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1. Introduction 

 The World Health Organization (WHO) provides health-related statistics of 

disease subcategories (e.g. maternal mortality, childhood mortality, communicable 

diseases (CD), noncommunicable diseases (NCD) and many more) [2]. NCDs such as 

diabetes, chronic respiratory diseases, cancer and cardiovascular diseases are the 

number one cause of worldwide mortality [2, 3]. Globally, 40 million of 56 million 

diseased people died due to NCDs in 2015. In Europe, NCDs were responsible for 

86% of all deaths in 2015 [2]. Since decades, the numbers of new cases affected by 

NCDs are increasing worldwide. Thus, it is predicted that death, induced by NCDs will 

rise even more, resulting in approximately 52 million deaths in 2030. Of these NCD 

related deaths, 25% is expected to be caused by cancer [4].   

1.1. Cancer: the numbers 

 Of the 15.2 million cancer cases, 8.8 million patients died in 2015. This mortality 

rate accounts for one out of six deaths worldwide [2, 5]. After cardiovascular diseases, 

which takes the lives of approximately 17 million humans each year, cancer is globally 

the second leading cause of death [5]. In Europe, 3 million patients suffering from 

cancer are diagnosed each year and, in addition, this disease is responsible for 20% 

of all deaths (1.7 million) each year [2]. 

 Taking together all cancer cases, 90-95% occur due to environmental and 

lifestyle factors, whereas only 5-10% is related to an inherited genetic defect (figure 1) 

[6]. Low intake of vitamins via nutrition, poor physical activity, obesity (20.9% in 

Austria), use of tobacco and abuse of alcohol (46% and 10.3%, respectively in Austria) 

are common risk factors in the development of NCDs in general and of cancer in 

specific (figure 1.C) [7].  
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Figure 1. Cancer development and the role of genetic and environmental risk factors. A) 

Overall  risk of cancer development divided into environmental/ l i festyle risks and inherited genetic 
defects, B) Indication what cancer types are caused by famil ial genetic defects and to which 
extent. Numbers indicate the ratio of famil ial risks,  C) Subdivision of the single environmental 
risks and their contribution to cancer development , shown in percentage [6].  

 

 Albeit the enhanced cancer risk, these factors are still part of daily human 

routine [8]. In addition, viral infections and chronic diseases such as hepatitis B virus 

(HBV) infections or (chronic) inflammatory bowel diseases (IBD) are predisposing 

factors for cancer development [9, 10]. HBV is known to cause hepatocellular 

carcinoma (HCC) in a large subset of patients, whereas IBDs play a role in the 

development of colorectal carcinomas [9, 10].  
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1.2. Cancer: the disease 

 As mentioned above, cancer is a serious health problem accounting for every 

sixth death worldwide. Therefore, expanding knowledge about this disease is very 

important in the evolution of understanding tumor development [4, 7, 11]. 

1.2.1. Cancer research history 

 The disease ñcancerò is well described since the beginning of written history. In 

1775, Percivall Pott described the development of squamous cell carcinoma in the 

lungs of chimney sweepers [12]. Further, Rudolph Virchow found a connection 

between cancer and inflammation (1863), the first mastectomy to treat breast cancer 

was performed in 1882 by William Halsted, Hilário de Gouvêa published preliminary 

findings on the inheritance of cancer and additionally, X-rays were discovered by 

Wilhelm Roentgen in 1895 (figure 2) [12]. Yet, more advanced cancer research started 

in the early 1900s leading to novel anticancer treatment using radiation-, hormonal-, 

and chemotherapy. Further, new findings were described regarding the development 

of cancer, such as immune surveillance, the correlation between smoking and lung 

cancer and the detection of cervical cancer using Pap smear (discovered by George 

Papanicolaou in 1928) [12].  

Figure 2. Cancer-related research history from the late 1700s until the late 1900s. This timeline includes life-

changing findings, such as the correlation between inflammation and cancer, inheritance and the risk of cancer, 
first X-ray use, radiation-, hormone- and chemotherapy and the discovery of oncogenes. Data in the timeline and 
pictures are adapted from the National Cancer Institute (NCI) [12]. 
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 Molecular cancer biology found its breakthrough in 1971, when a lot of money 

became available during President Nixonôs leadership [13]. In 1975-1976, the Varmus-

Bishop discovery of the first proto-oncogene (a gene that due to mutations can become 

an oncogene) named src (sarcoma), encoding a non-receptor tyrosine kinase, 

changed the view on the development of cancer [13, 14]. This study revealed that 

cancer is a genetic disease, inducible by retroviral transfection of a mutated gene into 

healthy cells, thus transforming these cells into malignant cells [13]. To follow up these 

findings, more and more researchers performed viral DNA transfections to induce 

malignant cell transformation via oncogenes [13]. Furthermore, the effect of mutagenic 

carcinogen exposure was analyzed in 1979 by Shih et al., who found transformed DNA 

in the normal healthy cell genome [13, 15]. The evolution in molecular tumor biology 

went on when DNA sequencing found its place in cancer research. In 1980 and 

afterwards, DNA sequencing data indicated that even small changes in the DNA, such 

as single point mutations, could transform a proto-oncogene into an oncogene. Since 

the application of DNA sequencing, many proto-oncogenes were identified (e.g. RAS, 

ERBB2, ERK, MYC) [12, 16]. 

 Taken together, cancer research deepens our understanding of the disease and 

supports improvement of procedures for diagnosis and detection, therapeutic 

strategies (with focus on the molecular level), surgical approaches with focus on the 

different tumor types and eventually improve patient outcome [17, 18]. Thus, the 

evolution in cancer research and the continuous development of molecular functions 

are a major help in the battle against cancer. 

1.2.2. Development of cancer 

 Cancer is a somatic disease of the genome and globally the second leading 

cause of death in the cluster of NCDs [17, 19]. Histological science was a big step in 

the process of understanding the origin of cancer cells [16].  

 Tumor formation occurs when cells start to proliferate in an uncontrolled 

manner. However, malignant cell transformation is a multistep process [20, 21]. Three 

main steps concerning the development of a malignant phenotype are described: i) 

tumor initiation, ii) promotion and iii) progression (figure 3) [22]. Furthermore, the 
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phenotype and histology of precancerous and cancerous lesions can indicate the stage 

of disease progression [22].  

 

Figure 3. Multistep carcinogenesis. The development of tumors is a multistep process depending on multiple 

environmental factors and is subdivided into three main stages, i) initiation, ii) promotion and iii) progression [23]. 

 

 Cancer categorization is based on the anatomical characteristics, histological 

features, proteomics data, gene expression, invasiveness of the cells into the 

surrounding tissue as well as on metastatic potential [18].   

 It became clear that cancer can be separated into two clusters, i) the non-

invasive, encapsulated benign tumors and ii) the invasive and metastatic malignant 

tumors [16]. Furthermore, benign tumors are named after the tissue of origin with an 

addition of ñ-omaò at the end of the word (e.g. adenoma, teratoma), whereas malignant 

tumors (cancers) are divided in epithelial- (carcinomas) and non-epithelial subtypes 

[16]. Non-epithelial cancers are i.e. i) sarcomas (deriving from bone and soft tissue), 

ii) lymphomas (originating from the B- and T-lymphocytes), iii) germ cell tumors (grown 

from sperm or egg cells), iv) leukaemias (deriving from different cell types of the 
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hematogenous lineage) and v) blastomas (formed out of embryonic and incompletely 

differentiated cells) [11, 16, 24].  

 Alterations in the genome and epigenome, including mutations, regularly lead 

to the development of malignant cells [25]. Error-prone DNA replication, unfaithful DNA 

repair and enzyme-induced DNA modifications are key factors in mutagenesis [26]. 

Additionally, exogenous mutagen exposure plays a substantial role in some cancer 

types (e.g. ultraviolet light (UV) in skin cancer and tobacco smoke in lung cancers) [26].  

1.2.3. Hallmarks of cancer 

 In the year 2000, Douglas Hanahan and Robert A. Weinberg wrote an article in 

which they characterize cancer according to major common hallmarks, followed by an 

updated version published in 2011. These hallmarks describe the biological processes 

during malignant tumor development and are an attempt to break down the complexity 

of the disease to a set of universal molecular principles that define cancer [27-29]. The 

hallmarks described in 2000 comprise i) evading growth suppressors, ii) enabling 

replicative immortality, iii) resisting cell death, iv) sustaining proliferative signaling, v) 

inducing angiogenesis and vi) activating invasion and metastasis [27, 29]. In 2011, two 

enabling characteristic features, namely genome instability as well as tumor-promoting 

inflammation were described. Further, two emerging hallmarks (deregulating cellular 

energetics and avoiding immune destruction) were added to the six existing hallmarks 

of cancer (figure 4) [27].  

Figure 4. The hallmarks of 

cancer and their respective 

therapeutic targets [27]. 

Depicted are the six hallmarks of 

cancer, defined 2000. Additionally, 

the four novel hallmarks i) avoiding 

immune destruction, ii) tumor-

promoting inflammation, iii) 

genome instability & mutation and 

iv) deregulating cellular energetics 

are included. Strategies to 

therapeutically target these traits 

are mentioned to the respective 

hallmark [27]. 
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 Importantly, a tumor is a complex tissue consisting of heterogenous cell 

populations forming a mass of fast proliferating mutated cells [19, 27, 30]. Each 

population of cancer cells can regulate specific biological processes in the tumor tissue 

[27]. By this, malignant cells communicate with the tumor stroma to activate healthy 

cells during the development of malignancies [27, 30]. Therefore, not only the single 

cellular components but also the total neoplastic tissue and the tumor-

microenvironment (including surrounding tissue) are of importance when trying to 

understand tumorigenesis [27, 30]. 

Evading growth suppressors & sustaining proliferative signaling 

 Cell growth and proliferation in healthy organisms is controlled by a large set of 

proteins involved in cell cycle regulation. Main cell cycle phases are the G1-phase 

(resting phase), S-phase (DNA synthesis), G2-phase (between S- and M-phase, 

preparation for mitosis), M-phase (mitosis) and the G0-phase 

(quiescence/senescence) [31]. Healthy tissues regulate proliferation via an ñon & offò 

of growth and proliferation-stimulating factors. Additionally, during cell cycle 

progression, each cycle is strictly controlled to maintain cell number homeostasis [29, 

30, 32]. The so-called tumor suppressor genes are responsible for guided cell cycle 

progression and its negative regulation in case mutations or DNA damages occur [27, 

29, 30]. Two prominent tumor suppressive proteins are the retinoblastoma-associated 

(RB) protein and p53. Both tightly control cell proliferation such as cell cycle stalling, 

senescence or apoptotic signaling activation upon DNA damage [27, 29, 30]. Mutations 

in these tumor suppressor genes lead to continuous DNA synthesis and cell division 

even when damaged DNA is included [27, 31]. For example, wild-type p53 functions 

as transcription factor that is stabilized after activation by its negative regulator MDM2, 

causing ubiquitination of p53 [33]; whereas on the contrary, mutated p53 (e.g. 

missense, nonsense, frameshift mutations) loses the tumor suppressor function, 

causing several pro-tumorigenic changes  [27, 34]. 

 Altered proliferation pathways in cancer cells increase the turnover rate and 

may keep growth signals ñonò continuously [27, 30]. Most frequently, mutations affect 

oncogenic drivers and proliferative signaling such as receptor tyrosine kinase (RTK) 

associated pathways (e.g. epidermal growth factor receptor (EGFR) mutations). RTKs 

contain intracellular tyrosine kinase domains responsible for phosphorylation of 
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downstream proteins [27, 30]. Furthermore, mutated tumor suppressors fail to control 

the cell cycle or block proliferative signals, thus, no suppression of proliferation occurs 

[27, 30].  

 Taken together, mutations within tumor suppressor genes can help tumor cells 

to evade growth suppressors and enables the cells to proliferate without any 

interference of inhibitors and inhibiting signals, therefore, driving cancer progression 

[35].  

Resisting cell death & enabling replicative immortality 

 As mentioned above, apoptosis is a strictly regulated mechanism of cell death 

and serves as cellular protection against general different alterations, including 

mutations. Apoptotic signaling is induced by both intrinsic and extrinsic signaling 

factors activating the machinery [27, 29]. Both pro-apoptotic as well as anti-apoptotic 

proteins play major roles in the intracellular apoptotic regulation [16, 17]. Members of 

the Bcl-2 family are either pro- or anti-apoptotic proteins, e.g. Bcl-2 and Bcl-xl are anti-

apoptotic regulatory proteins, while Bax and Bak work in a pro-apoptotic manner [27, 

29]. 

 Additionally, cellular replication is regulated tightly and is limited in healthy cells, 

however, during malignant transformation, cells are in need of unlimited replication 

abilities [31]. Therefore, cancer cells try to gain their immortal state by evading 

senescent and apoptotic signals resulting in rapid cell proliferation and outgrowth into 

large cell clusters forming a heterogenous population [31].  

Inducing angiogenesis & activating invasion and metastasis 

 Rapidly dividing cells, homing in the tumor tissue, are in urgent need of high 

oxygen and nutrients supply and fast disposition of metabolic waste [27]. 

Angiogenesis, the process of new blood vessel formation, takes place when tumors 

grow beyond a certain size (in general 1-2mm3) [32]. Microscopic pre-malignancies 

already require angiogenesis and therefore malignant cells abuse the vascularization 

and angiogenic signaling systems to obtain more nutrients and oxygen allowing the 

tumor tissue to grow efficiently [32, 36]. Frequently observed tumor-secreted growth 
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signals like thrombospondin-1 (TSP-1) and vascular endothelial growth factor-A 

(VEGF-A) are responsible for blood vessel growth [27, 29]. In addition, vascular 

permeability and endothelial sprouting is induced by the expression of VEGF-A 

receptor tyrosine kinases 1-3 (VEGFR 1-3) [27, 29].  

 Via these newly formed blood vessels or already existing lymphatic- and blood 

circulation system, cancer cells can migrate through the body and spread the disease 

[37]. Invasion is often the first step towards metastasis and stands for the event that 

cancer cells penetrate the surrounding tissue without using any circulating system; 

whereas, during metastasis, malignant cells can travel via the blood and lymphatic 

system to other organs and invade the tissue at the distant site (figure 5) [27, 37]. 

Hence, this process is known as the ñinvasion-metastasis cascadeò and depicts the 

main steps leading the migratory process of cancer cells [27, 29]. The main steps are, 

i) primary cancer cells are released into the surrounding tissue (invasion), ii) cancer 

cells enter the bloodstream via intravasation and survive to iii) travel through the 

circulation and lymphatic system and reach distant target tissues, iv) where the cells 

enter via extravasation and adapt to the new microenvironment to start proliferation 

and form (micro-) metastasis [27, 29]. Epithelial like cells are mostly unable to enter 

the process of invasion and metastasis, therefore, they undergo epithelial to 

mesenchymal transition (EMT) to enhance their migratory potential.  
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Figure 5. Metastatic 
route via EMT [38]. 

The five main steps of 
the invasion-metastasis 
cascade are shown 
including the cell types 
involved in this process. 
Tumor cells undergo 
EMT, they invade 
surrounding tissue or 
intravasate to travel via 
the blood- or lymphatic 
system, exit the 
circulating system and 
form a tumor at the 
distant site 
(metastasis). 

 

 

 

 EMT is a well-known process during embryonal development which improves 

the migratory characteristics of cells [37]. Cancer cells make use of this process, 

adapting the embryonal abilities to survive and metastasize. During this conversion, 

epithelial (-like) cells gain migratory potential and change their phenotype to more 

mesenchymal characteristics (e.g. polarity of the cells, cytoskeletal disorganization) by 

deregulating cell-cell adhesion proteins such as cadherins and catenins [37, 39]. Once 

EMT takes place, migration, invasion and metastasis are promoted [39]. Furthermore, 

cells can convert from mesenchymal to epithelial-like cells (MET) again by upregulating 

epithelial markers like E-cadherin [37, 39]. 

The four additional hallmarks 

 Taken together, cancer cells are able to evade growth suppressors and keep 

on proliferating, they become immortal, induce angiogenesis to obtain more oxygen 

and can invade and metastasize [27, 29]. Additionally, malignant cells can avoid the 

immune system, deregulate cellular energetics to gain more energy and make use of 

inflammatory signals and genome instability, promoting tumorigenesis [27, 29].  

 The healthy body is constantly observed by the immune system (e.g. B- and T-

lymphocytes, NK-cells and macrophages) to detect pathogens and abnormal cells [27, 

29]. Cancer cells can ñhideò from these immune cells and evade the detection and 
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elimination via the immune system [27, 29]. Moreover, cancer cells can even use the 

inflammatory signals secreted by the infiltrated immune cells as tumor promoting 

factors [27, 29]. Molecules (i.e. VEGF, tumor necrosis factor- Ŭ (TNF-Ŭ)) released by 

activated immune cells stimulate regrowth of damaged tissue. In turn, these molecules 

can positively influence and facilitate tumorigenesis [27, 29].  

 Rapidly and uncontrolled proliferating cells are dependent on an enhanced 

metabolism [27, 29]. Thus, cancer cells exhibit the ability to alter the normal glucose 

metabolism to aerobic glycolysis (Warburg effect) to quicken energy production [40, 

41]. During normal respiration, cells use glycolysis to metabolize glucose to pyruvate 

followed by oxidative phosphorylation in the mitochondria, where pyruvate is oxidized 

to CO2 and H2O [40]. Oxidative phosphorylation generates 36 adenosine triphosphate 

(ATP) molecules per glucose [40, 41]. Cancer cells deregulate glycolysis and switch to 

aerobic glycolysis (e.g. under hypoxic conditions), during which pyruvate is 

metabolized, followed by direct conversion to lactic acid, instead of entering the 

mitochondria and undergoing oxidative phosphorylation (figure 6) [40, 41]. Aerobic 

glycolysis is less efficient and produces low amounts of ATP. The low levels of ATP 

can be compensated in the cancer cells by upregulating glucose transporters (e.g. 

GLUT1) [40]. This upregulation and the increase in glucose uptake is frequently 

correlated to activation of oncogenes [27, 40]. 
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Figure 6. Altered glucose metabolism in cancer cells. Cancer cells frequently make use of the aerobic glycolysis 

(Warburg effect) leading to quick glucose metabolism but low ATP production [41]. 

  

1.2.4. Tumor microenvironment 

 The accumulation of malignant cells alone is not sufficient enough to establish 

a well-functioning tumor [42]. Therefore, accurate distribution and interaction of 

malignant cancer cells (CC), cancer associated fibroblasts (CAF), immune 

inflammatory cells (ICs), cancer stem cells (CSC), pericytes (PC) and endothelial cells 

is necessary to form the tumor and microenvironment (TME, figure 7) [41, 42]. The 

majority of non-malignant cell types is associated with growth and proliferation during 

normal development and therefore, these cells mostly exhibit tumor-promoting 

characteristics, which help the tumor to expand [41-43].  
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Figure 7. The tumor microenvironment. A set of cell populations forming the tumor microenvironment are 

depicted in the left panel [26] and, in addition, each cell type is further sub-divided according to their involvement in 
a particular hallmark (right panel [43]).   

 

 

 



Introduction 
 

14 
 

1.3.  Anticancer therapy 

The history of anticancer compounds started in 1939 with Charles Hugginsô idea 

of using chemical hormones for prostate cancer treatment and continued with Sidney 

Faber in 1942, who used antimetabolites to treat leukemia (figure 2) [44]. The main 

aim of anticancer therapy is the complete removal of malignant cells from the body. 

Thus, several topic and systemic strategies such as surgery, radiation and 

chemotherapy are applied [45, 46]. The most promising, and in many cases curative 

strategy to treat cancer is a combination of surgery, radiation and systemic drugs [47]. 

Therapy scheme selection strongly depends on the tumor type, the progression, the 

location in the body and the physical condition of the patient [47, 48].  

1.3.1. Surgery 

In most patients, surgery remains the standard treatment method applied in the 

battle against cancer [49]. Nevertheless, removal of all malignant cells, even after 

complete resection, is often complicated and recurrence may occur [49]. Accordingly, 

a combination of several therapeutic approaches mostly increases a patientôs 

prognosis [48].  

1.3.2. Chemotherapy 

 Chemotherapy is often administered as treatment to cure cancer (neoadjuvant 

or adjuvant chemotherapy) or to prolong life (palliative chemotherapy) [50]. This type 

of therapy is usually non-specific and inhibits proliferating cells by causing irreversible 

DNA damage leading to inhibition of proliferation or cell death [44]. Standard 

chemotherapy affects malignant but also rapidly dividing healthy cells, leading to major 

side effects [45, 46]. Therefore, managing physical (but also psychological) side effects 

is of high importance to improve the patientôs quality of life during anticancer therapy 

[51, 52]. Fatigue, pain and emotional stress are the most common side effects of 

chemotherapy [53].  Anemia, bleeding, hair loss, immune suppression, skin rash and 

heart damage are additional side effects often related to chemotherapy due to its non-

specific characteristics [53]. 

 Subclasses of chemotherapeutic agents are antimetabolites, toxic antibiotics, 

alkylating agents, topoisomerase inhibitors and microtubule interfering molecules [41, 
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44, 54]. Cisplatin, accidentally discovered as an anticancer agent by Rosenberg, 40 

years ago, is one of the best-known chemotherapeutic agents worldwide [55]. At first, 

cisplatin was found to show promising biological properties in bacteria, followed by 

anticancer activity in mouse models and finally approval of cisplatin for human 

anticancer treatment (figure 8) [55].  

 

Figure 8. Milestones in the development of platinum drugs for cancer therapy. The history of cisplatin 

discovery and approval and the development of other platinum compounds to treat malignancies [55].  

 

1.3.3. Hormone therapy 

Hormone therapy is applied in gender specific cancer types driven by hormonal 

changes. Prostate cancer was the first cancer type treated with synthetic hormones in 

1939, so called androgen-deprivation therapy (ADT) [44, 56]. Another example of 

hormonal therapy is the use of anti-estrogenic therapy to treat breast cancer (estrogen 

receptor-positive tumors) and the use of aromatase inhibitors [56].  

These synthetic hormones, used for hormone therapy, interfere with the 

standard hormonal household in the body and therefore bear great risk of developing 

metabolic syndromes (e.g. dyslipidemia, insulin resistance) [56, 57].  

1.3.4. Immunotherapy 

The major histocompatibility complex (MHC) on tumor cells presents tumor 

antigens towards the T-cell receptor (TCR), present on T-lymphocytes, and thereby 
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triggers an antitumor immune response [58]. This process is regulated by the so-called 

ñimmune checkpointò molecules located on T-cells [58]. Cytotoxic-t-lymphocyte-

associated protein 4 (CTLA-4) and programmed cell death receptor 1 (PD-1) are 

extensively investigated immune checkpoint receptors involved in the immune 

response against cancer cells [58]. The activity of these checkpoint receptors is 

regulated via a balanced system consisting of co-stimulatory and inhibitory signals [59].  

The most promising way to eliminate cancer cells from the body via the immune 

system, is by blocking specific immune checkpoints [59]. In 2011, the first immune 

checkpoint inhibitor, targeting CTLA-4, was approved by the FDA [48]. Checkpoint 

inhibition is based on the blockage of co-inhibitory signals, restoring T-cell functions 

[28]. Antibodies directed to PD-1 like nivolumab and pembrolizumab and to its 

respective ligand (PD-L1), such as atezolizumab, were widely used in clinical trials and 

showed promising results [28]. Accordingly, several therapeutic antibodies, e.g. i) 

pembrolizumab (2014), ii) nivolumab (2015), iii) avelumab (2017), iv) inotuzumab 

(2017) have been approved by the FDA as anticancer therapeutics [60-63]. However, 

ineffective treatment with PD-1-targeting antibodies have also been described during 

clinical trials, indicating the complexity of anticancer therapy and the ability of tumor 

cell clearance by the immune system [27, 28]. Hence, the use of immunotherapy in 

combination with conventional therapy and targeted therapy is worth the consideration 

[64].  

1.3.5. Targeted therapy 

The major aim of targeted therapeutic strategies is the specificity of the 

compounds and the reduction of side effects. An example of targeted therapeutic 

agents are renowned tyrosine kinase inhibitors (TKIs) [47]. TKIs are small molecules, 

exhibiting the ability to bind to the intracellular kinase domain of RTKs. Intracellular 

kinase domains are frequently mutated, transforming the receptor from a proto-

oncogene into an oncogene [41, 65].  

By binding the intracellular kinase domain, the inhibitor directly interferes with 

the ATP binding ability and prevents phosphorylation, thus causing the receptor to stay 

inactive [65]. Blockage of the RTKs results in the disruption of downstream signaling 

cascades and, subsequently, inhibition of cancer cell proliferation [65, 66]. 
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1.3.6. Radiotherapy 

The use of radiation to treat cancer was first applied in 1903 by Goldberg and 

London after the discovery of the X-ray by Röntgen in 1895 [41]. Röntgen observed 

the impact of X-ray on healthy tissue, namely, burns and necrotic tissue damage [41]. 

Adjuvant radiotherapy has made its way into standard cancer treatment 

schemes. Post-operational focal application of radiotherapy is supposed to reduce 

relapse risk, frequently in combination with adjuvant chemotherapy [41].  

1.3.7. Therapy resistance 

Intrinsic or acquired drug resistance are the main limitations in cancer treatment 

[67]. Prior to the application of anticancer therapy, 50% of all patients already exhibit 

intrinsic resistance, whereas a great amount of the other half will develop resistance 

towards the applied drugs (acquired resistance) [67].  

Generally, the mode of action of all antineoplastic drugs is damaging essential 

driver molecules resulting in reactive oxygen species (ROS), DNA damage, cell cycle 

arrest, senescence, apoptosis or necrosis [68]. By modifying target genes, alteration 

of signaling pathways or activation of efflux pumps, drug resistance can be acquired 

[68]. Consequently, single agent resistance can occur and, in addition, cross-

resistance against multiple drugs that are mechanistically unrelated is probable [68-

70]. This multidrug-resistance (MDR) phenotype is mainly acquired upon 

overexpression of MDR-related proteins (MRP) belonging to the ATP-binding cassette 

(ABC) transporter family [68-70].  
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1.4. Brain development and malignancies 

The central nervous system (CNS), and in particular the brain, is said to be the 

center of every functioning human being [71]. Therefore, the embryonal development 

of the CNS is tightly organized and defects mostly lead to early termination of 

pregnancy.  

1.4.1. Development of the human central nervous system 

Formation and evolution of the human brain depends on tight signaling 

structures during embryonal development [71]. Epigenetic factors play major roles in 

regulating development-related genes resulting in differentiation of stem cells into cells 

contributing to a functional brain [71, 72]. Maternal- and fetal factors are the two players 

influencing the epigenetic-related functions during embryonal development [72]. 

Alterations in fetal epigenetic regulations can be induced by maternal factors such as 

exposure to e.g. smoking, stress, incomplete nutrition, alcohol abuse and other 

environmental influences [72, 73]. Embryonal epigenetic changes are frequently 

caused by fetal factors such as insufficient nutrient transport via the placenta and fetal 

hypoxia, leading to early birth and low body weight [72, 73]. 

 

Figure 9. Formation of the neural tube (neurulation) during embryogenesis [74]. (A) Dorsal and transverse 

sections of a 22-day human embryo initiating neurulation. Both anterior and posterior neuropore are open to the 
amniotic fluid. (B) Dorsal view of a human embryo during neurulation a day later. The anterior neuropore region is 
closing while the posterior neuropore remains open. 

 

Embryonic brain development 

The CNS, and thus the brain, develops during the embryonal gastrulation stage 

(third week of pregnancy) from the ectodermal layer [75]. The neural plate thickens at 

the edges and forms so-called neural folds, folding the sheet of ectodermal cells into a 

tube, eventually forming the neural tube (figure 9) [75]. At the tip of these neural folds, 
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neural crest cells (NCs) appear and migrate in lateral direction from the neural tube to 

the periphery [75]. These NCs give rise to many cell types, some of them are the 

sensory ganglia cells and glia cells [75]. After complete closure of the cranial 

neuropore, the brain is split up in three sections, the brain vesicles, the forebrain 

(prosencephalon), midbrain (mesencephalon) and hindbrain (rhombencephalon) [75]. 

The prosencephalon is sectioned in two parts (i.e. the telencephalon and the 

diencephalon) during further development (figure 10A) [75]. While the mesencephalon 

stays nearly unchanged, the rhombencephalon splits up in myelencephalon and the 

metencephalon, which will give rise to the pons and cerebellum at a later stage (figure 

10B) [75]. 

 

Figure 10. Embryonic development of the brain [76]. A) Early brain development, indicating the three primary 

brain vesicles, formed in three- to four- week old embryos, B) Five-week old embryonic stage includes formation of 
the secondary brain vesicles including from top to bottom the i) telencephalon, ii) diencephalon, iii) mesencephalon, 
iv) metencephalon and v) myelencephalon. Included are structures of the brain formed out of the five secondary 
brain vesicles.  

Neuroblasts (primitive neural cells) arise by neuro-epithelial cell division after 

neural tube closure [75]. Neuroblasts exhibit the ability to migrate and differentiate, and 

when they do so, they develop into neurons and lose the ability to divide (figure 11.B, 

left differentiation panel) [75]. Furthermore, neuroepithelial cells can give rise to 

primitive gliablasts. Depending on the layer these blasts arise from, they differentiate 

into fibrillar- or protoplasmic astrocytes (in the mantle layer) or turn into oligodendroglia 

(in the marginal layer, figure 11.B, middle panel) [75]. Neuroepithelial cells, skipping 

the differentiation into neuro- or gliablasts, develop into ependymal cells (figure 11.B, 

right panel) [75]. In a later stage during brain development when the nervous system 

is additionally supported by blood vessels (induced angiogenesis), microglia, deriving 

from mesenchymal cells, migrate into the brain and serve as neuronal macrophages 

(figure 11.A) [75].   
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Figure 11. Embryonal development of CNS cells [77]. A) Microglia (brain macrophages) derive from the 

mesenchyme, surrounding the neural tube. B) The left differentiation scheme indicates the differentiation of an 
apolar neuroblast into multipolar neuroblasts harboring dentrites and an axon (losing the ability to devide), the 
middle panel indicates the differentiation of glioblasts into astrocytes and oligodendrocytes whereas the right panel 
indicates the ependymal cells. 

 

1.4.2. Diagnosis of central nervous system neoplasia 

Symptoms indicating brain tumors are often very unspecific. Consequently, 

intracranial tumors are frequently diagnosed at advanced stages. Occurrence of brain 

tumor related signs and symptoms strongly depend on the localization of the tumor 
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and the rapidity of progression. Seizures, strong headache, nausea and vomiting, 

dizziness, visual defects and speech disorders are examples of symptoms indicating 

brain neoplasia [78]. To localize, diagnose and identify the tumor type causing a subset 

of these symptoms, magnetic resonance imaging (MRI), computed tomography (CT), 

positron-emission tomography (PET) and MR-spectroscopy are performed [78, 79]. To 

identify the source of the patientôs symptoms, CT is mostly performed. This technology 

provides millimeter thin layered brain pictures [78, 79]. Additionally, MRI enables highly 

detailed analyses of the size, shape, location and depth of invasion of the malignant 

tissue in the brain [78, 79]. Further, MR-spectroscopy may provide additional 

information about the intra-tumoral metabolism which is distinct in more aggressive 

tumor types (figure 12) [78]. Concerning both CT and MRI, necrosis, inflammation and 

edema are not always clearly to distinguish from tumor tissue [78-80]. Therefore, PET, 

measuring metabolic activities (e.g. Warburg effect) is a good tool for clinicians to 

identify the tumor type [78, 80]. Generally, metabolic alterations are very helpful in the 

differentiation between certain tumor types (e.g. CNS lymphoma and high-grade 

glioma) [78, 80]. To identify the tumor tissue on histological level, biopsies are 

frequently taken from the neoplastic site in the brain. 
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Figure 12. MR-spectroscopy of a patient with GBM [78]. Metabolite spectra can help in the classification and 

grading of CNS tumors. The enriched choline values and reduced N-acetyl-aspartate (NAA) are a classic indication 
for GBM [78]. 

 

1.4.3. Tumors of the central nervous system  

WHO Classification 

In 2007, the WHO classified CNS tumors according to their morphological 

features and grouped all astrocytic tumors separately from oligodendroglial tumors 

[81]. This classification is mainly based on similarities between the tumor cells and its 

normal counterparts in the brain [81]. A WHO-CNS classification update in 2016, in 

addition to the old classification, changed the categorization of CNS tumors by using 

molecular characteristics in addition to histology (appendix 2) [81]. The incorporation 

of molecular parameters has led to improved diagnosis of astrocytic tumor types [81]. 

Accordingly, the diagnostic use of genetic features, in particular isocitrate 




















































































































































































































