethanol. 
 

8 Incubate overnight at -20℃. 
 

9 Add 200 uL of fixed cells to a new tube. 
 

10 Centrifuge 300 x g 5min, remove supernatant 
 

Wash once with 300uL PBS, Centrifuge 300G 5min, remove 
11 

supernatant 
 

Add 200 uL of Muse®Cell Dispersal Reagent to each tube and 

12 incubate for 30 minutes at room temperature in the dark, then 

run on the Guava®Muse®Cell Analyzer 
 

Table 14:Cell Cycle Kit 

 
 

2.7.3 Annexin V & Dead Cell Kit 

Material 

 

Amount Name 
Manufac- 

turer 
 

 

Guava®Muse®Cell Analyzer Luminex 
 

Micropipettes 
 

 
Muse®Cell Dispersal Reagent 

MCH100 

105 

Vortex Mixer 
 

 
1.5 mL Microcentrifuge tubes with screw caps 

16466- 

030 
 

1×Phosphate -buffered saline (PBS) 
 

Methods 
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Step 
Description 

 
 

 

1 The cells were transferred into a 15 mL Olecranon centrifugal tube. 
 

2 Centrifuge 1080 rmp 5min, remove supernatant 
 

3 Add 500ul TrypLE 3min, then add 500ul medium 
 

4 Cell count, then take 1,000,000 cells to a 1.5 mL tube 
 

5 Centrifuge 1080 rmp 5min, remove supernatant 
 

6 Add 1 mL PBS, Centrifuge 300G 5min, remove supernatant 
 

7 Add 100uL of Muse® Annexin V & Dead Cell reagent to each tube. 
 

8 Add 100ul of cells in suspension to each tube. 
 

Incubate for 20 minutes at room temperature in the dark and analyze 
9 

on the Guava®Muse®Cell Analyzer 
 
 

Table 15:Annexin V & Dead Cell Kit 
 

 

2.8 Western Blot 
 

2.8.1 Protein extraction from tumor cells 

Material 

 

Amount Name Manufacturer 
 

Cell pellets in 1.5 mL tubes, or cell cultures on 6 well 
plates 

20 – 50 µL RIPA-buffer 

Proteinase Inhibitor 

2 pcs Precooled 1.5 mL tubes 

1 mL PBS (only when cells have not been washed prior pellet- 
ing) 

 

Methods 
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Step Description 
 

1 When gathering proteins from adherent cells in 6 well plate: 

Remove medium and wash each well with 1 mL ice cold PBS 

Remove PBS afterwards 

2 Prepare a RIPA and proteinase inhibitor (PrI) solution. Dilution is 1: 25. 1 µL 
of PrI and 24 µL RIPA. 

3 Put 20 - 50 µL of RIPA-buffer with PrI in each 1.5 mL tube/well of 6 well 
plate 

4 Pipette up and down, to lyse cells then incubate for 30 - 45 minutes on ice 
and vortex every 10 – 15 min 

5 Transfer the whole suspension into precooled 1.5 mL tubes 
 

6 Centrifuge the suspension at 13000 rpm and 4°C for 10 min to pellet DNA 
 

7 Put supernatant in fresh precooled 1.5 mL tube 
 
 

Table 16:Protein extraction from tumor cells 

 
 

2.8.2 Measure protein concentration with Bio-Rad DC Assay 

Material 

 

Amount Name Manufacturer 
 

1 pcs Bio-Rad DC Assay Bio Rad, 500- 
0116 

1 pcs BSA Protein standard Bio Rad, 500- 
0112 

1 pcs Microtiter plate 

1 pcs Plate reader (750 nm) 

Methods 
 

Step Description 
 

1 Prepare working solution by mixing 20 µL reagent S to 980 µL of reagent A. 
This solution can be 

stored up to 7 days at RT 

2 Prepare 6 dilutions of protein standard from 1.5 mg/mL to 0.25 mg/mL and 
an empty control in 
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the same buffer as the protein extract. 

3 Pipet 2 µL of your lysate in a new 1.5 mL reaction tube and add 18 µL of 
RIPA. 

4 Pipet 5 µL of standard or sample in a well of the microtiter plate 
 

5 Add 25 µL of the working solution 
 

6 Add 200 µL of reagent B. Gently agitate the plate to mix the reagents 
 

7 Incubate 15 – 30 mins at RT in the dark 
 

8 Read absorbance at 750 nm 
 

9 Create a standard curve using linear regression 
 

10 Read values for the samples 
 
 

Table 17:Measure protein concentration with Bio-Rad DC Assay 

 
 

2.8.3 Western blot with precast gels 

Material 

 

Amount Name Manufacturer 
 

10-20 mg Protein extracts 

4x LaemmLi buffer 

1x Western blot running buffer 

1x Western blot transfer buffer 

TBS-T 

~5 mL Ponceau S solution 

2 µg Bio-Rad Dual Color Marker 

4 µL PageRuler Prestained ladder 

Primary + secondary (marked) antibodies 

2.5 g Milk powder or BSA 

1 pcs Hybridization box 

Ice bucket with ice 

1-2 pcs Readymade BAA gel 

1 pcs Electrophoresis chamber with gel holder and power 
supply 
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1 pcs Transfer chamber with cassette and power supply 

2 pcs Sponges 

~4 pcs Filter paper 

1 pcs Transfer membrane (nitro cellulose) 

1 pcs Heat shaker (95°C) 

1 pcs Shaker (RT or 4°C) 

1 pcs Scalpel 
 
 

Methods 
 

Step Description 
 

1 Preheat the heat shaker to 95°C 
 

2 Mix 10-20 µg of protein extracts with ¼ volume of 4x LämmLi buffer in 
a 1.5 mL reaction tube 

3 Heat the mix to 95°C for 5 min, then store on ice 
 

4 Take a readymade BAA gel out of the fridge and unwrap it 
 

5 Put either 2 gels or a gel and a dummy into the gel holder 
 

6 Put the gel holder into the electrophoresis chamber and slowly fill west- 
ern blot running buffer 

between the two gels, avoid bubbles 

7 Check if no buffer is leaking into the electrophoresis chamber, then fill 
the chamber with running 

buffer to the marked line 

8 Remove the comb from the readymade gels and flush every slot with run- 
ning buffer 

9 Fill marker and samples with loading buffer into the slots 
 

10 Start the electrophoresis at 60 V to see if samples run at the same speed 
 

11 Otherwise after 15 minutes of electrophoresis at 60 V, increase to 110 V 
and let run for ~60 min, 

or until the running front reaches the end of the gel 

12 Take the gels out of the chamber and remove the loading slots with a 
scalpel 
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13 Prepare transfer stack: wet sponges, filter paper and membrane in western 
blot transfer buffer 

14 Starting from the black side of the cassette stack sponge, filter, gel, mem- 
brane, filter sponge and 

remove air bubbles and close the cassette 

15 Put the transfer chamber into the ice bucket and fill the bucket with ice 
 

16 Put the sandwich case into the transfer chamber containing transfer buffer 
 

17 Transfer at 250 mA for 2 h 
 

18 Put the transfer buffer back into its bottle. It can be reused for up to 5 
times 

19 Optional: 

Color the membrane with Ponceau solution to visualize the protein bands. 

Afterward, wash the membrane with desalted water until its colorless 
again 

20 Cut the membrane to size and put it into the hybridization box 
 

21 Incubate the membrane with blocking buffer for 1 h 
 

22 Put antibody dilution in 7 mL of blocking buffer. For dilution factor 
check the antibodies protocol 

23 Put the antibody solution on the membrane and incubate on a shaker at 
RT for 1 h or at 4°C 

overnight 

24 Wash the membrane 3 times with TBS-T for 5 min 
 

25 Prepare the secondary antibody solution in 7 mL TBS-T 
 

26 Put the secondary antibody solution of the membrane and incubate it on 
the shaker at RT for 1 h 

27 Wash the membrane 3 times with TBS-T for 5 min 
 

28 Detect the secondary antibody 
 
 

Table 18: Western blot with precast gels 
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2.8.4 OxyBlot™ Protein Oxidation Detection Kit 

Material 

 

Amount Name Manufacturer 
 

OxyBlot™ Protein Oxidation Detection Kit Merck Millipore 

No. S7150 
 
 
 
 
 

M

eth

od

s 

1X 2,4-Dinitrophenylhydrazine (DNPH) Solution 

1X Derivatization-Control Solution 

Neutralization Solution 

12% SDS 

 
 

Step Description 
 

1 The protein concentration was measured and adjusted to 5ng/µL for all sam- 
ples. 

2 Transfer 5 µL of a protein sample (crude or purified) into each of 2 eppen- 
dorf tubes (0.5-1.5 mL). 

 

3 Denature each 5 µL aliquot of protein by adding 5 µL of 12% SDS for a final 
concentration of 6% SDS. 

4 Derivatize the sample by adding 10 µL of 1X DNPH Solution to one of the 
tubes. To the aliquot designated as the negative control, add 10 µL of 1X 
Derivatization-Control Solution instead of the DNPH solution. 

 

5 Incubate both tubes at room temperature for 15 minutes. Do not allow the re- 
action to proceed for more than 30 minutes, as side reactions other than hy- 
drazone linkage may occur. 

6 Add 7.5 µL of Neutralization Solution to both tubes. If reduction of the pro- 
tein sample is desired and a reducing reagent was not present during lysis, 
add 2-mercaptoethanol to the sample mixture to achieve a final concentration 
of 0.74 M solution (1-1.5L; 5%v/v). 

 

7 Both the treated sample and the negative control are ready to load into a poly- 
acrylamide gel. 

 

Table 19:Derivatization of Protein Mixture 



43  

 

 
 

 

Material 
 

Amount Name Manufacturer 
 

Transfer Buffer 

Blocking/Dilution Buffer: 1% BSA/PBS-T 

PBS-T: PBS (Phosphate buffered saline, pH 7.2-7.5) con- 
taining 0.05% Tween-20. 

DNP-lated molecular weight standard protein. 90450 
 
 
 
 
 

 
M

eth

od

s 

First Antibody: dilute first Antibody stock to 1:150 with 
Blocking/ Dilution Buffer 

2°Antibody: dilute 2°Antibody stock (90452) to 1:300 
with Blocking/ Dilution Buffer 

Chemiluminescent reagent 

90451 

 
 

Step Description 
 

1 Upon first use, warm the standard protein mixture to room temperature. 
Transfer the amount necessary for the first experiment into one tube and di- 
vide the remaining mixture among several tubes. Store the aliquots from ex- 
cessive freeze-thaw and heating cycles. Combine 2.5 μL of the molecular 
weight standard with attached DNP residues and 20 μL of 1X Gel Loading 
Buffer before loading onto the gel. 

2 Electroblot proteins to a membrane. 
 

3 Incubate the membrane in Blocking/Dilution Buffer for 1 hour with gentle 
shaking. Use 0.3 mL/cm2 of membrane. 

4 Dilute the 1°Antibody stock 1:150 in Blocking/Dilution Buffer just before 
use. Use enough solution so that the membrane is completely immersed in 
the solution (15 mL for a 10 x 10 cm2 membrane). Incubate the membrane in 
the 1°Antibody solution for ~1 hour at 18°to 25°C with gentle shaking. 

5 Rinse the membrane 2 times with 1X PBS-T. Wash the membrane with 1X 
PBS-T once for 15 minutes, then twice for 5 minutes each at 18°to 25°C. 

6 Dilute the antibody stock 1:300 in Blocking/Dilution Buffer. Incubate the 
membrane in the 2°C Antibody solution (15 mL for a 10 x 10 cm 2 mem- 
brane) for ~1 hour at 18°C to 25°C with gentle shaking. 

7 Wash the membrane as in step 5. 
 

8 Drain the excess buffer from the membrane, place it on a plastic sheet with 
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the protein side up, and cover the membrane. The final reagent volume re- 
quired is 0.125 mL/cm2. Incubate for 1 minute at 18˚ to 25°C. 
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9 Drain off excess reagent by holding the membrane vertically and touching 
the edge against filter paper. As an alternative, the membrane may be dried 
by placing it between sheets of filter paper. Place the membrane inside a plas- 
tic page protector. Remove air pockets. 

10 Place the membrane, protein side up, in a film cassette. Make sure that there 
is no free reagent in the cassette. 

11 In a darkroom, carefully place an autoradiography film on top of the mem- 
brane. 

12 Expose the film for 30 seconds, then develop. When all the procedures are 
correctly performed, the bands of molecular weight standard proteins should 
be readily visible after a 30-second exposure. 

13 Place a second film on top of the membrane. Expose the film for the appro- 
priate amount of time. 

 

Table 20:SDS-PAGE, Western Transfer, and Immunodetection 

 

 
2.9 Animal experiment 

 

All animal experiments were performed in cooperation with Chifeng Municipal Hospital, 

Chifeng, Inner Mongolia, China, which was approved by the animal ethics committee（ ap- 

proval number：CFMH-LAEC-202103-08）. The experimental procedures are listed in table 

21. 

2.9.1 Xenograft model generation from human U87 cells 

Material 

Amount Manufacturer 
 

U-87 MG ATCC No.: CVCL_0022 
 

SPF Balb/C nude mice, 6-8 weeks old, 

20~25g, male, 

Taconic, Cologne, Germany 

Ultra-clean table VS-1300 ， Eppendorf ， 

Germany 
 

Pipette Research Plus Series, Eppen- 

dorf, Germany 
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High speed skull drill ZH-GSZ, Germany 
 
 

Brain stereotactic injection instrument JK023, Germany 

 
Pure Water Meter ELIX3, Millipore, USA 

 

Various models of a centrifugal tube, 

nozzle, and cryogenic storage tube 

Axygen, USA 

 
 

Methods 
 

Step Description 
 
 
 

1 The animal room alternates day and night from 12h to 12h, and the 

animals are kept free to drink and eat at 23-25℃. After one week of 

adaptive feeding, the experiment is carried out. 

2 Inhalation anesthesia is performed with Isoflurane (4% induction, 2- 

2.5% for maintenance). 

3 The hair from the head of the mouse is removed and fixed in the ste- 

reolocator. Wipe the scalp with alcohol. 

4 The anterior fontanelle is marked by a coronal incision of about 1cm 

in the scalp using pointed forceps. 

5 3 µL suspensions containing 1.0× 10 7 tumor cells were prepared in the 

microinjector. 

6 The skull is opened 0.4 mm forward and 2.0 mm to the right from the 

anterior fontanelle to reach the dura mater 

7 The microinjector is vertically passed through the skull defect into the 

white matter at a depth of 3.0 mm, and the tumor cell suspension was 

injected at a rate of 0.2µL/min for 5 minutes. 
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8 After the injection, the needle was held for 5 min at the same place and 

afterward withdrawn slowly for 1mm, followed by 1mm/min. Disin- 

fect the scalp and suture it. 

9 The mice were resuscitated on a 37 ℃-resuscitation pad and then 

placed in the original cage with adequate food and water. 

10 The experiment began on the second day. 
 
 

Table 21:Animal model 
 

2.9.2 In vivo therapeutic trial 
 

A: THP (general dosage group); 
 

B: THP (maximum dose group for extraspinal diseases); 

C: THP (maximum drug dosage group); 

D: TMZ medication group; 
 

E: normal saline (inoculated tumor group); 
 

F: Normal saline (uninoculated tumor group). 
 

 A B C D E F 

1-3 day; 0.05mg/ 0.05mg/ 0.05mg/ 2.0mg/ 1.0ul/ 1.0ul/ 

2 times/day Kg/time Kg/time Kg/time Kg/time Kg/time Kg/time 

4-6 day; 0.1mg/ 0.1mg/ 0.1mg/ 2.0mg/ 1.0ul/ 1.0ul/ 

2 times/day Kg/time Kg/time Kg/time Kg/time Kg/time Kg/time 

7-9 day; 0.1mg/ 0.1mg/ 0.1mg/ 1.33mg/ 1.0ul/ 1.0ul/ 

3 times/day Kg/time Kg/time Kg/time Kg/time Kg/time Kg/time 

10-16 day; 0.1mg/ 0.17mg/ 0.3mg/ 1.33mg/ 1.0ul/ 1.0ul/ 

3 times/day Kg/time Kg/time Kg/time Kg/time Kg/time Kg/time 

17 day Remove the specimen     

 

Table 22:Grouping and administration 
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We firstly consulted the clinical generic dose of THP, the maximum dose for extra vertebral 

systemic diseases, and the maximum dose for Parkinson's disease, according to the clinical 

dosing instructions for THP and the relevant literature[118, 119]. All mice were then grouped 

according to a simple practice guide for dose conversion between animals and humans[120, 

121]. 

On day 17, the mice were anesthetized and sacrificed by cardiac perfusion. The brains were 

collected and stored in 4% paraformaldehyde. After 48 hours, the brains were transferred to 30% 

sucrose solution and frozen at -80℃. 

 

 
2.10 Computational development of prognostic gene expression signature for predicting 

the clinical course of GBM patients 

This work was primarily performed in cooperation with the Department of Molecular and Ex- 

perimental Surgery (MES), Faculty of Medicine, Otto-von-Guericke University Magdeburg, 

Germany. We first obtained expression data with clinical annotated information from publicly 

available, consensus molecular tumor datasets. 

This includes n=237 patients from the Chinese Glioma Genome Atlas (CGGA), 150 GBM- 

related prognostic data from Gene Expression Omnibus (GEO), and another 159 cases from the 

GSE16011 dataset, which was used to validate the GBM prognostic model obtained from 

GSE83300, which includes 50 GBM samples.1936 extracellular matrix (ECM) related genes 

are sourced from 47 ECM gene sets. single-factor Cox regression and lasso regression was used 

to select prognosis-related ECM genes. With the results of multifactorial Cox regression, we 

constructed prognostic models based on regression coefficients and gene expression and calcu- 

lated model scores to obtain ECM indices. We further compared the survival difference between 

patients with high and low ECM index and externally validated the prognostic model. 

The relationship between ECM index and the degree of tumor immune infiltration was also 

calculated, and we also demonstrated the difference in the distribution of ECM index among 

tumor-infiltrating immune cells. To further test the predictive efficacy of the model, five ma- 

chine learning algorithms, namely support vector machine (SVM), random forest (RF), gener- 

alized linear models (GLM), and artificial neural network (ANN), were used to evaluate the 

model in the intended assay. Lastly, to support dissemination and application of our newly 
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identified diagnostic marker by other, non-infmatic experts, a web page developed which can 

be assessed under (https://ospg.shinyapps.io/OSPG/)[122]. 
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3 Results 
 

3.1 TTFields 
 

3.1.1 TTFields inhibit the cell growth of glioblastoma stem cells (GSCs) 
 

We used established GSC models to confirm the effect of TTFields in our models. All cell lines 

were classified accordingly by other institutions and verified by our lab using RNA sequencing 

data and short-tandem-repeat (STR) analysis from ongoing projects[37]. The use of such pa- 

tient-derived chronic cell systems for the described work has been approved by the local ethical 

committee of the medical faculty of Heinrich-Heine-University Düsseldorf. 
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Figure 4:TTFields system implementation and establishment of therapy model (200kHz, three inde- 
pendent repetitions)(Cell Count). The statistical test performed was one-way ANOVA. The signifi- 
cance of the difference between groups was described as * p < 0.05, ** p 
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Cell counting was used to observe the response to TTFields (200 kHz) in each tumor cell line 

at 0, 24, 48, 72, and 96 hours (Figure 4). The results showed that of all four cell lines treated 

with TTFields, two cell lines (JHH520, NCH644) showed a significant difference in cell growth 

at 48 hours, whereas the other two cell lines (GBM1, SF188) showed a significant difference 

in cell growth at 72 hours. The results of these experiments suggest that TTFields have a sig- 

nificant therapeutic effect on the growth of glioblastoma. 

 
MTT was then used to observe the response of TTFields (200 kHz) to the metabolic response 

in each of the tumor cell lines at 0, 24, 48, 72, and 96 hours (Figure 5). This was done in con- 

cordance with a personal consultation with the research lead of the manufacturer of the TTF 

research device, as other studies using this tool have found differences when scoring the effect 

of the treatment depending on the used assay to score cellular viability. The results showed 

similar results as the manual counting. All four cell lines treated with TTFields, JHH520 and 

NCH644 showed a significant difference in cell growth at 48 hours, while GBM1 and SF188 

showed a significant difference in cell growth at 72 hours. Notably, the pediatric glioblastoma 

model SF188, which showed a significant difference in cell count at 72 hours, was the most 

sensitive cell line used. The results of these experiments further reveal that TTFields do have a 

significant therapeutic effect on glioblastoma cell growth and prove its therapeutic activity ex- 

tends to GSC, a cell population notoriously resistant to other (more classical) therapies. 
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Figure 5:TTFields system implementation and establishment of therapy model (200kHz, three inde- 
pendent repetitions) (MTT). The statistical test performed was one-way ANOVA. The significance of 
the difference between groups was described as * p < 0.05, ** p < 0.01. 

 
 

3.1.2 qPCR results after TTFields 48h 
 

Then qPCR was used to examine the response of TTFields (200 kHz) to the different primers 

for each tumor cell line after 48 hours (Figure 6). The results showed that all four cell lines 

treated with TTFields showed varying degrees of up- or down-regulation after 48, especially 

HES and ZEB1 both showed a significant up-regulation trend in all four cell lines, and there 

was a significant difference in JHH520. These experimental results further showed that 

TTFields did have significant effects on many genes of many pathways during the growth of 

glioblastoma cells, especially the Notch pathway, and some genes of the EMT signaling path- 

way were significantly up-regulated. 
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Figure 6:TTFields system implementation and establishment of therapy model (200kHz, three inde- 
pendent repetitions) (qPCR). The statistical test performed was one-way ANOVA. The significance 
of the difference between groups was described as * p < 0.05 

 
 

3.1.3 Oxyblot blot results after TTFields 
 

Oxyblots were then performed to examine oxidative protein damage in different tumor cell lines 

upon TTFields (200 kHz) treatment (Figure 7). We first used three cell lines, GBM1, NCH644 

and JHH520, after 48h of TTFields treatment to examine the carbonylated proteins, and the 

results showed that all three cell lines treated with TTFields showed different degrees of reduc- 

tion in carbonylated proteins after 48h. Subsequently, we performed three replicate experiments 

with GBM1 cell line after 48h and 72h, respectively, and the results also showed a decrease in 

the carbonylated protein, but without any statistical significance. 
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Figure 7: Oxyblots were used to examine the effect of TTFields (200 kHz) treatment on the carbonyla- 
tion of proteins in different GBM cell lines (Figure 7). Three cell lines after 48h of TTFields treatment 
to examine the persulfated proteins（A）. Three replicate experiments with GBM1 cell line after 48h 

（B） and 72h（C）. 
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3.1.4 RNA sequencing results after TTFields 48h and 72 h 

 

 

 

 

 

 
Figure 8:DEGs of significance after TTFields treatment 48 hours (A) and 72 hours(B). Red represents 
the up-regulation of genes and blue represents the downregulation of genes. 
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Differential analysis after 48 and 72 hours of TTFields treatment was performed by RNAseq 

and evaluated using the R package limma to detect possible underlying mechanisms and possi- 

ble treatment targets. The screening condition was set at |LogFC|>1, P<0.05. The results sug- 

gested a total of eight genes that are significantly upregulated after 48 hours of TTFields action. 

These  genes  were  NMRAL2P,  AKR1C3,  TPD52L1,  RANBP3L,  SPACA6P-AS, H2BC6, 

LINC00942, and SRPX2 (stand for Sushi repeat-containing protein 2). 72 hours of TTFields 

application, a total of 16 different genes were detected to be upregulated in the cell lines, namely 

NMRAL2P, AKR1C3, AL353751.1, APOE, HES7, SPP1， TRPM8， SRPX2, LINC00310, 

FBXO32, NEAT1, ABCC3, H2BC18, CLDN4, ZNNT1, and AC069120.1.  Further analyzing 

the results, we found that a total of three genes (NMRAL2P, AKR1C3, and SRPX2.) were 

significantly upregulated in gene expression after TTFields action either at 48 or 72 hours (Fig- 

ure 8). 

We further analyzed the data using a HALLMARK pathway enrichment analysis on the differ- 

ential expressed genes (DEGs) and the results suggested that after 48 hours of TTFields action, 

a total of seven pathways in the four cell lines were simultaneously inhibited (Figure 6). These 

seven pathways are MYC_TARGETS_V1, E2F_TARGETS, G2M_CHECK- 

POINT,DNA_REPAIR,MYC_TARGETS_V2,MITOTIC_SPINDLE,and 

PI3K_AKT_MTOR_SIGNALING. The results of HALLMARK pathway enrichment analysis 

of differential genes after 72 h of TTFields action suggested that a total of 12 pathways were 

inhibited simultaneously in four cell lines, and they were MYC_TARGET_V1, E2F_TAR- 

GETS, G2M_CHECKPOINT, MTORC1_ SIGNALING, OXIDATIVE_PHOSPHORYLA- 

TION, MYC_TARGETS_V2, SPERMATOGENESIS, ANDROGEN_RESPONSE, 

PI3K_AKT_MTOR_SIGNALING, MITOTIC_SPINDLE, CHOLESTEROL_HOMEOSTA- 

SIS and DNA_REPAIR (Figure 9). Combining the above results, we found that the PI3K_ 

AKT_ MTOR_ SIGNALING pathway could be significantly inhibited at both 48 h and 72 h of 

TTFields action. Therefore, this pathway may be related to the mechanism of action of TTFields. 
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Figure 9:GSEA enrichment analysis results after TTFields treatment 48 hours (A) and 72 hours(B). 
Yellow represents the upward adjustment of the pathway and red represents the downward adjustment 
of the pathway. 
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3.1.5 Alignment of our data with public consensus molecular tumor database 
 

We first screened out the core genes related to the pathogenesis of glioma by differential anal- 

ysis of the sequencing data. Among the candidate genes, we found NMRAL2 to be a pseudo- 

gene and therefore not considered for follow-up studies. Next, we further verified whether the 

expression trend of candidate genes in cancer was consistent with the expression trend in the 

public database, and those genes with the opposite expression trend in the public database were 

also excluded from the cohort. For example, SRPX2, the results of public database analysis 

suggested that it was highly expressed in tumor tissues, but this was the opposite of our analysis 

(Fig. 10). After the above screening, AKR1C3 is considered to be a valuable research object. 

By reviewing the literature, we found that AKR1C3 is closely related to the regulation of the 

AKT pathway. Our previous results also suggested that the PI3K pathway was significantly 

inhibited by TTFields. Therefore, we speculated that TTFields might regulate the PI3K pathway 

by regulating AKR1C3. 

 

 
 
 

Figure 10:Public database validation reveals high expression of SRPX2 in tumor tissues 
 
 

To further explore the possible mechanisms by which TTFields regulate AKR1C3 and thus the 

PI3K pathway, we first demonstrated that glioma patients with high AKR1C3 expression usu- 

ally obtained worse clinical prognosis, both in terms of OS, DSS, and PFI, compared with the 

group with low AKR1C3 expression (Figure 11). Indicating that AKR1C3 is possible closely 
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related to the prognosis of patients. In addition, we also indirectly confirmed the possible in- 

volvement of AKR1C3 in the regulation of the PI3K pathway by analyzing the correlation be- 

tween AKR1C3 and PTEN, a key gene in the PI3K pathway. These results suggested that 

AKR1C3 was positively correlated with PTEN with a correlation of 0.252 (Figure 11D). 

 

 
 

Figure 11:Glioma patients with high AKR1C3 expression usually obtained worse clinical prognoses 
in terms of overall survival (A), progress-free interval (B), and disease-specific survival. (D) Corre- 
lation between AKR1C3 and PTEN. 

 

Assessment of drug repurposing potential of THP to putatively support future neuro-onco- 

logical care. 
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3.2 Trihexyphenidyl 
 

3.2.1 Confirmatory study: THP therapeutic potential - replicated in all tested models 

independently of the molecular subclass of glioblastoma they represent 

The responses of different concentrations of THP in all tumor stem cell models as well as on 

the control cells HUVE were observed by the CTG method on days 0, 2, 4, and 6. The results 

showed that under THP treatment, the number of living tumor cells decreased significantly with 

increasing drug concentration (Figure 12). This difference gradually became more pronounced 

with increasing time. Furthermore, the effect of THP on HUVE cells was less when the drug 

concentration of THP was 10 µM, and interestingly, the number of HUVE cells under treatment 

with 10 µM of THP was surprisingly higher than that of the negative control group on day 6. 

The experiment showed that THP was less toxic to normal cells at 10 µM. These experimental 

results suggest that THP has a significant therapeutic effect on the growth of glioblastoma with 

putatively low side effects on non-cancer cells. 
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Figure 12：THP therapeutic potential - replicated in all tested models (CTG), THP was added at vari- 
ous concentrations onto JHH520, BTSC233, NCH644, GBM1, U87, and NUVEC the cell survival was 
monitored using the CTG assay for up to 6 days. At least three independen 

 
 

3.2.2 Therapeutic effect of THP- characterization of the mode of action assessing cell 

proliferation Ki67 Proliferation Kit 

After detecting the effect of THP on the GBM cells, we defined our THP working concentration 

as 10 µM. All further experiments were performed with cells treated at that THP drug concen- 

tration for 48h and 72h, respectively. To detect the influence of THP on cell proliferation on 

various GBM cell lines the proliferation marker Ki67 was measured using a desktop cytometer 

(Guava®Muse® Cell Analyzer). The results revealed significant differences in proliferation in 

three of five GBM cell lines (Figure 13). JHH520, NCH644, and U87 activity were significantly 

reduced, after 48h treatment with 10 µM THP. GBM1 and BTSC233 did not show significant 

differences in their proliferation rate as well as the control line HUVEC. Interestingly, 72h post- 

treatment almost all cell lines showed significantly reduced proliferation. Only in BTSC233 

and in the healthy control HUVE cells no decrease in proliferation were detected. Our results 

showed that THP at a drug concentration of 10µM could effectively inhibit the proliferation of 

most glioma stem cells, while this concentration had no significant effect on the cells of normal 

tissues. 
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Figure 13：Kit67 proliferation-THP 48/72h-10µM; The significance of the difference between groups 
was described as * p < 0.05, ** p < 0.01. 

 
 

3.2.3 Therapeutic effect of THP- characterization of the mode of action assessing cell 

cycle progression 

To test the influence of THP on the cell cycle we treated all cell lines separately using a con- 

centration of 10 µM THP for 48h, followed by fixation and cell cycle measurement. We coul d 

not detect any significant differences after 48h of THP treatment in all cell lines. Indicating that 

the growth and proliferative inhibitory effect of THP on glioma stem cells is probably not re- 

lated to the cell cycle (Figure 14). 
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Figure 14：DNA and cell cycle analysis. The cell cycle of the indicated cells was observed after 48h 
treatment with 10µM THP. Results are represented by cell population in the G1, S, and G2 phases of 
the cell cycle. 

 
 

3.2.4 Therapeutic effect of THP- characterization of the mode of action assessing sur- 

vival focusing on apoptosis 

To detect if the observed cell-killing effect was induced by apoptosis all cell lines were treated 

with THP (10 µM) for 48h and 72h, followed by Annexin-V staining. The results revealed that 

NCH644, GBM1, and HUVEC do not die due to apoptosis induction 48h nor 72h after treat- 

ment. Only a small difference in the number of living cells could be detected. A stronger in- 

crease in apoptotic cells was observed in U87 cells after 48h (p<0.01) treatment, which was 

maintained over 72h. Interestingly, in the JHH520 cell, a decrease in an apoptotic cell was 

detected, which may indicate an anti-apoptotic effect of THP in that cell line. The most pro- 

found effect of THP was detected in the cell line BTSC233. Here, 72h after THP treatment the 

cell line BTSC233 showed a general increase in apoptotic cells. Combined with the above ex- 

perimental results, the inhibitory effect of THP on certain types of glioma stem cells could be 

related to the promotion of apoptosis of glioma stem cells (Figure 15). 
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Figure 15：AnnexinV & Dead Cell Kit results after THP (10µM) treatment 48hours (A). AnnexinV & 
Dead Cell Kit-Live, (B) AnnexinV&Dead Cell Kit -Early Apoptotic, (C) AnnexinV&Dead Cell Kit - 
Late Apop./ Dead,(D)AnnexinV&Dead Cell Kit -Debris,(E) AnnexinV&Dead Cell Ki 
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3.2.5 qPCR results after THP 48h 
 

Then qPCR was used to examine the response of THP (10 µM) to different primers on each 

tumor cell line after 48 hours (Figure 16). The results showed that all three cell lines treated 

with THP showed different degrees of up- or down-regulation after 48h, but no significant dif- 

ferences were observed. 

 

 
 
 
 

 
 
 

Figure 16：THP was implemented and treatment models were developed (10uM, three independent 
replicates) (qPCR). The statistical test performed was a one-way ANOVA. The significance of differ- 
ences between groups was described as * P < 0.05 
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3.2.6 Therapeutic effect of THP- therapeutic trial in vivo using a xenograft rodent model 
 

To test the effect of THP on GBM tumor growth we performed intracranial injection of classical 

GBM cell line U87-MG and analyzed the tumor regression pattern, tumor cell density, degree 

of intra-tumor fibrosis, tumor cell degeneration, degree of necrosis, and degree of inflammatory 

cell response. We used the U87-MG cell line as this is a very accepted brain tumor model 

worldwide, recapitulating strong cell proliferative growth features when implanted in immune- 

compromised mice, which is one of the core clinical scenarios glioblastoma is characterized by. 

After successful cell implantation and proof of tumor presence, the animals were treated either 

with TMZ or THP alone in the treatment regimens as detailed indicated in table 12. 

Gliomas are diffusely distributed within the skull with no clear boundaries. Measurement of 

tumor size by the naked eye is not possible, and my hospital does not have a biopsy system, so 

assessment of intracranial tumor size variation is not available. However, we are convinced that 

the model generation was successful as the animals showed a strong vital decline after some 

time after the implantation (about 4 weeks), which was not noticed in control animals from the 

same animal delivery that did not receive implantation of tumor models but just sham treatment 

(equivalent volume implantation of PBS). We observed that with the increase in the concentra- 

tion of THP, the body weight, diet, and mental state of the tumor-implanted mice have a trend 

of improvement. When the tumor-implanted mice showed a refusal to feed, weight loss, and/or 

depression, the mice were sacrificed by the spinal dislocation method, and the immunohisto- 

chemical method was performed on the tumor tissue. 

Centripetal degeneration of tumor cells of the THP-treated group can be observed (Figure 17 

C-F). In addition, decreased tumor cell density in the surrounding area was accompanied by 

inflammatory cell infiltration (Figure 17 C-F). At the higher magnification (Figure 17 A1-F1), 

the infiltration of inflammatory cells in the THP group was more obvious and accompanied by 

fibrous tissue proliferation (Figure 17 D1), Except for the partial vasodilation in the THP high- 

est concentration group, tumor cells lost their adhesion, and were transformed, fragmented, and 

vacuolated in the cytoplasm (Figure 17 C, E). Mice treated with TMZ exhibited a significant 

decrease in tumor cell density, and tumor cell vacuolation and inflammatory cells are visible 

(Figure 17 F1). 
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Figure 17：Tumor morphology in different treatment groups at different magnifications (HE staining). 
A/A1: Normal saline (uninoculated tumor group) (Magnification 40X/100X); B/B1:normal saline (in- 
oculated tumor group) (Magnification 40X/100X); C/C1:THP (general do 

 
 

While comparing tumor cell density in the THP highest concentration group with the TMZ 

treated group, significant cell sparing, and cell vacuolization was shown in tumor cells(E-1/F- 

1/F-2/F-3/F-4). In addition, the group with the highest concentration of THP showed significant 

mesenchymal fibrovascular expansion in some areas of the tumor, fibrosis in some areas of the 

tumor tissue margins, loss of tumor cell adhesion as well as small tumor cells scattered at the 

tumor cell margins; and lymphocytes were seen at the tumor margins (Figure 18). It is note- 

worthy that the tumor cells in the center of the tumor in the TMZ-treated group showed necrotic 

apoptosis (Figure 19), which proves that the efficacy of TMZ is indeed excellent. 
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Figure 18：E: tumor morphology of THP maximal drug dose group at magnification 40X (HE staining). 
E-1/E-2/E-3/E-4: tumor morphology of THP (maximal drug dose group) at magnification 100X (HE 
staining). Red: dilated mesenchymal fibrovascular in some area 
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Figure 19：F: tumor morphology of TMZ drug-treated group at 40X magnification (HE staining). 
F-1/F-2/F-3/F-4: tumor morphology of TMZ drug-treated group at 100X magnification (HE staining). 
Red: tumor cells are vacuolated and cells appear sparse; green: 

 
 

Further in vivo validation trials, combining TMZ with THP are needed to adequately validate the therapeutic 

potency of our drug suggestion as an additive in the context of clinical standard of care 
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3.2.7 Transcriptomic changes of glioma stem cells treated with THP in vitro 
 

To measure and identify the influence of THP on the molecular level we performed RNA se- 

quencing of the three GBM stem cells GBM1, JHH520, and NCH644. The cells were treated 

with THP (10 µM) for 48h before RNA extraction for non-biological repeat RNA sequencing. 

Very surpassingly, a total of only five genes were identified that were uniformLy differentially 

regulated in all three cell lines, four of them were null genes, mutant copies of genes that com- 

pletely lacked that gene's normal function such as RNA or protein-coding (Figure 20). The fifth 

identified gene was the Cystathionine beta-synthase-like (CBSL) gene, which was a significant 

upregulation in all three cell lines (Figure 21). CBSL plays part in the transsulfuration pathway 

that is important for the elimination of L-methionine and the toxic metabolite L-homocysteine. 

 
 

 

 

 
Figure 20：VENN analysis of DEGs after THP treatment 48 hours. Blue represents the GBM1. yel- 
low represents the NCH644, green represents the JHH520. 



73  

 
 
 
 
 
 
 
 

700 

 

 

600 

 

 

500 

 

 

400 

 

 

300 

 

 

200 

 

 

100 

 

 

0 

GBM1 NCH644 JHH520 

 

 

 

 

Figure 21：Gene expression of CBSL in GBM1, NCH644, and JHH520 after THP treatment 48 
hours. 

 
 

We next used the obtained 48h, THP treatment RNA sequencing data for a KEGG analysis. 

Matching the discovery to the earlier mentioned transsulfuration pathway all three cell lines 

showed different degrees of upregulation in pathways involved in the biosynthesis of amino 

acids, cysteine and methionine metabolism, and glycine, serine, and threonine metabolism (Fig- 

ure 22). 
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Figure 22：Pathways involved with CBSL got from KEGG enrichment analysis results after THP treat- 
ment for 48 hours. Red: JHH520. Blue: NCH644, Orange: GBM. 

 
 
 

3.2.8 Western blot results after THP 
 

Western blot was then used to examine the response of THP (10 µM) to CBS protein in each 

tumor cell line after 72h (Figure 23). The results showed that all three cell lines treated with 

THP showed varying degrees of up- or down-regulation after 72h, unfortunately, no signifi- 

cant differences were seen. 
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Figure 23：THP 72h western blot. THP was implemented and treatment models were established 
(10uM, three independent replicates) (Western Blot). The statistical test performed was a one-way 
ANOVA. The significance of differences between groups was described as * P <0.05. 

 
 

The response of the NCH644 tumor cell line to THP (10 µM) after 48/72 hours was examined 

by Western blot (Figure 24). The results showed that CBS time-dependent showed varying 

degrees of up- or down-regulation after 48/72h. Unfortunately, no significant differences be- 

tween control and treatment were detected. 
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Figure 24：NCH644 THP 48h/72h Western blot. THP was implemented and treatment models were 
established (10 µM, three independent replicates). The statistical test performed was a one -way ANOVA. 
The significance of differences between groups was described as * P < 0. 

 
 

3.2.9 Detection of persulfidated and carbonylated proteins afterTHP 
 

We next want to determine the involvement and effect of the CBS protein during THP treatment. 

We therefore detected the amount of reduced, oxidized and persulfidated cysteines in NCH644 

cells 48 h post THP treatment. We could not detect a decrease of the persulfated proteins in the 

THP treated cells (Figure 25A). However, the ration between reduced and oxidized proteins 

almost doubled ofter THP (Figure 25 A). We therefore performed blotting experiments with 

the three GBM cell lines at 48h (Figure 25B) and 72h (Figure 25C) after THP treatment to 

detect carbonylated proteins. In contrast to unspecified oxidation, carbonylation went down 

after treatment in NCH644 and JHH520 at both time points. The GBM1 cell line showed 

slightly elevated amounts of carbonylated proteins after 72h of THP treatment. 
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Figure 25：Detection of persulfidated or carbonylated proteins at different time points of THP treat- 
ment (A). Detection of persulfidated proteins in NCH644 48h post THP treatment. (B) Oxyblot THP 
48h -GBM1/NCH644/JHH520. (C) Oxyblot THP 72h -GBM1/NCH644/JHH520. GBM1 cell line treat- 
ment group (G-T); GBM1 cell line control group (G-C)，NCH644 cell line treatment group (N-T); 
NCH644 cell line control group (N-C)，JHH520 cell line treatment group (J-T); JHH520 cell line con- 
trol group (J-C). 
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3.2.10 Extracellular Matrix Gene-Based Prognostic Model for predicting the clinical 

course of glioblastoma patients. 

Univariate Cox regression analysis found that 134 genes were positively associated with the 

prognosis using the CGGA dataset. 118 genes or 74 genes were found to be positively associ- 

ated with prognosis in the GSE16011 or the TCGA-GBM data set, respectively. All identified 

genes are summarized as protective genes. 

Similarly, 223 genes, 205 genes, and 211 genes were negatively correlated with prognosis in 

the CGGA, GSE16011, or TCGA-GBM dataset, respectively. The here identified genes are 

defined: as risk factors. 

Lasso regression and multivariate cox regression revealed that AEBP1, F3, FLNC, IGFBP2, 

and LDHA were independent risk factors for patient prognosis. The ECM index was obtained 

by the following formula: [1.0391 × AEBP1] + [0.6346 × F3] + [0.5396 × FLNC] + [2.1276 × 

IGFBP2] + [2.7396 × LDHA]. 

The median value of the ECM index was selected to divide the patients into high and low ECM 

index groups. Survival analysis showed that the low ECM index group had a significantly better 

prognosis than the high ECM index group. The results of the external validation of the model 

showed that the same formula was applied to an independent data set, GSE83300, resulting in 

the model index. ROC analysis showed that the ECM index had a powerful ability to predict 

GBM survival. We calculated the link between the ECM index and the abundance of immune 

and stromal cell populations. The results suggested that the samples in the high index group 

consisted of more endothelial cells and fibroblasts. 

GLM, ANN, SVM, KNN, and RF were constructed to predict the survival status of patients 6, 

12, 18, 24, 30, and 36 months after the treatment. 
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Figure 26：The construction of the ECM index in the CGGA dataset. (A) The ECM index distribution 
and overall survival status of GBM patients. (B) Kaplan–Meier survival curves of high and low ECM 
index groups. (C) The gene expression profiles of ECM genes.[122] 

 

The result shows that high AUC values in predicting the survival status and applying it in an 

independent dataset, this conclusion also consist. 

To assist clinical decision-making, we have developed an online tool that allows researchers to 

calculate the patient's prognosis by visiting the website and entering relevant gene expression 

levels. The online tool's URL is https://ospg.shinyapps.io/OSPG/. 
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Figure 27：OSPG can be used in four steps: (1) via the website https://ospg.shinyapps.io/OSPG/, (2) 
inputting the values of five genes including AEBP1, F3, FLNC, IGFBP2, and LDHA (gene expression 
values range 0 to 1), (3) inputting the values of age and gender (ma) 

 
 

The work was published as an original article in a scientific, open access journal, entitled “A 

Novel Extracellular Matrix Gene-Based Prognostic Model to Predict Overall Survive in Pa- 

tients with Glioblastoma” in the journal “Frontiers in genetics” [122]. 
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4 Discussion 
 

Glioblastoma is the most common malignant primary brain tumor. Overall, the prognosis for 

patients with this disease is poor, with a median survival of <2 years [4]. Current GBM treat- 

ment options include surgery with concomitant radiotherapy, temozolomide therapy, and post- 

operative adjuvant temozolomide therapy. Another option is offered using TTFields. It provides 

a local low-intensity alternating electric field, which can also be adjuvant to temozolomide 

therapy. However, as soon as the tumor has recurred there are no conventional treatments, In 

such a case the modalities of treatment are surgery, radiotherapy, systemic chemotherapy or 

bevacizumab, nutritional support, and palliative care depending on the patient's condition [3]. 

All the above treatments are not very effective in prolonging the survival of GBM patients, and 

much less in achieving radical control of the disease. This presents us with a major challenge. 

There are two options: First, the mechanism of the efficacy of existing therapies needs to be 

further investigated and improved to achieve more targeted treatments. Second, new therapeutic 

agents need to be found to expand the treatment possibilities for GBM. In this thesis, I present 

the results studied in each of these two aspects. 

 

 
4.1 TTFields 

 

TTFields are a unique treatment modality for GBM and other solid tumors. The idea behind 

TTFields is based on the observation that exposure to ionizing radiation is the only potentially 

modifiable risk factor for human cancer [10]. Is it therefore possible to achieve a therapeutic 

effect by changing the electromagnetic field locally around the tumor side? This question was 

addressed for the first time by Kirson et al in 2004 by showing that alternating electric fields 

are disrupting cancer cell replication [36]. 

The advent of TTFields devices for local GBM treatment has confirmed this conjecture and 

shortly after, the FDA approved the TTFields device as adjuvant treatment for newly-diagnosed 

patients after completing standard-of-care surgery and chemoradiation [70]. Furthermore, the 

National Comprehensive Cancer Network (NCCN) added the TTFields device as an option for 

the treatment of newly-diagnosed GBM[32]. The device can generate an intermediate-fre- 

quency alternating electric field and on a molecular level induces a diverse range of intracellular 
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mechanisms, including microtubule disturbance followed by apoptosis in specific types of can- 

cer cells with few toxic side effects. 

In this project, we could verify the supportive effect of TTFields on GBM that was shown 

earlier by Vargas-Toscano et al [100]. We found a significant reduction in the number of tumor 

cells and their metabolic activity under TTFields treatment. Our results were also consistent 

with Moshe Giladi's experimental results. In addition, his team further confirmed that TTFields 

destroy the mitotic spindle through improper chromosome separation and mitotic mutations in 

cancer cells [123]. 

We suggest that the therapeutic effect TTFields on GBM is by reducing the number of cancer 

cells. To investigate the molecular cause of the decrease in cell number, we performed RNA 

sequencing. The sequencing results revealed 3 genes, NMRAL2P, AKR1C3, and SRPX2, that 

were significant upregulation at 48h and 72h post-TTFields. Examination of NMRAL2P, 

AKR1C3, and SRPX2 in TCGA revealed that NMRAL2P was a null gene and therefore ex- 

cluded from this study. SRPX2 (sushi repeat-containing protein, X-linked 2), a component of 

the extracellular matrix, is a known prognostic biomarker in many different cancer cell lines 

and is associated with poor prognosis in cancer patients [124, 125]. 

SRPX2 upregulation is also linked to the invasiveness and migration of GBM and suggests that 

this gene is playing an important role in GBM metastasis through Epithelial to mesenchymal 

transition (EMT). Interestingly, SPRX2 is a potential downstream gene of the PI3K-Akt path- 

way via the regulation of both miR-192 and miR-215. Both microRNAs are targets of PI3K- 

Akt that can down-regulate their expression [126]. 

That finding is in concordance with our pathway enrichment study that revealed that the 

PI3K_AKT_ mTOR signaling pathway seems to be downregulated, suggesting that the down- 

regulation leads to increased release of the microRNAs and increased SPRX2. Furthermore, 

PI3K/AKT/mTOR signaling is known to modify tumor development and chemo-sensitivity by 

encouraging proliferation [72]. 

Moreover, PI3K signaling tended to increase the expression of matrix metalloproteinase 

(MMP), and members such as MMP2 and MMP9 were superior in promoting ECM degradation 

and migration and infiltration [127]. 
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The third gene we found to be differentially expressed upon TTFields was a member of the 

Aldo-Keto Reductase Family, AKR1C3. AKR1C3 catalyzes both androgen and estrogen me- 

tabolism and deregulated AKR1C3 expression has been associated with multiple human can- 

cers [128]. Furthermore, it was shown that elevated levels of AKR1C3 in esophageal cancer 

cells lead to radioresistance and could explain the higher expression in our cells as it may act 

as a rescue mechanism for the GBM cells under TTFields 

[129]. This study also showed that in AKR1C3-elevated cells the oxidative stress marker (ROS) 

was elevated as well as DNA damage was increased. In the GBM cell line increased expression 

of the AKR1C gene products is also implicated in chemoresistance and cell proliferation pro- 

cesses [130]. Glioma patients who have high AKR1C3 expression tend to have worse clinical 

prognosis in terms of OS, DSS, and PFI, suggesting that AKR1C3 is closely related to patient 

prognosis [131]. 

Furthermore, we indirectly confirmed the possible involvement of AKR1C3 in the regulation 

of the PI3K pathway by analyzing the correlation between AKR1C3 and PTEN, a key gene in 

the PI3K pathway, and our results suggested that AKR1C3 was positively correlated with PTEN 

with a correlation of 0.252. We found that the PI3K/AKT/mTOR signaling pathway would be 

significantly inhibited after TTFields action in our previous HALLMARK pathway enrichment 

analysis. We finally speculate that TTFields may regulate the PI3K/AKT/mTOR signaling 

pathway by regulating AKR1C3. But this must be verified by detecting the relevant protein 

expression of the pathways. Our results are not in concordance with others, which suggests that 

PTEN is an important gene that inhibits the PI3K/AKT/mTOR signaling pathway[77]. 

Our RNA sequencing results revealed the opposite and showed that no significant changes were 

found in PTEN, while AKR1C3, which is positively correlated with PTEN, was significantly 

upregulated. Therefore, we speculate that TTFields inhibit the PI3K/AKT/mTOR signaling 

pathway by replacing PTEN with AKR1C3 to achieve cell number reduction. However, the 

exact mechanism of corroboration remains to be investigated. 

The PI3K-pathway seems to be the connecting point between all of the identified genes but was 

not the only pathway that was significantly down-regulated in our HALLMARK pathway en- 

richment analysis. In total 12 pathways were identified, namely: MYC_Target_V1 and 
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MYC_Target_V2, E2F_Targets, G2M_Checkpoint, mTORC1_signaling, oxidative phosphor- 

ylation, spermatogenesis, androgen response, mitotic spindle formation, cholesterol homeosta- 

sis, DNA repair, and the above mentioned PI3K/AKT/mTOR signaling pathway. 

In detail, MYC targets v1 and v2 are associated with worse survival in Estrogen-positive/HER2- 

negative breast cancer subtypes maybe too high mutation scores, and also in general with higher 

cell proliferation in cancer cells [132]. Since the MYC oncogene is known to control multiple 

aspects of cell regulation it was not a surprise that this pathway is detected to be deregulated in 

the GBM cell lines. Furthermore, almost similar deregulated pathways were detected in low- 

grade glioma patients, namely pathways of the G2M checkpoint, E2F targets, mitotic spindle, 

and Myc target v1 [133]. 

All pathways were increased in the high-expression KIF4A shad a negative effect on prognosis. 

At least E2F-target gene overexpression is correlated with a poor prognosis in cancer patients 

by promoting chromosome instability [134]. Of course, the mTORC1_signaling and 

PI3K/AKT/mTOR signaling pathways are strongly connected since signaling functions of 

mTOR are distributed between at least two distinct mTOR protein complexes: mTORC1 and 

mTORC2, which are targets for mTOR inhibitors such as rapamycin [135]. 

This pathway is highly analyzed in the field of brain cancer. A connection between oxidative 

phosphorylation, DNA repair, and androgen response pathway could be established via 

AKR1C3 and the PI3K/AKT/mTOR pathway. AKR1C enzymes constitute a family of oxidore- 

ductases that catalyze NADPH-dependent reduction of a wide variety of substrates and was 

shown to regulate ligand occupancy and trans-activation of androgen-, estrogen- and proges- 

terone receptors in certain cancer types [136, 137]. 

The detection of the involvement of the genes involved in the mitotic spindle formation was 

expected since this is the main mode of action of TTFields, the disruption of the normal assem- 

bly of spindle microtubules. The major mechanism in how all these pathways act together in 

the event of TTFields treatment has still to be revealed. However, taken together for this part 

of the thesis, I have shown that the in-vitro system is suitable to study the TTFields effect on 

suspension in vitro models, in this case specifically for brain tumor stem cells grown in neuro- 

sphere media. To the best of our knowledge, there is little evidence published on these aspects. 

Secondly, we show evidence that TTFields impair the growth and survival of stem cell fraction 

of GBM, across all molecular subtypes of the tumor. In the wake of personalized medicine and 
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the use of molecular signatures of tumor tissue in nowadays-routine clinical 

neuropathological diagnostics, we believe this might support the application of this 

research also in the future for a variety of glioma patients. 

We notice that more frequently brain tumor patients become a case in molecular 

tumor boards, to find the most suitable treatment option for each patient. TTFields 

might be a general therapy for all subtypes. It remains to be investigated if 

combination therapy, modulating the activity of the identified putative downstream 

signal mediators of TTFields are therapeutic relevant, or if the changes in 

expression of the described networks can be confirmed in more preclinical models 

of the disease, such as more cell models or in an animal model. The company 

Novocure also provides a TTFields application device to be used on mice, termed 

inovivoTM system. Ide- ally, tumor specimens of patients that have been treated with 

TTFields should be studied, i.e. retrieved from biopsy / resection material from 

tumor recurrences. 

 

 
4.2 Trihexyphenidyl 

 

The blood-brain barrier is a protective membrane responsible for brain homeostasis 

and pre- venting most antibodies, proteins, peptides, and small molecules from 

crossing the BBB into the bloodstream [20]. Due to the presence of the blood-brain 

barrier, many drugs are unable to lead to effective treatments for intracranial tumors 

such as glioblastoma [21]. Given the still devastating clinical outcome of the current 

standard of care, this imposes a very high demand for new pharmacological 

mediated interventions for treating this disease. My colleagues in pre- vious studies 

have found that THP, an ACh receptor antagonist used in the symptomatic treat- 

ment of Parkinson's disease, can inhibit the growth of GBM [100]. 

Partly considered as a confirmatory study, we now wanted to replicate and validate 

this finding in a larger number of biological models in addition to pinpointing some 

aspects of its mecha- nism of action on brain cancer cells. 

We delivered strong evidence that this therapy might be followed up as a clinical 

trial. Both in vitro and in vivo experiments showed that THP had an inhibitory effect 
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on GBM cell amplifi- cation. Importantly, based on our in vitro results, likewise, as 

TTFields, THP acts similarly potent on tumor models from different molecular 

subtypes, although our tested collection of biological models is rather small and 

needs further validation with increased sample size. 
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To further investigate the mechanism of GBM cell reduction, we performed Ki67 staining to 

detect a change in cell proliferation as well as analyzed the cell cycle and the occurrence of 

apoptotic cells. Indeed, we could indicate that the decrease in cell numbers was associated with 

apoptosis. But we could not connect THP treatment to changes in the cell cycle changes. The 

experimental results suggest that THP may achieve therapeutic effects by inhibiting the prolif- 

eration of GBM cells and promoting the apoptosis of GBM cells. As we used stem cell models 

of the disease, the results of apoptosis induction are particularly promising, as those cells are 

usually very resistant to treatments[138], as we have shown in various tests before testing the 

resistance of the same models as used in this trial to exposure to a standard of care therapy 

(TMZ and radiation therapy)[139]. 

To further analyze the effects of the molecular level mRNA sequencing on the RNA extracts 

of the cells under THP treatment vs. control intervention was performed and we identified only 

a total of five significantly changed genes (all upregulated) uniformly presented in all three cell 

lines. Four of these genes were null genes, therefore we focused on the gene encoding cystathi- 

onine beta-synthase (CBS). This gene acts as a homotetramer to catalyze the conversion of 

homocysteine to cystathionine, the first step in the transsulfuration pathway. CBS may function 

to either promote or suppress tumor growth, depending on the cancer cell type[110]. 

Previous studies have shown that CBS promotes lymph node metastasis in gallbladder adeno- 

carcinomas and squamous cell/ adenosquamous carcinoma [140]. Liu Ya et al found that the 

expression of CBS was significantly upregulated in ESCC and positively related to TNM stage 

and lymph node metastasis. They found that CBS could promote tumor cell growth and prolif- 

eration to increase the aggressiveness of ESCC cells [141]. In the brain, CBS is expressed by 

glia and astrocytes[108], which are the cells from which gliomas arise. Neural stem cells also 

express CBS and the addition of the substrate L-cysteine to culture media stimulated the in vitro 

differentiation of neural stem cells to neurons and astroglia, whereas knockdown of CBS ex- 

pression by small interfering RNA suppressed L-cysteine-induced stem cell differentiation 

[109]. 

The results of Naoharu Takano's study showed that reduced CBS expression in gliomas in- 

creased HIF-2α protein levels and HIF-2 target gene expression, thereby promoting the for- 

mation of glioma tumors [110]. Our experimental results demonstrate the role of CBS in GBM 

in the opposite direction. And it further suggests that CBS genes have a central role in the 
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development of GBM. Further studies, applying laboratory assays that test CBS on protein level 

or enzymatic function were applied but did not show a clear picture for confirming the findings 

on transcript level. We believe that this might be due to the relatively long half-life of the protein 

in this cell under normoxic conditions. Further studies with cells that survive a long-term treat- 

ment with THP might allow further insights. It would be interesting to establish genetic models 

with CBS overexpression or CBS suppression or even gene knock-out, to validate the relevance 

of CBS activity for mediating therapeutic effects of THP treatment in GBM. 

The fact that we did not notice a clear dysregulation of the putative target of THP indicates the 

drug effects are based on off-target effects. This goes well in line with the hitherto plethora of 

described mode of actions of this substance in different diseases. Nevertheless, even if we can- 

not validate the target specificity at this point, the presented data further adds to the growing 

body of evidence that using neurotransmitter targeting agents might be particular attractive 

route for developing new cancer therapies. Not only limited to the central nervous system, but 

it is also known that microenvironment of many solid cancers is in part composed my nerve 

structures. Recent discoveries of direct cell-to-cell interactions of cancer cells with neurons, 

such as through synaptic-like structures termed tumor microtubes, showed that these nerve 

structure inputs have pronounced effects on cancer survival and progression, possibly also me- 

diating resistance to therapy and evasion of host immune surveillance[142]. 

In a larger picture, the results on THP are associated with somewhat Cancer Neuroscience field, 

considered one of the most understudied and innovative cancer research areas of the moment. 

The prognosis of GBM is very poor; only about 5% of patients survive more than 5 years, and 

it is critical to identify possible biomarkers to predict the prognosis of GBM. In this study, we 

determined five prognostic ECM genes were used to calculate the ECM index, and a machine 

learning model was further constructed to predict the survival of GBM patients at 6, 12, 18, 24, 

30 and 36 months after treatment situation. To promote the clinical application of the model, 

we also provide a web server to guide clinical decision-making. 

Although this work is solely based on correlative data and presents data mining results, we 

hypothesize that those results are of help to deliver improve future patient stratification. Tumor 

patients, suffering from a particularly aggressive subtype of the tumor – featuring a prediction 

of the super short remaining of their life - might be particularly welcoming to test new treatment 

interventions that are not yet approved or even tested in humans for treating the disease they 
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are suffering from. Correlating to the wet-lab results in this thesis, this means that particular 

negative prognostic overall delivered by ECM gene expression signature might suggest apply- 

ing THP/TTF therapy as an addition to the standard of care. Of note, verifying any additive or 

synergistic effects of the THP intervention with such standard of care therapy needs to be tested 

in experimental models, before execution of first-in-man trials. 
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