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1 INTRODUCTION

1.1 Glioblastoma multiforme

Glioblastoma multiforme (GBM), the most common type of primary tumor of the 
central nervous system (CNS) in adults, remains one of the most devastating and 
fatal pathologies, with most patients succumbing to disease within less than sixteen 
months (Hegi et al. 2005; Stupp et al. 2005; Parsons et al. 2008).

Glioblastoma exhibit rapid and extensive cell invasion throughout the human brain 
(Louis et al. 2007) and despite tremendous advances in the understanding of 
underlying mechanisms in tumor biology, the poor prognosis for GBM patients could 
not be improved substantially over decades (Stupp et al. 2009).
The cells of origin of glioblastomas could not been definitively identified yet, 
nevertheless the identification of tumorigenic stem-cell like precursor cells suggests 
that they may have a neural stem cell origin (Canoll & Goldman 2008; Dirks 2006; R. 
Chen et al. 2010; Galli 2004).

This investigation aims to identify and illuminate some of the core cellular regulatory 
mechanisms, that seem to control these stem-cell like precursor cells. The following 
chapter provides an introduction into general Glioblastoma biology, the current 
knowledge of Glioblastoma markers and meaning of mutations, the current standard 
of diagnosis and care and also introduces to the principles of the cancer stem cell 
theory, with a special emphasis on the GBM stem cell marker Aldehyde 
Dehydrogenase 1 and the role of cellular hypoxia.

1.1.1 Epidemiology

Brain tumors account for 2 percent of all cancer in human. The average annual age-
adjusted incidence rate for malignant primary  brain tumors is 7.3 per 100.000 person-
years with an age adjusted mortality  rate of 4.6 per 100.000 person-years (Jemal et 
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al. 2010). Gliomas constitute more than 80% of primary malignant brain tumors 
among astrocytomas and 53% of astrocytomas are GBM (Adamson et al. 2009) 
(Fig. 1). Patients average age at onset is 54 years for all primary brain tumors and 62 
years for GBM (Dolecek et al. 2012). The vast majority  of GBM are diagnosed as de-
novo or also termed primary GBM. Only a subset of 5% of GBM arise from lower-
grade brain tumors (grade II or grade III) (Adamson et al. 2009).

Figure 1: Primary brain tumors by histology and subtypes of astrocytic tumors
Left side (A): Distribution of primary brain and CNS tumors by histology. Right side (B): Distribution of 
primary brain and CNS gliomas by subtype (modified from: CBTRUS Statistical Report 2012)

1.1.2 Classification

Attempts to classify brain tumors date back to 1863, when Rudolf Virchow (Virchow 
R., 1863) first introduced the term glioma to separate them from other tumors of the 
brain. 
In 1926, Percival Bailey and Harvey Cushing characterized the term Glioblastoma 
multiforme, based on the idea that GBM arise from glioblasts (glial precursor cells) 
and due to the heterogenous appearance, which is a hallmark of GBM with necrosis, 
hemorrhage and cysts (Bailey, P., Cushing, HW. 1926). 
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Studies by Kernhoan (1949) and Ringertz (1950) refined the classification system 
and incorporated that different brain cells give rise to histologically  distinct brain 
tumors. Furthermore, the group of astrocytic tumors were divided into three grades: 
astrocytoma, anaplastic astrocytoma and glioblastoma (Kernohan & Mabon 1949; 
Ringertz 1950).

The World Health Organization (WHO) published a classification scheme of central 
nervous system tumors in 1979, that was revised in 1999 and 2007 and combines 
tumor nomenclature with a tumor grading system, based on the histopathological 
features and clinical presentation.

In its current version, the WHO system recognizes seven gliomas as distinct tumor 
entities, characterized by cytological and immunohistochemical evidence of 
differentiation along astrocytic, oligodendroglial or both lineages and divides CNS 
neoplasms into 4 grades. The prognostic power of the WHO grading scheme yielded 
in widespread acceptance throughout the clinical environment.

WHO grade I and II are generally considered as low grade and grade III and IV as 
high grade astrocytomas. Grade I tumors show low proliferative potential and may be 
cured following surgical resection. Lesions categorized as grade II harbour likewise 
low proliferation capacity, but contain atypical cells and tend to recurrence and grow 
invasively. Malignant transformation to higher tumor grades might also occur.
 
In WHO grade III lesions, histopathological investigation typically reveals atypic 
nuclei and high mitotic activity. The designation WHO grade IV describes highly 
malignant lesions, containing necrotic foci or extensive microvessel proliferation, high 
mitotic activity and usually rapid disease progression with dismal prognosis (Table 1).
Astrocytic WHO grade IV tumors are subdivided in Glioblastoma (95%), Small-cell 
GBM, Giant cell GBM, GBM with primitive neuronal features (primitive 
neuroectodermal tumor [PNET]-like) and Gliosarcoma (2%) (Miller & Perry 2007). 
Following a WHO consensus, GBM that contain foci resembling oligodendroglioma 
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are associated with a significantly worse prognosis and classified as glioblastomas 
with oligodendroglioma component (Miller et al. 2006).

The WHO grade also reflects response to treatment and overall survival. Therefore 
the tumor grade is a key factor in the decision making process regarding the use of 
adjuvant radiotherapy and choice of a specific chemotherapeutic protocol.

Table 1: Classification Scheme of Primary Brain Tumors 
(modified from a scheme by J. Schlegel)

1.1.3 Gene Expression Profiling and GBM sub-classification

Molecular and genetic determinants contributed additional refinements to the existing 
morphology based classifications and some of them may be incorporated into future 
revisions of the WHO classification of tumors of the central nervous system.

Genetic alterations of  TP53, PTEN, EGFR, RB1 NF1, ERBB2, PIK3R1 and PIK3CA 
in GBM are already well known in GBM biology  (McLendon et al. 2008). Primary 
GBM in particular, exhibit frequent EGFR amplification and PTEN mutation (Kleihues 
& Ohgaki 1999). Secondary GBM on the other hand often show TP53 and IDH1 
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mutation (Ohgaki & Kleihues 2007). With reference to the chromosome, primary 
GBM can be separated from secondary GBM by regular trisomy of chromosome 7, 
monosomy of chromosome 10, gains of chromosome arms 129, 19q and 20q (Toedt 
et al. 2011).

In an effort to elucidate distinct genetic fingerprints in GBM, several groups analyzed 
hundreds of glioma tissue samples with Gene Expression Profiling (GEP) (Fig. 2) 
(Shirahata et al. 2007; A. Li et al. 2009a; Freije et al. 2004; Phillips et al. 2006). In a 
recent work (Verhaak et al. 2010), Verhaak et al. and the Cancer Genome Atlas 
(TCGA) Research Network suggested a gene-expression based molecular 
classification of GBM into 4 distinct subtypes: proneural, neural, classical and 
mesenchymal. In the classical subtype, Endothelial Growth Factor Receptor (EGFR) 
amplification and EGFRvIII mutation, Cyclin-dependent kinase inhibitor 2A (CDKN2A) 
deletion and a lack of TP53 mutations were found, whereas the mesenchymal 
subtype showed mutations in Neurofibromatosis Gene 1 (NF1), TP53 and the 
Phosphatase and Tensin homolog (PTEN). In the proneural subtype Alpha-type 
Platelet Derived Growth Factor Receptor (PDGFRA) amplification and mutations in 
Isocytrate Dehydrogenase I (IDH1), TP53 and PIK3CA/PIK3R1 genes were found. In 
consistence with previously published data, the proneural subtype is notably  more 
frequently  detectable in younger patients (Phillips et al. 2006; Lee et al. 2008). 
Finally, the neural type expressed neuronal markers, such as NEFL, GABRA1, SYT1 
and SLC12A5 (Verhaak et al. 2010). 

Unlike previous GEP studies, Verhaak and the TCGA group used a data set solely 
consisting of GBM, whereas aforementioned studies also included lower-grade 
gliomas, that might have led to a misinterpretation. The clinical meaning of this 
suggested sub-classification is illustrated by a significant increase in survival of the 
Mesenchymal and the Classical Subtype, following Temozolomide (TMZ) and 
radiation therapy.
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Figure 2 : Gene expression profiling (GEP) and survival (Verhaak et al. Cancer Cell, 2010)

1.1.4 Other prognostic meaningful marker

1.1.4.1 LOH 1p19q

The prognostic variability in overall survival, particularly  among lower-grade gliomas, 
could be improved by the implementation of prognostic markers. One of the most 
utilized tests detects a co-deletion of chromosomal arms 1p and 19q, associated with 
a more favourable therapy response and overall survival in oligodendroglial (Jeuken 
et al. 2004)} and oligoastrocytic anaplastic gliomas, treated with radiotherapy or 
radiotherapy plus chemotherapy (Cairncross et al. 1998). Numerous investigators 
have described co-deletions of 1p19q in up to 80% of oligodendroglioma and 60% of 
anaplastic oligodendroglioma. The numbers reported in tumors of mixed lineage are 
lower and range from 30-50% of oligoastrocytomas to 20-30% of anaplastic 
oligoastrocytoma (Jenkins et al. 2006; Griffin et al. 2006). In GBM, the rate is 

6



reported to be < 10%. Three prospective randomized clinical trials confirmed the 
prognostic significance of this genetic aberration (Intergroup Radiation Therapy 
Oncology Group Trial 9402 et al. 2006; van den Bent et al. 2006; Wick et al. 2009).
Notably  only a combined and complete loss of 1p  and 19q are prognostic favourable. 
A partial loss is even associated with a worse prognosis (Felsberg et al. 2004).

1.1.4.2  MGMT promotor gene methylation

O6-methylguanine-DNA methyltransferase (MGMT) encodes for an O6-
methylguanine methyltransferase that removes alkyl groups from the O-6 position of 
guanine. GBM and anaplastic glioma patients with MGMT hypermethylation were 
found to be more sensitive to alkylating agents such as temozolomide (Esteller et al. 
2000; Hegi et al. 2005; Hegi et al. 2008; Weller et al. 2009).
MGMT encodes for a DNA repair protein, that removes alkyl groups from the O6 
position of guanine, which are appended by  alkylating reagents, such as 
temozolomide or nitrosourea compounds (Gerson 2004). Thus, hypermethylation of 
the MGMT promotor results in increased chemotherapeutic effectivity.

Other mechanisms underlying the prognostic improvements associated with MGMT 
promotor methylation are not yet fully  understood. To note, most anaplastic glioma 
with MGMT methylation likewise contain mutations in the IDH1 gene (Sanson et al. 
2009) or homologous loss of 1p/19q (van den Bent et al. 2009). Both aberrations are 
associated with better prognosis. Consequently, in long term survivors of GBM (OS > 
three years) MGMT promotor methylation could be detected significant more 
frequently than in other GBM samples (Krex et al. 2007).

1.1.4.3  IDH1/IDH2 mutation

Recently, sequencing analysis of 22 GBM by Parsons and coworkers revealed 
somatic mutations in the Isocytrate Dehydrogenase (Parsons et al. 2008). A large 
body of literature suggest, that IDH1 mutations are much more frequent in secondary 
GBM (70-80%) (Nobusawa et al. 2009) and in younger patients, as well as in a vast 
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majority of grade II and III astrocytomas and oligodendrogliomas, but can be rarely 
encountered in primary GBM (5%) (Balss et al. 2008; Hartmann et al. 2009; Yan et al. 
2009; Parsons et al. 2008).

The mutation results in a gain of enzyme function. IDH catalyzes a-ketoglutarate to 
R(-)-2-hydroxy-glutarate (Dang et al. 2011). Several studies have proven, that IDH1/
IDH2 mutation is associated with prolonged overall survival, (Parsons et al. 2008; 
Yan et al. 2009) whereas other investigators reported, that mutational status lacks 
significance in response to chemotherapy (Dubbink et al. 2009).
A monoclonal antibody, detecting IDH1 mutation on position R132H is available, 
making routine IDH1 mutation testing feasible (Capper et al. 2010).

The molecular pathways, yielding to aberrant DNA and histone methylation of IDH1 
mutated tumor cells are not thoroughly clear.
However, the results of most studies indicate, that IDH1 mutation is correlated with 
TP53 mutations, co-deletion of 1p19q and MGMT promotor methylation (Ichimura et 
al. 2009; van den Bent et al. 2010; Watanabe et al. 2009; Sanson et al. 2009). 
Indicating the genetic heterogeneity of primary and secondary GBM, previous studies 
described inverse correlation with loss of chromosome 10 and EGFR amplification 
(Sanson et al. 2009; van den Bent et al. 2010).

Some studies have suggested that enzymatic gain of function mutations in IDH1 and 
IDH2 lead to markedly  increased levels of 2-hydroxyglutarate (2HG) (Yan et al. 
2009).

1.1.4.4 EGFR receptor amplification in GBM

Amplification of the epidermal growth factor receptor gene (EGFR) at 7p12 is the 
most frequent genetic aberration in primary GBM (40%) (Yip et al. 2008). A 
rearrangement of EGFR, namely a 801-bp  in-frame deletion of exons 2-7 is 
encountered regularly, with EGFRvIII being the most common variant (Sugawa et al. 
1990). Clinically  meaningful, EGFR amplification or rearrangements indicate poor 
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prognosis and an aggressive tumor phenotype (Pelloski et al. 2007; Shinojima et al. 
2003).

To date, results of most clinical trials, which evaluated the feasibility of targeting 
EGFR pathways to increase adjuvant therapeutic sensitivity has been unsatisfactory 
(Preusser et al. 2008; Halatsch et al. 2006).

1.1.4.5 BRAF mutation 

Interest has recently been focused on the BRAF gene. A proto-oncogene at7q34, that 
is found duplicated or mutated in 60-80% of WHO grade I pilozytic astrocytoma (Bar 
et al. 2008; Jones et al. 2009). Since BRAF gene mutations are rarely detectable in 
higher grade astrocytic or oligodendrocytic tumors, (Pfister et al. 2008) testing for 
BRAF mutations contribute to differential diagnosis between pilocytic astrocytoma 
and other brain neoplasms in uncertain histopathological cases (Korshunov et al. 
2009).

1.1.5 Current therapeutic guidelines

As it would go well beyond the scope of this introduction to discuss implications of 
current therapeutic guidelines in meticulous detail, the following chapters review 
briefly the current state of the art recommendations for treating newly diagnosed 
GBM.
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Figure 3: GBM standard of care development and mean overall survival from 1875 to present.
First surgical  cases date back to last quarter of 19th century with a high peri- and postoperative 
mortality. Whole brain radiation therapy (WBRT) was introduced around 1950 and doubled survival 

times from 4-6 months to 10-11 months. Few years later, nitrosourea compounds added marginal 
additional  survival benefit (2 months). In 2005 a single study introduced a new standard of care, by  

using the alkylating agent Temozolomide, concomitant with postoperative RT and continuation for 6-12 
months. The mean overall survival rose to 14.6 months in selected study populations. 

1.1.5.1 Neurosurgical Treatment

In newly diagnosed GBM, the current neurosurgical paradigm is „maximal safe 
resection“, i.e. most possible aggressive resection, while preventing new 
postoperative neurological deficits. This standard has particular implications for 
tumors located near to eloquent areas.
Remarkably, until to date there is no straight forward recommendation between 
biopsy only and surgical resection and likewise ongoing controversy pertaining the 
extent of resection. The single conducted randomized clinical trial lacks level 1 
evidence due to inadequate methodology for reliable conclusions (Hart et al. 1996).

However, at Class 2 evidence level, aggressive resection is associated with improved 
functional status and prolonged survival (Devaux et al. 1993; Laws et al. 2003). 
Demonstrating that remaining tumor mass after surgery  is of prognostic importance, 
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independent of other variables, a study by Wood and colleagues concluded that the 
amount of tumor before and 9 weeks following radiotherapy is highly  prognostic 
(Wood et al. 1988).
Similar findings in the field of pediatric malignant brain tumors were reported by  Bucci 
et al. (Bucci et al. 2004).
Further support for the concept of survival benefit through more aggressive resection, 
were provided in 2006 by Stummer and coworkers with the introduction of 
fluorescence-guided resection using 5-aminolevulinic acid (5-ALA) (Stummer et al. 
2006).

In line with this trial, Pichlmeier et al. have investigated the influence of surgical 
extension with and without 5-ALA on survival depending on RPA class. Stratified for 
degree of resection, progression free survival of patients in RPA classes IV and V 
was significantly longer (Pichlmeier et al. 2008).

One group of authors suggested a cut-point for survival benefit regarding the 
volumetric extent of GBM resection. In this work, Sanai and coworkers found, that 
survival benefit was significantly  larger above 78 percent resected tumor based on 
the gadolinium-enhancing portions of the tumor (Sanai et al. 2011).

In contrast to the apparent advantages of total resection, other studies found no 
increases in overall survival (Coffey et al. 1988; Quigley & Maroon 1991; Kreth et al. 
1993). To note, many of these studies were conducted before the era of high-
resolution MRI, neuronavigation and other complementary techniques, that are 
employed today in many neurosurgical centers.

Finally, neurosurgical tumor debulking may be beneficial in other aspects. Morbidity 
and acute neurologic complications are fewer in patients who undergo resection, 
compared with biopsy. Surgery also facilitates sooner discontinuation of 
corticosteroids and therefore reduces steroid-related complications (Fadul et al. 
1988). Tumor resection before radio-chemotherapy treatment may also improve 
postoperative adjuvant therapy response (Salcman 1988; Glantz et al. 1991).
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Lastly, tumor resection regularly  yields larger and thus more representative samples 
for appropriate neuropathological diagnosis, a prerequisite for accurate therapeutic 
management.

1.1.5.2 Radiotherapy

Radiotherapy is a treatment standard for GBM with a total radiation dose of 54 - 
60Gy, in single fractions of 1,8 - 2 Gy. If possible, the dose should be 60 Gy rather 
than 54 Gy, but dose escalation over 60 Gy could not prove to provide further 
benefits.
Abbreviated schemes of radiation therapy were found to be applicable for elderly 
patients or in palliative settings (Roa et al. 2004). In contrast to other therapeutic 
modalities, radiation therapy significantly prolonged overall survival in patients older 
than 70 years of age (Keime-Guibert et al. 2007).

1.1.5.3 Chemotherapy

A class I evidence trial by Stupp  et. al in 2005 recommended concurrent and post-
irradiation Temozolomide, a DNA alkylating agent for patients from 18 - 70 years with 
adequate systemic health. In this landmark study, 573 patients, diagnosed with GBM 
between 2000 and 2002 were randomized to standard radiation therapy (60Gy in 30 
daily  fractions of 2 Gy) only  and concomitant temozolomide (75mg per square meter 
of body-surface area per day, 7 days per week) and adjuvant temozolomide 
(150-200mg per square meter for 5 days during each 28-day cycle). In the 
temozolomide group, median survival could be increased by 2.5 months and two 
year survival was almost three times higher over radiation therapy alone (Stupp  et al. 
2005).

In an accompanying study in the same year, median survival of patients with GBM 
and methylated MGMT promotor was 21.7 months and 46% of 2-year-survivors 
compared with 15.3 months and 22.7%, respectively  in patients without the promotor 
methylation (Hegi et al. 2005; Hegi et al. 2008).
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To date, there is no recommendation regarding continuation of chemotherapy longer 
than six months or in alternative dosage schemes. For patients older than 70 years of 
age, no evidence based therapeutic guideline exist. 

Since the introduction of a the temozolomide chemotherapy, the importance of  
nitrosourea compounds as a primary therapeutic option has been largely replaced. 
The Neuro-Oncology Working group  01 trial compared the efficacy of nimustine 
(ACNU) plus VM26 and ACNU plus cytarabine (Ara-C) chemotherapy with standard 
radiotherapy and reported a survival of 17.3 months for GBM patients treated with 
ACNU and VM26. However, no study arm comparing radiation therapy with 
chemotherapy was conducted (Weller et al. 2003).

Interstitial chemotherapy with BCNU wafers (Gliadel), the only  FDA-approved 
treatment for intracerebral chemotherapy, is discussed controversially, since the 
reported overall survival of 13,9 months in the study arm treated with interstitial 
BCNU vs. 11,6 in the untreated group  failed to prove statistical significance in the 
subgroup of GBM patients. 

However, in a long-term follow-up  study of 240 wafer-treated patients with 59 patients 
who were available for long-term follow-up, significant improvements of survival could 
be reported 1,2 and 3 years after implantation (Westphal et al. 2006).

In recent studies, other groups have taken a combined approach, by adding 
biodegradable carmustin wafers to the standard multimodal treatment approach with 
promising results, but also a higher rate of treatment associated toxicity and adverse 
events (Salvati et al. 2011; Bock et al. 2010).

Alternative chemotherapeutic application procedures, like intracerebral catheter 
based systems or convection enhanced delivery schemes yet failed to demonstrate 
supremacy over other medical treatments and face severe technical difficulties (Bock 
et al. 2010).
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1.2 Cancer Stem Cells

1.2.1 Introduction

The existence of cancer stem cells is widely accepted and has clear and numerous 
clinical implications and promises (Cheng et al. 2010; Dietrich et al. 2010). The 
deepening of understanding in molecular and tumor biology have made it obvious, 
that stem cells might not only play a crucial role in organogensis, but may also have 
a harmful involvement in oncogenesis.
The classic model of cancer suggests that malignant cell transformation can occur in 
all cells of a tumor and these altered cells give subsequent rise to temporarily 
homogeneous cell populations, that develop into heterogenous cells only later in the 
tumor evolution process (Hanahan & Weinberg 2011).  

Figure 4: Characteristics of Cancer Stem Cells

Challenging this view, the paradigm of the cancer stem cell model presumes that 
oncogenic mutation appear particular in tissue stem or progenitor cells, that have 
acquired stem-cell like characteristics by yet not clearly understood mechanisms 
(Bonnet & Dick 1997; Glinsky 2007; Jaiswal et al. 2003). The theory hypothesizes, 
that a hierarchical organization exist inside a tumor, similar to the cellular order in 
normal tissues. Thus, the tumor bulk mainly consists of more differentiated progeny 
cells of much less numerous CSCs (Sánchez-García et al. 2007) (Fig. 5).

To date, CSCs can best be defined by functional criteria, resembling stem cell 
characteristics like extensive proliferation, the capacity for self-renewal (i.e., that 
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daughter cells retain the same biologic characteristics as the parent cell), the 
potential to different into multiple lineages and importantly in the field of oncology, the 
potential to initiate tumor growth after implantation, while highly  recapitulating the 
originary tumor (Reya et al. 2001) (Fig. 4). Tumor heterogeneity thus is the result of 
nontumorigenic daughter cells, that differentiate into various cancer cell phenotypes. 
Despite the fact, that evidence of cancer stem cells is still incomplete and detected 
frequencies of CSCs in human tumor samples exhibit large variations, CSCs may be 
responsible for tumor progression, relapse and therapy resistance (Dean et al. 2005; 
Jordan et al. 2006).

Therefore current cancer treatment, that often targets rapidly  dividing cells and thus 
leaves remaining cancer stem cells untouched and path the way for tumor regrowth. 
Treatment strategies causing CSCs to differentiate were proposed by several groups 
and showed great promise (Bar et al. 2007; Fan et al. 2009; Piccirillo et al. 2009; 
Clément et al. 2007; Sarangi et al. 2009; Chigurupati et al. 2010).

Figure 5: Comparison of models of cancer origin (modified from J. Visvader).

Left side (A): Classical concept of tumor development by mutated differentiated cell. Right side (B): 
Cancer stem cell concept of tumor development.
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1.2.2 Cancer Stem Cells in other tumors

The first isolation of CSCs was performed in tumors of the hematopoetic system, in 
which stem-cell biology is well studied (Lapidot et al. 1994). Evidence about CSCs 
were first described by Bonnet and Dick in acute myeloid leukemia (AML) (Bonnet & 
Dick 1997; Jaiswal et al. 2003; Wulf et al. 2001) and was later found in chronic 
myelegous leukemia (CML) (Wulf et al. 2001) and acute lymphoblastic leukemia 
(ALL) (Cox et al. 2004).
A large body of literature today  suggests the existence of cancer stem cells in a 
growing number of solid tumors. Breast cancer cells, expressing high levels of CD44 
but low or undetectable levels of CD24 are highly  tumorigenic and resistant to 
chemotherapy (Al-Hajj et al. 2003; X. Li et al. 2008; Glinsky 2007; Charafe-Jauffret et 
al. 2009).

Other solid tumors with stem cell fractions are colorectal cancer (CRC) (Ricci-Vitiani 
et al. 2006; Todaro, Francipane, et al. 2010a), hepatocellular carcinoma (HCC) (Ma, 
Lee, et al. 2008b), pancreatic adenocarcinoma (C. Li et al. 2007), bladder urothelial 
cell carcinoma (Su et al. 2010), small cell lung cancer (Eramo et al. 2008), ovarian 
carcinoma (Chang et al. 2009), prostate cancer (Collins et al. 2005), osteosarcoma 
(L. Wang et al. 2010), melanoma (Boonyaratanakornkit et al. 2010), thyroid 
carcinoma (Todaro, Iovino, et al. 2010b) and retinoblastoma (Seigel et al. 2005).

1.2.3 Cancer Stem Cell Marker and Identification Methods

Although CSCs share certain markers with normal stem cells, the identification of 
distinct and unique CSC marker is of high clinical importance, since these markers 
could finally lead the way to a drugable target.
As CSCs are no homogeneous group of cells, but rather seem to vary in each 
different tumor entity and even within a single tumor, the expression of markers is a 
field of ongoing investigation. 
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Commonly, CSC populations are defined by  expression or absence of cellular 
surface proteins or combination of these. 

1.2.3.1 CD133

Human CD133 or Prominin-1 was discovered in 1997 as a target of the AC133 
monoclonal antibody in hematopoietic stem cells (Yin et al. 1997). CD133 is a 
120kDa five transmembrane protein with two extracellular loops (Weigmann et al. 
1997). The definitive biological role of CD133 has yet to be determined. 
Coexpression with ß1-Integrin may indicate its role in stem cell maintenance in 
epidermal basal cells and ganglioside-binding motifs on the first extracellular domain 
may regulate cell-cell contacts (Yu et al. 2002).

CD133 positive tumor cells, alone or in combination with other surface proteins, were 
detected in various cancers, but most publications propose a role of CD133 in 
Glioblastoma (Singh et al. 2004). Notably, Uchida and coworkers first isolated CD133 
positive human neural stem cells from fetal brain tissue (N. Uchida et al. 2000). In 
2007, O´Brien and Ricci-Vitiani described CD133 as a marker for cancer initiating 
cells in colorectal carcinoma (Ricci-Vitiani et al. 2006). In a later study, the same 
group described a combination of CD133+ with CD24+ for colon cancer stem cells 
(Vermeulen et al. 2008). 
In prostate cancer, a combinatorial use of CD44+, α2β1high and CD133+ isolated self-
renewing and tumor initiating cells from various prostate cancer specimen (Collins et 
al. 2005). Chen et al. found CD133+ lung cancer cells from primary tumors and lung 
cancer cell lines highly co-expressing stem cell marker Oct-4 and multiple drug 
resistance marker ABCG2  (Y.-C. Chen et al. 2008).

Contradictory to these findings, several studies showed that CD133-negative cells 
also contain tumorigenic potential upon transplantation into immunodeficient mice (J. 
Wang et al. 2008; Ogden et al. 2008, Shmelkov et al. 2008).
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1.2.3.2 CD44

The CD44 surface marker is a 85-kDa transmembrane glycoprotein with 10 exons 
and at least ten tissue-specific splice variants (CD44v1-10). The interactions of CD44 
in cell-cell communication are abound and recently has been the focus of a large 
number of investigations (Bourguignon et al. 2009; Afify  et al. 2009). It has become 
clear, that CD44 has implications in cell adhesion, cell motility and proliferation (Afify 
et al. 2009; Marhaba & Zöller 2004). Pointing to CD44 as specific marker in cancer 
stem cells, CD44 positive prostate cells expressed increased levels of Nanog, BMI1 
and SHH and other stem cell specific genetic signatures (Klarmann et al. 2009). 

A study  by Al-Hajj and colleagues in 2003 showed that CD24-/CD44+ breast cancer 
cells contained cells with the potential to re-capitulate the parental tumor upon 
implantation in very low cell numbers (Al-Hajj et al. 2003). In prostate cancer, a 
combination of the previously described CSC marker with α2β1high and CD133+ with 
CD44 led to the isolation of self-renewing cell populations with multi-lineage 
differentiation potential (Collins et al. 2005). Later, Patrawala et al. used only CD44 
with comparable results (Patrawala et al. 2006). Dalerba and coworkers identified 
CSC from colorectal cancer cells based on the combined presence of Epithelial cell 
adhesion molecule (EpCAM) and CD44 (Dalerba et al. 2007).
In disagreement with these studies, Mack et al. demonstrated that CD44 failed to 
differentiate between malignant and normal epithelial cells (Mack & Gires 2008). 
Other studies reported CD44 to be associated with reduced metastasis and more 
favourable prognosis (Diaz et al. 2005; Lopez et al. 2005).

1.2.3.3 CD24

The role of CD24 as a marker for CSCs is discussed very controversially (Fang et al. 
2010). CD24 is a O- and N-glycolysated extracellular bound 27-amino-acid protein 
(Pirruccello & LeBien 1986; Aigner et al. 1997). Presence or abscence of CD24 is 
also tissue specific and has been identified in breast cancer cells (CD44+,CD24-) (Kai 
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et al. 2010), prostate cancer (CD44+,CD24-) (Hurt et al. 2008), and colon cancer 
(CD133+/CD24+) (Vermeulen et al. 2008).

Interestingly, in Glioblastoma cells, truncated glioma associated oncogene 
homologue 1 (tGLI1), a zinc finger transcription factor, were found to activate several 
carcinogenesis related pathways, among them K-RAS mediated signaling, tumor 
growth factor-beta and protein kinase A. Furthermore, the promotor of CD24 was 
activated by tGLI1, resulting in increased expression (Lo et al. 2009).

1.2.3.4 Side-Population

Goodell and coworkers demonstrated that a distinct subpopulation of bone marrow 
cells are capable to actively  exclude the Hoechst 33342 dye (Goodell et al. 1996), a 
DNA dye used for flow cytometric analysis of DNA (Hamori et al. 1980). This dye can 
pass intact cell membranes, but gets actively extruded by ATP-dependent binding 
cassette (ABC) transporters (Zhou et al. 2001). In the initial study by Goodell, highest 
fractions of Hoechst 33342 extruding cells were found in hematopoietic stem cells. 
Since then, the side-population (SP) assay was used for identification and isolation of 
diverse normal and cancer stem cell populations in hematologic and solid neoplasms 
(Challen & Little 2006; Wu & Alman 2008). SP cells showed to be refractory to 
chemotherapeutic compounds and so could contribute to tumor recurrence and 
therapy resistance (Hirschmann-Jax et al. 2004).

1.2.4 Glioma stem cell markers

To note, a high number of published work on glioma stem cell isolation has been 
performed on the base of CD133 expression. However, in addition to CD133 
(described above), a number of other promising markers were introduced in the last 
years.

A2B5 is a cell surface ganglioside, that is expressed on glial and neuronal progenitor 
cells (Nunes et al. 2003) and on neural stem cells from the subventricular zone. 
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A2B5+/CD133+ and A2B5+/CD133- implantation experiments revealed, that both 
fractions can initiate tumor growth. Interestingly, A2B5- cells were not tumor initiating 
(Ogden et al. 2008). It remains to be determined, which role A2B5 possesses for 
reliable identification, given the high number of 33 - 90% A2B5 expressing cells in 
anaplastic astrocytoma and GBM (Ogden et al. 2008). 

CD15, an adhesion protein, has been detected in primary GBM cells in variation of 
2.4 - 70% and demonstrated stem cell characteristics like self-renewal, tumor 
initiating and multi-lineage differentiation potential. CD15 expression have also been 
detected on CD133- cells (Son et al. 2009). Mao and colleagues made corresponding 
observations in tumor sphere cultures, suggesting that CD133- cells may constitute a 
distinct subset of glioma stem cells (Mao et al. 2009). Other markers, recently 
suggested for brain tumor stem cell identification are podoplanin, originally detected 
on podocytes. Podoplanin is a mucin type transmembrane glycoprotein, widely 
associated with metastasis and tissue invasiveness (Mishima et al. 2006). 
A few studies suggested Integrin alpha6 as a marker for enhanced tumorigenesis in 
glioma and reported coexpression with other alleged glioma stem cell markers 
(Delamarre et al. 2009).
A solution to identify  tumor stem cells without any usage of intra- or extracellular 
markers has been proposed recently by Clément and coworkers by exploiting 
intrinsic autofluorescence properties and distinctive morphologies of cells obtained 
from tumor samples and glioma cell cultures (Clément et al. 2010).

In addition to the markers described above, the neurosphere generation assay  is one 
of the most widely used models for growing stem cells or tumor stem cells in order to 
study their proliferation and multi-lineage potential. Neurosphere based culture 
requires the addition of basic Fetal Growth Factor (bFGF) and Epidermal Growth 
Factor (EGF) into serum-free media. Only mitogen responsive stem cells proliferate 
and build clusters, whereas more differentiated cells die (Reynolds & Rietze 2005; J. 
B. Jensen & M. Parmar 2006). Self renewal, as one of the key distinct characteristics 
of a stem cell, can be demonstrated by serial passaging of spheres, i.e. dissociation 
with subsequent re-plating to initiate secondary and tertiary  spheres upon passage. 
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Given the massive proliferation potential of stem cells, in proliferation stimulating 
media, serial passaged stem cells should soon give rise to a large cell population. 
Further on, multi lineage potential can be tested in differentiation assays followed by 
morphological assessment or immunohistochemical analysis, e.g. detection of GFAP 
for glial lineage (Bramanti et al. 2010) or nestin, an intermediate filament protein 
expressed by neural progenitor cells (Walcott & Provis 2003). 

1.3 Aldehyde Dehydrogenases

1.3.1 Introduction

Cytosolic, mitochondrial or nuclear located Aldehyde dehydrogenase (ALDH) are 
enzymes, that metabolize endogenous and exogenous aldehydes and belong to a 
superfamily of enzymes, consisting of at least 19 tissue specific isoforms with distinct 
functions and implications (E. H. Huang et al. 2009; Marchitti et al. 2008). Retinoic 
acids are metabolized by some ALDHs via oxidization of retinol to retinoic acid (RA) 
(Black & Vasiliou 2009) ALDHs are also involved in the detoxification of lipid 
peroxidation derived products, therefore playing an important role in the cellular 
defense against oxidative stress (Makia et al. 2011). ALDH Isoform 1 has been found 
to be overexpressed in cancer stem cells in numerous human hematopoietic and 
solid tumors, suggesting ALDH1 as a novel intracellular marker for cancer stem cells 
(Pearce et al. 2005). 

1.3.2 ALDH nomenclature

The aldehyde dehydrogenase gene superfamiliy resource center has created a 
publicly available database for nomenclature and functional information of the ALDH 
gene superfamily (Black & Vasiliou 2009). 
The root symbol ALDH is followed by a number, indicating the respective family. 
ALDH proteins from one family  (e.g. ALDH1) are defined by  having less than 40% 
amino-acid identity to that from another family. The next digit is a letter, designating 
the subfamily (e.g. ALDH1A). Subfamilies are defined as sharing more than 60% 
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amino-acid identity. The individual gene constitutes the last digit (e.g. ALDH1A1). 
Genes for mouse and fruit fly are italicized (Black & Vasiliou 2009).

1.3.3 Physiological function of ALDH1

Given, that aldehydes are mostly cytotoxic and need to be detoxified, one important 
role of ALDH is the NAD(P)-dependent oxidation of aldehydes to carboxylic acids 
(Marchitti et al. 2008). Aldehydes can occur upon various metabolic events like 
membrane lipid degradation, amino acid and carbohydrate catabolism (Marcato et al. 
2011). Other functions of Aldehyde Dehydrogenase include ester hydrolysis, 
androgen and cholesterol binding, antioxidant production, ultraviolet light absorption 
and hydroxyl radical scavenging (Marcato et al. 2011; Black & Vasiliou 2009; Brocker 
et al. 2011). Some isoforms, most of them belonging to the ALDH1 family (ALDH1A1, 
ALDH1A2, ALDH1A3 and ALDH8A1), oxidize retinal to retinoic acid (Penzes et al. 
1997; X. Wang et al. 1996). Retinal is the product of retinol dehydrogenases by 
Retinol (Vitamin A) oxidation (Zhao et al. 1996). Retinoic acid has important 
implication as it initiates transcription via the retinoic acid receptor (RAR) and retinoid 
x receptor (RXR), that build the retinoic acid response element (RARE) receptor 
complex after activation. Transcriptional products control normal growth, 
development (Kashyap et al. 2011), differentiation, (Gudas & Wagner 2011) 
apoptosis (Noy 2010), cell cycle arrest and  were discussed for their implications in 
stemness (Ross et al. 2000; Ginestier et al. 2009). 
ALDH1A1 is also involved in the metabolism of acetaldehyde, an ethanol metabolite. 
Low enzymatic activity may contribute to alcohol sensitivity (Ueshima et al. 1993). 

1.3.4 ALDH as cancer stem cell marker

Initially, enhanced ALDH activity was detected by Cheung et al. in acute myeloid 
leukemia studies. The authors demonstrated, that ALDH activity could better identify 
tumor stem cells, that expressed the previous suggested marker CD34 (Cheung et 
al. 2007). Studies by Ginestier and coworkers, later in the same year, isolated CSCs 
from breast cancers based on high ALDH expression (Ginestier et al. 2007). Since 

22



then, an ever growing body of publications clearly suggested the applicability of 
ALDH as a novel and reliable intracellular CSC marker in many other cancers, 
including lung (Moreb  et al. 2007; Jiang et al. 2009), bladder (Su et al. 2010), colon 
(Chu et al. 2009; E. H. Huang et al. 2009), head and neck (Clay et al. 2010), 
osteosarcoma (L. Wang et al. 2010), melanoma (Boonyaratanakornkit et al. 2010), 
thyroid cancer (Todaro, Iovino, et al. 2010b), prostate (van den Hoogen et al. 2010), 
pancreatic cancer (Rasheed et al. 2010), liver (Ma, Chan, et al. 2008a), 
retinoblastoma (Ma, Chan, et al. 2008a), ovarian cancer (Chang et al. 2009) and 
GBM (Rasper et al. 2010). The overwhelming majority  of studies comparing ALDH1 
overexpression retrospectively  with prognosis and chemoresistance found worse 
prognosis and more aggressive cancer biology correlated with aberrant high ALDH 
activity  (Marcato et al. 2011; Gong et al. 2010; Ginestier et al. 2007), whereas one 
study by Chang et al. reported a more favourable prognosis in ovarian cancer 
patients (Chang et al. 2009).

1.3.5 Aldefluor assay for detection and isolation of ALDHhigh cells

The Aldefluor reagent system is a commercially available kit for identification of cells 
based on their ALDH activity. The ground work for the development of this assay 
were laid by Storms and colleagues (Storms et al. 1999) by engineering of a 
fluorescent substrate, termed BODIPY aminoacetaldehyde (BAAA), an uncharged 
substrate, that diffuses freely into viable cells by passive diffusion and gets converted 
by intracellular ALDHs into a negatively charged carboxylate ion (BODIPY 
aminoacetate, BAA-), that subsequently  gets trapped intracellularly. Thus, cells that 
express high levels of ALDH could be identified by higher fluorescent intensity in flow 
cytometry. By inhibition of ALDH with the inhibitor diethylamino-benzaldehyde 
(DEAB) in 10-fold molar excess, a negative staining control sample can be created to 
set up  the flow cytometer and to differentiate between ALDHhigh cells and ALDHlow 
cells.
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1.4 Hypoxia 

1.4.1 Tumor angiogenesis and VEGF-Signaling

Whereas alveolar oxygen concentration is about 14% (Guyton, 2006), physiologic 
oxygen levels in the human brain range from 2,5% to 12,5% (pO2 = 100 to 200 mm 
Hg) (Evans 2004a; Evans 2004b). Hypoxic regions, with even lower oxygen levels  
are a hallmark of many cancers. Thus, in a rapidly growing neoplasm, angiogenesis, 
i.e. the formation of new blood vessels from pre-existing vessels, is a prerequisite for 
sufficient nutrition of the tumor with metabolites and oxygen and for removal of 
cellular waste and carbon dioxide (Hanahan & Weinberg 2011). Tumor blood vessels 
typically lack proper vessel architecture and structure, characterized by 
underdeveloped capillary sprouting, inconsistent blood flow, short-circuits, 
microhemorraghes, tortuous and disproportionate branching, leakiness and 
endothelial thickening (Ricci-Vitiani et al. 2010; Heath & Bicknell 2009).
Thus, oxygen concentration can be decreased fiercely in the tumor microenvironment 
(Vaupel & Hockel 2000). 

In the course of tumor progression and apparently  yet in the very early premalignant 
phase of tumor formation (Raica et al. 2009), angiogenesis is continually  activated by 
constant secretion of growth factors and pro-angiogenic signals like the fibroblast 
growth factor (FGF), erythropoietin (EPO), plasminogen activator inhibitor-1, 
angiopoietins, platelet derived growth factor (PDGF) and matrix metalloproteinases 
(MMP) (Grunewald et al. 2006). Thereby, the tumor needs to release enough pro-
angiogenic factors to compete with anti-angiogenic factors (angiogenic switch) (Rafii 
& Lyden 2008). A  well studied angiogenic signalling pathway gets activated by 
vascular endothelial growth factor (VEGF) (Baeriswyl & Christofori 2009). Upon 
binding of a VEGF ligand to a vascular endothelial growth factor receptor 
(VEGFR1-3), a tyrosine kinase on the cell surface of vascular endothelial cells, the 
receptors dimerize and become activated by autophosphorylation of intracellular 
tyrosine residues, further activating intracellular proteins resulting in second 
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messenger generation and activation of pathways leading to increased vessel 
permeability, migration, proliferation and survival (Holmes & Zachary 2008).

1.4.2 Hypoxia in GBM

In GBM, hypoxic regions are frequent and the presence is linked to worse prognosis 
(R. L. Jensen 2009; Sathornsumetee et al. 2008). In the current WHO classification 
for tumors of the central nervous system, hypoxic necrotic foci with pseudopalisading 
tumor cells are characteristics of high grade glioma, defining an astrocytic tumor as a 
GBM (WHO grade IV astrocytoma) (Rong et al. 2006; Louis et al. 2007).

1.4.3 Hypoxia Inducible Factors and Hypoxia Target Genes

Hypoxia can occur during acute or chronic vascular diseases, pulmonary disease 
and can be found frequently in the tumor microenvironment. In tumors, hypoxia is 
associated with a more aggressive growth pattern and therapeutic resistance. Target 
genes of hypoxia related pathways have numerous implications in the regulation of 
normal and cancer stem cells.

The cellular response to hypoxia is complex and has been studied for decades. 
Among the mediators of low oxygen supply are the hypoxia-inducible factors 1α, 2α 
and 3α (HIF-1α - HIF-3α) (Harris 2002; Park et al. 2003; Keith & Simon 2007). In 
mammals, HIF-1α and HIF-2α are considered as the main regulators of hypoxia. 
HIF-1α is apparently ubiquitous expressed in all cell types, whereas HIF-2α is only 
expressed on certain endothelial cells, kidney interstitial cells, hepatocytes and 
certain tumor stem cells (Silván et al. 2009). Nevertheless, both subtypes are crucial 
for development and survival of the organism, as knockout experiments have 
revealed (Ramírez-Bergeron & Simon 2001). The physiological basics concerning 
HIF-signaling are described for the universally expressed HIF1 subtype. 

Under normoxic conditions, HIF-1α is posttranslationally  modified by hydroxylation on 
the proline residues P402 and P564, located in the oxygen-dependent degradation 
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domains (ODDDs) by three prolyl hydroxylase domain (PHD) proteins (Ivan et al. 
2001), whose activity depends on normal oxygen levels. This is a prerequisite for 
ubiquitination of a complex, consisting of the von Hippel-Lindau (vHL) protein 
(Iliopoulos et al. 1996), elongin-B and -C, CUL2, RBX1 and two other ubiquitin-
activating enzymes to be finally subjected to degradation by the 26S proteasome 
(Kallio et al. 1999). HIF-1 inhibiting factor (FIH-1), constitutes another inhibiting 
mechanism via hydroxylation of the Asn-803-aminoacid and thus inhibits binding of 
HIF-1α to the co-activator E1A binding protein p300/CREB-binding protein (p300/
CBP).

In hypoxic states, the PHD proteins are inhibited and the affinity of VHL to HIF-1α is 
reduced. Thus, stabilized HIF-1α is translocated to the nucleus and heterodimerizes 
with the constitutively expressed HIF-1b or aryl hydrocarbon receptor nuclear 
transporter (ARNT) and interacts with CBP/p300 and DNA polymerase II (Pol II) 
(Semenza 2009). This complex subsequently binds to hypoxia responsive elements 
(HRE) in the promotor region of hypoxia-regulated genes (Harris 2002). 
Hypoxia related downstream genes assist the cell to adapt to hypoxic condition by 
inducing angiogenesis, glycolytic metabolism, growth-factor expression and pH 
adaptation. Many pathways overlap with oncogenic signaling.

1.4.4 Hypoxia and Stem Cells

Studies in embryology and perinatal neurogenesis revealed the regulatory 
implications of low oxygen conditions for stem cells. Meanwhile it is well known, that 
cell proliferation, survival and differentiation of stem and progenitor cells strongly 
depend on hypoxia related signaling (Mazumdar et al. 2009; Vieira et al. 2011).
In fetal and embryo development, placental oxygen is physiologically limited and 
development occurs in a hypoxic environment (Ottosen et al. 2006). Studies have 
shown, that low oxygen level are crucial for brain development, vessel formation and 
neural fold closure (Iyer et al. 1998; Panchision 2009). Human embryonic stem cells 
(hESC) are able to maintain their pluripotent differentation and self renewal capacity 
when cultured in low-oxygen atmosphere (Ezashi et al. 2005). In line with these 
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findings, Yoshida et al. reported enhanced generation of induced pluripotent stem 
cells under hypoxia (Yoshida et al. 2009). 

Similar observations were reported in the field of adult stem cells. Hematopoietic 
stem cells and neural precursor cells show enhanced survival, clonogenic growth and 
proliferation under hypoxic culture conditions (Studer et al. 2000). These results are 
in keeping with more recent studies about increased in vitro expansion of human 
postnatal brain CD133+ nestin+ precursor cell in reduced oxygen tension by Pistolatto 
et al.  (Pistollato et al. 2007).

1.4.5 Physiologic Hypoxic niche

The initial suggestion, that stem cells favour regions with diminished perfusion and 
oxygen tension, called niches was established nearly four decades ago (Schofield 
1978). In this specific microenvironment, oxygen level, matrix proteins and 
temperature regulate stem cell function and differentiation (Danet et al. 2003; 
Yoshida et al. 2009). Parmar et al. studied the distribution of hematopoietic stem cells 
in the bone marrow and found them predominantly  located at the lowest end of an 
oxygen gradient, enabling them to maintain an undifferentiated state (K. Parmar et al. 
2007). In the human brain, neural stem cells reside in hypoxic niches, e.g. located in 
the subventricular zone (SVZ) in the lateral ventricles and the subgranular zone 
(SGZ) in the dentate gyrus of hippocampus with oxygen concentration estimated at 
2.5 - 3% oxygen (Santilli et al. 2010). Stem cell niches have been described in 
various anatomic locations, among them skin (Draheim & Lyle 2011), testis (Voog et 
al. 2008), intestine (Mathur et al. 2010), bone marrow (Orkin & Zon 2008) and brain 
(Ihrie & Alvarez-Buylla 2011).

1.4.5.1 Tumor stem cell niche

For more than a decade, hypoxia is generally considered to play a key role in tumor 
progression by stimulating core tumor pathways like angiogenesis, adapted 
metabolism, invasiveness and survival (Bertout et al. 2008). Concordant with that, 
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tumor stem cells could be isolated from distinct anatomical niches, resembling the 
hypoxic microenvironment of physiological stem cell niches. In addition to molecular 
cues that might be driven by hypoxic conditions, the low perfusion of stem cell niches 
might shield tumor stem cells from chemotherapeutic agents, immune answer (Moore 
& Lemischka 2006) and by  induction of multidrug resistance proteins (Comerford et 
al. 2002). 

1.4.6 Hypoxia and Signaling

Beyond tumor angiogenesis, it is becoming more evident, that HIFs affect tumor 
growth on more facets by crosstalk with other oncogenic pathways. Notch is a 
transmembrane receptor with an extracellular and an intracellular domain (Nicd) 
(Bray 2006). After Jagged or Delta family  ligands bind to the extracellular domain, 
HIF-1α can bind to the Nicd. Subsequently, this complex can interact with Notch-
response-elements (NRE), giving rise to Hes3 and Shh proteins, both of them known 
to be involved in increased survival of neuronal stem cells (Gustafsson et al. 2005). 
Moreover, Notch signalling blocks stem cell and progenitor cell differentiation and 
induces c-Myc (Satoh et al. 2004). 

The Ocatamer binding transcription factor 4 (Oct4), a protein encoded by the 
POU5F1 gene is a homeodomain transcription factor of the Pituitary/Octamer/Unc 
(POU) family. Oct4 is a core regulator in the self-renewal of undifferentiated stem 
cells and along with Sox2 and Nanog, a key  signature for human embryonic stem 
cells (hESCs) (Du et al. 2009). Knock-in studies by Covello et al. revealed that 
HIF-2α, even if only detectable in certain tissues, is crucial for development and 
survival of the organism. Furthermore HIF-2α was identified as a direct upstream 
regulator of Oct-4 (Covello 2006).
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1.5 Oxidative Stress and the role of ALDH1 in detoxification

Cells produce energy in form of adenosine triphosphate (ATP) mainly through 
mitochondrial oxidative phosphorylation. In this process electrons pass a number of 
redox reactions at the inner mitochondrial membrane. On this way, adenosine 
diphosphate (ADP) and phosphate are finally synthesized to ATP.  

Five complexes of proteins form the electron transport chain (ETC) and are located 
at the inner mitochondrial membrane, acting as a proton pump, that transports 
protons out of the mitochondrial matrix into the intermembrane space. Thus 
establishing an electrochemical gradient from Complex I to Complex IV and in a final 
step, the ATP synthase complex generates ATP via oxidative phosphorylation. In 
more detail, complex I (NADH-ubiquinone oxidoreductase) and complex II (succinate 
dehydrogenase) accept electrons from nicotinamide adenine dinucleotide (NADH) 
and flavin adenine dinucleotide (FAD) and pass them to coenzyme Q (ubiquinone). 
Electrons are then transferred by complex III (cytochrome c reductase) to 
cytochrome c, where electrons are passed on to complex IV (cytochrome c oxidase), 
which uses electrons and hydrogen ions to reduce molecular oxygen to water. 

1.5.1 Reactive oxygen species

During mitochondrial oxidative phosphorylation, the majority  of molecular oxygen is 
reduced to water at complex IV as described above, nonetheless, 1-4% of oxygen is 
incompletely  reduced to anion superoxide (O2-), also called reactive oxygen species 
(ROS). The sites of ROS-production inside mitochondria are complex I and in 
particular complex III (Zhang & Gutterman 2007).

Under hypoxic conditions, cellular metabolism gradually switches from oxidative 
phosphorylation to less efficient anaerobic glycolysis (Cairns et al. 2011). 
Paradoxically and poorly understood, despite less electrons that are transported 
along the ETC during cellular hypoxia, the generation of ROS is increased under 
hypoxia (Jezek & Hlavatá 2005). Besides the implications, reactive oxygen species 
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might have in cell and stem cell signaling (Cho et al. 2006), highly reactive hydroxyl 
radicals react with cellular components like polyunsaturated fatty  acids in membrane 
lipids (lipid peroxidation). These radicals are formed from Hydrogen peroxide in the 
presence of metal ions or upon reaction of nitric oxide with anion superoxide (Nigam 
& Schewe 2000; Adibhatla & Hatcher 2008). Peroxidization of unsaturated fatty  acids 
leads to generation of phospholipid aldehydes such as maliodialdheyde (MDA), 4-
hydroxynonenal (HNE) (K. Uchida 2003) and acrolein (Stevens & Maier 2008). With 
respect to the role of aldehyde dehydrogenases as potent detoxifying enzymes and 
the putative cancer stem cell marker ALDH1 in the detoxification of HNE and MDA, 
hypoxia induced increase of ROS generation may explain the implication of ALDH1 in 
this tumor biological context (Marchitti et al. 2008).
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2 AIM AND MOTIVATION OF THIS WORK

The aim of this work is to investigate cellular regulatory mechanisms which possibly 
contribute to the aggressive biological behavior of Glioblastoma multiforme (GBM), 
which is still, despite decades of intensive research one of the most deadly oncologic  
pathologies.

Since it could be established that a distinct subset of GBM cells may have a neural 
stem cell origin, (Canoll & Goldman 2008; Dirks 2006; R. Chen et al. 2010; Galli 
2004) a growing number of reports documentate the clinical implications of such 
stem-like cells. 

Works that were conducted in our laboratory could identify Aldehyde dehydrogenase 
1 (ALDH1) as a potential marker for this cellular subpopulation, which could already 
been used to isolate other tumorigenic stem-like cells in a large number of 
hematopoietic and other solid human tumors. 

We have previously shown, that ALDH1 expression facilitates neurosphere formation 
in established glioblastoma cell lines and that inhibition of ALDH1 induces cellular 
differentiation and decreases clonogenic capacity. 
The definite aims of this study are:

1. To the date, no other study has isolated human glioblastoma cells with 
fluorescence activated cell sorting (FACS) based on their ALDH1 expression and 
further tested these subpopulations for stem like behavior. 

2. To investigate whether regulatory  pathways are activated or altered upon exposure 
to hypoxia in cells that express high levels of ALDH1 and those which express no 
ALDH1. Consequently, this thesis aims to underline the direct involvement of ALDH1 
in stem cell phenotype modulation. 
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3 MATERIALS AND METHODS

3.1 Materials

3.1.1 Equipment

Equipment Supplier

Blotting chamber, semidry Biorad, Munich

Gel chamber Biorad, Munich 

 

Flow Cytometer!! ! ! ! ! Cyan Lx, Beckman Coulter, Fullerton, 
! ! ! ! ! ! ! ! USA
! ! ! ! ! ! ! ! Cyan ADP, Beckman Coulter, Fullerton, 
! ! ! ! ! ! ! ! USA
! ! ! ! ! ! ! !

MoFlo Cell Sorter! ! ! ! ! Beckman Coulter, Fullerton 
! ! ! ! ! ! !

FACSAria !! ! ! ! ! ! Becton Dickinson, Heidelberg 
! ! ! ! ! ! ! !

FACSCalibur! ! ! ! ! ! Becton Dickinson, Heidelberg

Microscopes Axiovert Apotom Axiovert 200M, Carl 

 Zeiss, Jena 

 Zeiss LSM 510, confocal microscope, Carl 

 Zeiss, Jena Leica SP 5, confocal 

 microscope, Leica, Bensheim

Camera Axiocam HRm, Carl Zeiss, Jena

Cellcounter CASY1, Schäfer System, Reutlingen
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Centrifuges Eppendorf 5471R, Eppendorf, Hamburg

 Sigma 4K15, Sigma, Deisenhofen

 5415D, Eppendorf, Hamburg

Heating block Thermomixer 5436, Eppendorf, Hamburg

Incubator (38°C) Memmert, Schwabach

Incubator (Cell Culture) Heraeus, Munich

Laminar flow hood Heraeus, Munich 

Magnetic stirrer and heater IKA-Labortechnik, Staufen

Photometer Eppendorf, Hamburg

Pipettes Multipipette plus, Eppendorf, Hamburg

 Pipetus akku, Hirschmann, Eberstadt

 Serological pipettes 5, 10, 25ml, Sarstedt

 Nümbrecht, Germany

NanoDrop spectrophotometer Thermo Fisher Scientific, Wilmington, 

 USA

 

Shaker Polymax 1040, Heidolph, Kelheim

Waterbath Gesellsch. f. Labortechnik, Burgwedel

Weighing machine Sartorius, Göttingen

X-ray film developing machine Konica Minolta, Unterföhring
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3.1.2 Cell lines, working materials

Item Supplier

 

LN18 E. van Meir, M.D., Lausanne, Switzerland

Accutase PAA, Pasching, Austria

 

Ampicillin Sigma, Taufkirchen, Germany

 

Bovine serum albumin (BSA) Invitrogen, Karlsruhe, Germany

Dulbecco ́s Modified Eagle Medium Invitrogen, Karlsruhe, Germany

DMSO Invitrogen, Karlsruhe, Germany

Ethanol Sigma, Taufkirchen, Germany

Fetal calf serum (FCS) Invitrogen, Karlsruhe, Germany

Gelatine Sigma, Deisenhofen

Gentamycin Invitrogen, Karlsruhe, Germany

L-Glutamin Invitrogen, Karlsruhe, Germany

NaOH Sigma, Deisenhofen  

Paraformaldehyde Sigma, Deisenhofen
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Penicillin-Streptomycin Invitrogen, Karlsruhe, Germany

Phosphate buffered saline (PBS) Invitrogen, Karlsruhe, Germany

Rapamycin Merck Biosciences, Darmstadt

Tris-hydrochloride (Tris-HCl) Roth, Karlsruhe, Germany

Triton X-100 Biorad, Munich, Germany

Trypan Blue solution Sigma, Taufkirchen, Germany

Trypsin/EDTA 0,5 % Invitrogen, Karlsruhe, Germany

Vectashield Mounting Medium Vector Laboratories, CA, USA

3.1.3 Buffers, reagents, solutions

Acetic acid Roth, Karlsruhe, Germany

Aceton p.a. Roth, Karlsruhe, Germany

30 % Acrylamid/Bisacrylamid Roth, Karlsruhe, Germany

Ammoniumchlorid Roth, Karlsruhe, Germany

Ammoniumpersulfat      Roth, Karlsruhe, Germany

Basic Fibroblast Growth Factor    Invitrogen, Karlsruhe, Germany
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Biorad Protein Assay      Biorad, Munich, Germany

Blocking buffer       5% skimmed milk powder in TTBS

Dimethylsulfoxid      Roth, Karlsruhe, Germany

Ethidium bromide      Sigma, Deisenhofen, Germany

Formaldehyde       Roth, Karlsruhe, Germany

Glycin        Sigma, Deisenhofen, Germany

Isopropanol p.a.      Roth, Karlsruhe, Germany

FACS staining buffer, pH 7.45 1x  PBS

        0.5% (w/v)  BSA

Lysis buffer, pH 7.4     150mM  NaCl

        50mM  HEPES

        1mM   EDTA

        10% (v/v)  Glycerol

        1% (v/v)  Triton-X-100

        10mM  Na4P2O7

        1 Tabl.   Protease inhibitors/100ml

        5ml   Tween20

Methanol p.a.      Roth, Karlsruhe, Germany

Natriumacetate      Roth, Karlsruhe, Germany

Natriumchloride      Roth, Karlsruhe, Germany
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N2 - supplement 100x    Invitrogen, Karlsruhe, Germany

5x SDS loading buffer    312,5 mM Tris-Cl pH 6,8

        10% SDS

        50% Glycerol

        250mM DTT

        0,05 % Bromphenol Blue

        ad 10ml H2O

10x SDS running buffer    250mM Tris

        1,92M Glycin

        1% SDS

        ad 1000ml H2O

Sample Buffer (SB)     10ml  ddH2O

        10µl  0.5mM Tris, pH 6.8

        20µl  10% SDS

        10µl  10% SDS

        1.543 g DTT

        0.1 g  Bromophenol blue

Skimmed milk powder    Merck Bioscience, Darmstadt, Germany

Transferbuffer      Anode I 

        300mM Tris

        20% methanol

        ad 500ml H2O

      

        Anode II

        25mM Tris

        20% methanol
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        ad 500ml H2O

        Cathode

        25mM Tris

        20% methanol

        40 mM amino-n-caprioicacid

        ad 500 ml H2O

10x Tris-buffer pH 7,6    60,5 g Tris-base

        90g NaCl

        pH 7,6

        ad 1000ml H2O

Triton X-100      Fluka, Neu-Ulm, Germany

  

Tween 20       Roth, Karlsruhe, Germany

Washing buffer      24,2g Tris

        80g NaCl

        pH 7,6

        ad 1000ml H2O

3.1.4 Gels

Buffer      Composition

SDS-PAGE running gel 10%  7ml  ddH2O

      4.38 ml 1.5 M Tris, pH 8.8

      5.8 ml  30% Acryl 1% Bisacrylamide

      170µl  10% SDS

      8.8µl  Temed

      170µl  10% APS
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SDS-PAGE stocking gel    6.2ml  ddH2O

      2.5ml  0.5 M Tris, pH 6.8

      1.2ml  30% Acryl 1% bis

      100µl  SDS

      5µl  Temed

      100µl  10% APS

3.1.5 Consumables

Amersham Hyperfilm ECL   GE Healthcare, Munich, Germany

Blotting paper    Sartorius, Göttingen, Germany

Cell culture plate, 6 well   Sarstedt, Nümbrecht, Germany

Cell culture plate 6, 10 cm   Sarstedt, Nümbrecht, Germany

Cell scraper     Sarstedt, Nümbrecht, Germany

Centrifuge tube 15ml, 50ml  Sarstedt, Nümbrecht, Germany

Cover glass     Schubert und Weiss, Munich, Germany

Cuvettes     Sarstedt, Nümbrecht, Germany

Cryo-tubes (2ml)    Sarstedt, Nümbrecht, Germany

Hyperfilm ECL      GE Healthcare, Munich, Germany

Microtiterplates 96-well    Sarstedt, Nümbrecht, Germany
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Object slides      Menzel, Braunschweig, Germany

Syringe filter sterile, 0,2µm    Schubert und Weiss, München

3.1.6 Antibodies

Antibody   Dilution   Source  

ALDH1   1:500    Abcam, Cambridge, USA

ßIII-Tubulin   1:100    Millipore, USA

Goat Anti-Mouse-IgG 1:10000   NEB, Frankfurt, Germany

Goat Anti-Rabbit-IgG 1:10000   NEB, Frankfurt, Germany

Software

FlowJo       Treestar, Ashland, USA

ImageJ       National Institute of Health (NIH), 

        Bethesda, USA

AxioVision LE Rel. 4.5    Carl Zeiss, Jena

Microsoft Office      Microsoft, Redmond, USA
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3.2 Methods

3.2.1 Cell line and cell culture

Human glioblastoma cell lines LN18 (Diserens et al. 1981) and primary cell lines T13, 
T30 and T40 were incubated under standard conditions (5% CO2, 95% relative 
humidity and 37°C), using Dulbecco´s modified Eagle´s Medium (DMEM) 
supplemented with 10% fetal calf serum (FCS), 2mM L-glutamine, 100 μg/ml 
streptomycin and 100 μg/ml penicillin (Invitrogen, Karlsruhe, Germany). Primary cell 
lines were obtained from tumor samples from patients, that were operated at the 
Dept. of Neurosurgery at the Technical University of Munich, Germany. Informed 
consent and ethics committee approval were obtained.

3.2.2 Neurosphere formation assay

To enable neurosphere formation, LN18 cells were cultivated under serum free 
medium conditions as described previously (Rasper et al. 2010). Cells were seeded 
in 96 well culture dishes, coated with 0,1% gelatine in a density  of 5 x 104 cells per 
well. Dishes were cultured in a standard humidified incubator as described above.
Spheres were grown for 7 days. 4 random fields of view were photographed under a 
microscope to score diameters and total number of spheres counted in 4 fields of 
view (total 4 mm2). Sphere diameters were measured at the longest perpendicular 
axes. The individual values were averaged. For serial passaging, spheroid bodies 
were dissociated by gentle tapping. Spheres were collected by centrifugation (1000 
rpm) and mechanically dissociated, before resuspended in new 96 well dishes to be 
cultured under identical conditions. Resuspension was performed for up to 3 
passages.

All microscopic analyzes and photographs were performed using ZEISS microscopes 
and cameras (Zeiss, Jena, Germany). Image analysis was performed with Image J 
software (NIH, Bethesda, USA).
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3.2.3 Hypoxia

Cells were incubated under hypoxic conditions, using an air-tight chamber, that is 
connected to a vacuum pump and gas cylinders containing a mixture of 95% N2 and 
5% CO2. Alternating oxygen evacuation and N2 inflow gradually lowered O2 
concentration down to 1%. This oxygen concentration could be achieved and 
maintained after approximately 22 minutes. Upon completion, the whole chamber 
was transferred to a 37°C incubator. The hypoxic atmosphere was maintained for 
24h for immortalized cells and 6h for primary  cells. Subsequently, cell viability was 
determined by propidium iodide staining. 

3.2.4 Aldefluor assay and analysis/isolation of ALDHhigh / ALDHlow cells by 

FACS

For determination of ALDH activity we used the Aldefluor kit (StemCell Technologies, 
Vancouver, Canada) following the manufacturer´s recommendations for detection of 
tumor stem cells. In summary, 1x106 cells were incubated in 1000μL ALDEFLUOR 
assay buffer containing the ALDH substrate (5μL per mL). Negative controls 
additionally contained 5μL of a 1.5mM DEAB stock, a specific ALDH inhibitor. 
Incubation was performed at 37°C in an incubator for 40 minutes. Subsequently, cells 
were centrifuged at 4°C for 5 minutes at 300g and pellets were resuspended in 
500μL of 4°C ALDEFLUOR assay buffer. Cell viability was assessed using propidium 
iodide labeling.

For FACS analysis or sorting, cells were obtained using a MoFlo (Dako, Fort Collins, 
USA) or FACSAria III flow cytometer (BD Biosciences, San Diego, USA). Sorting 
gates were set according to the DEAB buffered control sample. Sorting pressure was 
set at 70psi at a sorting speed of 10.000 events per second (eps). Sorting mode was 
purity. At least 1x105 events were recorded. Cells were sorted directly into 
prewarmed FCS. Side scatter and forward scatter was set for exclusion of cell 
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doublets. The purity of sorted cells was confirmed on a CyAn ADP (Dako, Fort 
Collins, USA). Data were analyzed with BD FACSDiva software V6.1.2 (BD 
Biosciences, San Diego, USA).

Figure 6: Aldefluor Assay (Stemcell Technologies, Inc., Vancouver, Canada)
The fluorescent substrate, BODIPY aminoacetaldehyde (BAAA) diffuses freely into viable cells by 

passive diffusion and gets converted by intracellular ALDHs into a negatively charged carboxylate ion 
(BODIPY aminoacetate, BAA-), that is subsequently trapped intracellularly. Thus, cells that express 

high levels of ALDH can be identified by higher fluorescent intensity in flow cytometry. 

3.2.5 Protein isolation and Western blot 

Cells were rinsed with phosphate buffered saline at 4°C and lysed in 300 µL of lysis 
buffer  (CST Technologies, Port Washington, USA) -/+  PMSF. After dissociation, cell 
lysates were centrifuged at 4°C for 15 minutes at 10000 rpm. Equal amounts of 
proteins were separated by 10% SDS-PAGE and transferred to a nitrocellulose 
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membrane. Membranes were incubated at 4°C over night with monoclonal primary 
antibodies, continued by incubation with a HRP-conjugated anti-mouse secondary 
antibody (1:5000, BD Biosciences) at room temperature for 2 hours. 
Chemiluminescence immune reaction was visualized using high-performance films 
(GE Healthcare, Buckinghamshire, Great Britain). Loading controls were performed 
with an alpha-tubulin immunoblot. Antibody dilutions: anti-ALDH1 (1:500) (BD 
Biosciences, San Diego, USA), anti-HIF-1α (1:1000) (CST, Port Washington, USA), 
anti-tubulin (1:10.000) (Sigma Aldrich, Hamburg, Germany). Quantification of band 
intensities was performed with Image J densitometry software.

3.2.6 Immunofluorescence  

Cells were fixed on glass chamber slides using acetone and methanol. ALDH1 
expression in glioblastoma cells were analyzed by  means of immunofluorescence 
with primary anti-ALDH1 antibodies. Incubation was performed at 4°C over night and 
unspecific binding sites were blocked with normal goat serum (20 %). Incubation with 
a fluorescent anti-mouse secondary  antibody (1:100) was performed at room 
temperature for 1 hour. The immunoreaction was visualized under a ZEISS 
Microscope (Zeiss, Jena, Germany).

All experiments were performed in triplicate.
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4 RESULTS

4.1 Neurosphere formation in LN18 cells is increased in ALDHhigh and absent in 

ALDHlow populations.

For detailed investigation and characterization of LN18 cells with high or low ALDH1 
expression (further referred as ALDHhigh or ALDHlow, respectively), FACS sorting was 
conducted after cells were labeled with the fluorescent Aldefluor substrate and 
sorting margins were set corresponding to ALDH1 inhibited control samples. Sorted 
cells of both fractions were subsequently processed for immunofluorescence, 
Western blot analysis, asymmetric division- and neurosphere formation assays. In 
the initial FACS analysis, we found 5.9% of cells with high ALDH1 enzyme activity 
and isolated them accordingly. ALDH1 activity, detected by Western analysis, 
revealed a 10 fold higher expression in the ALDHhigh fraction in comparison to 
ALDHlow cells (Fig. 7). Strong differences in ALDH1 expression could also be 
confirmed in immunofluorescence analysis of ALDHhigh and ALDHlow samples, using 
anti-ALDH1 antibodies (Fig. 9)

Figure 7: Western Blot analysis of ALDH1 expression in LN18 human glioblastoma cells. 

Post sorting blots of ALDHhigh and ALDHlow populations confirm proper isolation. Upon extended 
culture, ALDH1 expression is reduced in ALDHhigh populations and remains depleted in the ALDHlow 

fraction. In hypoxic settings, all fractions show increased ALDH1 protein expression levels. 
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We detected stable neurosphere formation in ALDHhigh cells (Fig. 10). Sphere 
formation was visible after 4-5 days of culture under serum free medium conditions 
and serial transfer was performed for 3 passages. Importantly, we observed a 
complete absence of neurospheres in the ALDHlow cell fraction under the same 
conditions. These findings show that LN18 cells, labeled by Aldefluor could be sorted, 
based on their ALDH activity  and that expression levels correlate with tumor sphere 
formation.

4.2 LN18 cells demonstrate asymmetric division of ALDHhigh cells under 

extended normoxic culture conditions

LN18 cells, that were previously sorted into ALDHhigh and ALDHlow populations were 
tested for asymmetric division. Thus both fractions were exposed to extended 
standard cultures for 14 days. Re-analysis of ALDHhigh cells with FACS after this 
period revealed, that the ALDHhigh fraction gave rise to ALDHhigh and ALDHlow cells. 
(Fig. 8).
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Figure 8: FACS Analysis of human LN18 glioblastoma cells and identification of ALDHhigh and 
ALDHlow fractions. FACS isolation revealed 5.9% ALDHhigh cells in native LN18 cells. Percentage of 

ALDHhigh cells is reduced to almost the half after self-renewing division after 14 days. Subsequent 
exposure to hypoxia increased the fraction of ALDHhigh cells more than threefold in formerly ALDHhigh 

cells and induced the ALDHhigh phenotype in formerly ALDHlow cells. Control samples were inhibited 
with DEAB.

To determine the quantity  of asymmetric cell division, ALDH1 protein expression 
levels of the initially pure ALDHhigh fraction were examined with Western blot and 
Immunofluorescence analysis. As expected, in both methods, cells showed less 
ALDH1 expression and reduced immunofluorescence intensity after this period (Fig.  
7,9). 
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Figure 9: ALDH1 Immunofluorescence analysis of ALDHhigh and ALDHlow human LN18 
glioblastoma cells. Fluorescence intensity is reduced in ALDHhigh populations after 14d self renewing 

culture and increased markedly in both ALDHhigh and ALDHlow populations upon exposure to hypoxic 
conditions. (Size-bar = 25 µm) 

Appropriately, neurosphere formation assays of ALDHhigh cells exhibited smaller 
mean diameter measures compared to freshly sorted ALDHhigh cells (Fig. 10).
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Figure 10: Neurospheres, generated from human LN18 glioblastoma cells and of ALDHhigh and 
ALDHlow populations. 
ALDHhigh and ALDHlow cells established larger and more neurospheres after hypoxic  culture. No 
neurosphere formation could be detected in FACS isolated ALDHlow cells. ALDH1 shRNA cells give 

rise to small neurospheres. (Size-bar = 150 µm)

4.3 Remaining absence of asymmetric division in ALDHlow cells
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Under identical conditions, the ALDHlow fraction showed no evidence of asymmetric 
division, since no occurrence of ALDHhigh cells could be identified in this population, 
when cultured under standard conditions for 14 days (Fig. 8). 
Focusing on the functional stem cell phenotype, we further examined this ALDHlow 
population in neurosphere formation assays. After an observation period of 10 days, 
we could not identify neurosphere generation, suggesting that upon cell division, 
ALDHlow cells were not able to generate cells with neurosphere forming capacity (Fig. 
10).
Finally, ALDH1 expression was measured and quantified with immunofluorescence 
and Western blot, indicating an equally low ALDH1 expression over time, as seen by 
both methods (Fig. 7, 9).

4.4 Hypoxia increases ALDH1 expression and neurosphere formation in 

ALDHhigh cells

Next, we studied whether hypoxia might influence the ALDH1 expression in 
glioblastoma cells and to test functional stem cell characteristics when cells are 
exposed to a low-oxygen atmosphere. 
To resemble orthotopic hypoxic conditions in a brain tumors microenvironment, we 
subsequently  exposed the cells, which previously underwent extended culture under 
normoxic conditions to hypoxia (1% O2) for 24 hours in hypoxia chambers. Using the 
same test panel as before, we cultured the hypoxia treated ALDHhigh fraction in 
serum-free medium culture conditions. Analysis of neurosphere generation after 
hypoxic culture showed more frequent sphere formation and enlarged mean 
diameters in comparison to freshly sorted ALDHhigh cells and compared to cells that 
underwent extended culture for testing of asymmetric division (Fig. 10).
In FACS-analysis, the proportion of post-hypoxic high ALDH1 expressing cells rose 
markedly to 11.2%, corroborating a hypoxic influence on ALDH1 expression (Fig. 8). 
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4.5 Hypoxia induces ALDH1 expression in formerly negative LN18 ALDHlow 

cells 

The formerly neurosphere-negative ALDHlow fraction gave rise to neurospheres in 
serum-free medium conditions after exposure to hypoxia for 24h, although spheres 
were smaller in diameter (mean diameter 102 μm) and less frequent compared to 
ALDHhigh neurospheres (Fig. 10). Reanalyzing post hypoxic ALDHlow cells with FACS 
demonstrated a rise from 0.1% to 2.1% of ALDHhigh cells (Fig. 8).

Immunofluorescence and Western blot showed highly increased protein expression 
and fluorescence intensity compared to the pre-hypoxic state. Protein immunoblot 
detected a 2,5-fold higher band intensity in hypoxic ALDHlow populations compared to 
the immunoblot performed after extended normoxia culture (Fig. 7). In summary, 
these findings in the ALDHlow fraction indicate, that ALDH1 expression and functional 
stem cell behavior by means of neurosphere formation is inducible by hypoxia.

4.6 HIF-1α  and ALDH1 heterogeneously coexpressed upon hypoxia culture in 

primary GBM cell lines 

In addition to established GBM cell lines, we used Western immunoblots to test three 
primary GBM cell lines for their ALDH1 expression under normoxic and hypoxic 
conditions. In two of these primary cell lines, we found the expression of ALDH1 
strongly or moderately enhanced upon hypoxic culture, whereas ALDH1 protein 
expression were not detectable in another primary cell line, unrelated to culture 
oxygen levels (Fig. 11).
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Figure 11: Western Blot analysis of ALDH1 and HIF-1α expression in primary GBM cell lines. 
T30 and T40 primary GBM cells exhibit increased ALDH1expression upon exposure to hypoxia, 

whereas T13 cells lack ALDH expression.

4.7 ALDH1 gene knockdown with shRNA in LN18 cells confirms implications of 

ALDH1 

In order to confirm the direct contributions of the ALDH1 enzyme to a stem cell 
phenotype, we explored the possibility  whether LN18 shALDH1 could serve as a 
control model to our previously tested cells and cultured them under serum-free 
medium conditions. 
Consistent with our hypothesis, only  a small number of neurospheres with a mean 
diameter of 28 μm could be detected in ALDH1 knockdown cells that were cultured 
under normoxic standard conditions. To investigate a possible hypoxic influence on 
sphere formation capacity, we incubated LN18 ALDH1 knockdown cells 24 hours 
under hypoxic conditions (1% O2) and found mean diameters only slightly increased 
to 34 μm (Fig. 10).
Both, under normoxia and hypoxia conditions, neurospheres closely  resembled 
untreated native LN18 cells by giving rise to spheres with 184μm in median size and 
almost identical in total number of spheres (Fig. 10).
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5 DISCUSSION

5.1 Cancer Initiating Cells in Glioblastoma multiforme

The diagnosis of glioblastoma predicts a fatal outcome, with the vast majority of 
patients not surviving the first two years after initial diagnosis. Tumor recurrence 
occurs in almost all cases, despite macroscopic complete resection and 
radiochemotherapy (Nishikawa 2010). Advances in identification and isolation of 
tumor-initiating cells in human GBM samples suggested that this distinct subset of 
tumor cells might mediate tumor regrowth due to their resistance to current 
therapeutic regimes (Cheng et al. 2010).

The identification of these cell subsets in solid tumors brought critical and 
fundamental changes in the understanding of tumor biology, development of novel 
cancer therapeutics, early detection and prognosis (R. Chen et al. 2010). Treatment 
modalities that target rapidly dividing and differentiated tumor cells, may leave their 
stem cell counterparts behind and thus preparing the basis for tumor relapse, 
metastasis and fatal outcome of cancer diseases (Vescovi et al. 2006). In many 
facets, cancer growth and progression resemble the rapid expansion of biological 
matter that takes place in embryological development. Taken together with the 
frequent recapitulation of fetal and embryological signaling, that could be observed in 
putative cancer stem cells, it is tempting to speculate that carcinogenesis might be 
originated by aberrated immature cells or stem cells. The data presented in this 
thesis provide a strong argument for the role of microenvironmental influences, that 
may lead to reprogramming events in differentiated brain tumor cells towards a tumor 
stem cell phenotype.  

In this thesis it could be demonstrated, that the enzymatic stem cell marker ALDH1 
differentiates between neurosphere-forming and non-neurosphere forming 
populations. In addition we were able to show, that only cells with high ALDH1 
expression (ALDHhigh) divide in an asymmetric stem-cell like manner by restoring 
ALDHhigh and ALDHlow populations within days. These findings provide support to the 
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hypothesis, that ALDHlow populations contain primarily post mitotic differentiated 
cells, while ALDHhigh cells harbour stem or progenitor cells that are capable of self-
renewal. 

We have also demonstrated that ALDH1 is upregulated upon exposure to hypoxia. 
Importantly, this finding have  been equally observed in formerly FACS isolated 
ALDHlow cells, indicating that low oxygen levels are able to induce ALDH1 
expression. These findings underline the role of microenvironmental influences, that 
may lead to reprogramming of differentiated brain tumor cells towards a stem-like 
tumor cell phenotype.

Furthermore, we could show, that ALDH1 expression in a sample collection of 
primary GBM cells is more variable, indicating either the presence of non- or low vs. 
high ALDH1 expressing GBM subtypes or variable levels of ALDH1 expression within 
a single tumor, that might explain the absence of ALDH1 expression in one of the 
three tested primary GBM cell lines. The latter finding is consistent with our previous 
report, in which we (Rasper et al. 2010) reported that cells with high ALDH1 
expression can be found much more frequently  in perivascular niches in GBM 
specimens. Therefore the presence of fluctuating ALDHhigh quantities among different 
primary cell lines could possibly be explained by the inherent variations in 
intraoperative neurosurgical sampling.

Finally, ALDH1 knockdown experiments confirmed the crucial implications of the 
ALDH enzyme as a marker and stem cell regulator in brain tumor cells.

5.2 Implications of hypoxia on stem cell regulation

For more than a decade, hypoxia is generally considered to play a key role in tumor 
progression by modulating core tumor pathways associated with angiogenesis, 
adapted metabolism, invasiveness and survival (Bertout et al. 2008). In agreement 
with that, stem-like tumor cells could be isolated from distinct anatomical niches, 
containing the same hypoxic microenvironment of physiologic stem cell niches. 
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Additionally to molecular cues that might be driven by hypoxic conditions (Ito et al. 
2006), the low perfusion of stem cell niches might shield stem-like tumor cells from 
chemotherapeutic agents and immune responses (Moore & Lemischka 2006) by 
induction of multidrug resistance proteins (Comerford et al. 2002).

Studies in embryology and perinatal neurogenesis revealed the regulatory 
implications of low oxygen conditions for stem cells. To date it is well established, that 
cell proliferation, survival and differentiation of stem and progenitor cells are strongly 
linked with hypoxia related signalling (Mazumdar et al. 2009; Vieira et al. 2011) (Fig. 
12). 

Figure 12: The hypoxic niche in tumor and stem cell physiology
A hypoxic  environment is believed to stimulate vessel  sprouting and metabolic adaption, resulting in 

increased invasiveness, disease progression and therapeutic resistance. In stem cell physiology 
hypoxia drives proliferation, self renewal, pluripotentcy and influences differentiation and embryonal 

development. 
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In fetal and embryo development, placental oxygen is physiologically limited and 
development occurs in a hypoxic environment (Ottosen et al. 2006). Studies have 
shown, that low oxygen levels are decisive for brain development, vessel formation 
and neural fold closure (Panchision 2009). Furthermore, investigations on human 
embryonic stem cells (hESC) revealed the ability  of these cells to maintain their 
pluripotent differentiation and self-renewal capacity when cultured in low-oxygen 
atmosphere (Ezashi et al. 2005).
In line with these findings, Yoshida et al. reported enhanced generation of induced 
pluripotent stem cells under hypoxia (Yoshida et al. 2009). 
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Figure 13: Reactive Oxygen Species (ROS) production in cellular respiration and the role of 
ALDH1
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Similar observations were reported in the field of adult stem cells. Hematopoietic 
stem cells and neural precursor cells show enhanced survival, clonogenic growth and 
proliferation under hypoxic culture conditions (Studer et al. 2000). 

In this study, we have demonstrated that ALDH1 expression in human glioblastoma 
cells is upregulated in the fraction of stem-like cells under low oxygen conditions. The 
enzymatic function of ALDH1 and its potent detoxification capacities may explain the 
underlying mechanisms, that may prove to be essential for stem cell survival in 
particular under hypoxic conditions.

As shown in a recent study by Jezek, during cellular hypoxia, the generation of 
mitochondrial reactive oxygen species (ROS) is paradoxically increased and thus 
ROS might serve as oxygen sensors inside the signal cascade of hypoxic responses 
(Jezek & Hlavatá 2005). Highly  reactive hydroxyl radicals react with polyunsaturated 
fatty  acids in cellular membranes, leading to lipid peroxidation (LPO) derived 
products, such as 4-hydroxynonenal (HNE), maliodialdehyde (MDA) or acrolein (K. 
Uchida 2003; Stevens & Maier 2008). 
These highly  reactive aldehydes show numerous cytotoxic potentials. ALDH1 is 
known to possess a high catalytic efficiency for acrolein, HNE and MDA. In mouse 
models, ALDH1a1 knockdown by siRNA made Hepa-1c1c7 cells significantly more 
sensitive to acrolein-induced cell death (Makia et al. 2011). In a study by Lassen and 
colleagues, investigations of several Aldh1a1 knock down models showed, that 
ALDH1 possesed a key role in protecting the mouse eye lens and cornea by 
detoxification of aldehydes and hence prevents cataract (Lassen et al. 2008).

In this context, it is interesting and comes along with potential therapeutic 
implications, that ALDH1 expression could be demonstrated to reduce 
chemotherapeutic effectivity of oxazaphosphorines, such as cyclophosphamine and 
ifosfamide by oxidation of aldehyde metabolites of these drugs (Sládek 1999; Ross et 
al. 2000). In this respect, ALDH1 level could be associated with prediction of 
therapeutic response and patient outcome (Sládek 2002) (Fig. 13). 
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ALDH1 knockdown in our cell line resulted in heavily reduced neurosphere 
generation, possibly suggesting an insufficient detoxification of LPO derived 
products. ALDH1 function in glioblastoma stem cells might therefore fulfill two 
purposes. First, serving as a detoxification system that prevents cellular damage by 
metabolisation of ROS and secondly by maintaining these ROS on levels which are 
low enough to function as signalling molecules, that finally stabilize stemness and 
prevents differentiation.The influence of ROS on cellular differentiation is supported  
by a number of recent studies on differentiation of neural stem and precursor cells. A 
study by Tsatmali et al. revealed, that embryonic rat cortical precursor cells show 
increased ROS production upon induction of differentiation with FGF2. The authors 
also observed positive correlations between ROS generation and the neuronal 
marker ß-III tubulin and higher levels of  mitochondrial respiratory chain compounds 
(Tsatmali et al. 2005).

5.3 Hypoxia crosstalk with stem cell regulating pathways 

Besides the implications of hypoxia on cellular metabolism and reactive oxygen 
species production, it is becoming more evident, that hypoxia inducible factors (HIFs) 
affect tumor growth by promotion of stem cell identity and inhibition of differentiation  
(Keith & Simon 2007) by crosstalk with other oncogenic pathways.

5.3.1 Notch

The Notch signaling pathway provides interesting insights into HIF mediated stem 
cell regulation, even though Notch effects are context dependent (Bray 2006). 
Overexpression of Notch, for instance, results rather in terminal differentiation of 
neural stem cells. Still, the vast majority of studies suggest that Notch-response-
elements (NREs) preferably inhibit stem cell differentiation. In a study by Gustafsson 
et al. it was demonstrated, that hypoxic culture conditions can initiate the 
transcription of genes involved in increased survival of neuronal stem cells 
(Gustafsson et al. 2005) and inhibition of stem cell differentiation, upon HIF-1α 
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binding to the intracellular domain of the Notch receptor. Chromatin 
immunoprecipitation experiments proved that HIF-1α was physically bound to a DNA-
binding complex containing the Notch intracellular domain (Keith & Simon 2007). 
This could also been shown for myogenic cells, but HIF-2α mediated in A-498 renal 
carcinoma cells in the same Notch-dependent manner. The underlying mechanism 
for binding of HIF-1α to the intracellular Notch domain remain poorly  understood and 
it is not yet thoroughly clear, if other target genes, besides Hes-1 and Hey-2, 
members of the basic helix-loop  helix transcription factor family, are activated 
following binding of HIF-1α to the intracellular Notch receptor (Gustafsson et al. 
2005) (Fig. 14). 

Figure 14: The Notch pathway (modified from U. Lendahl et al., Nat. Rev. Genetics 2009)
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However, these gene are known to suppress the transcription of the achete scute 
gene family, which mediate neuronal differentiation (Ishibashi 2004). The role of 
Notch signaling in self-renewing organs has been investigated in great detail, for 
example in the homeostasis of the mammalian intestine. Upregulation of a dominant 
form of the intracellular Notch receptor in mice inhibited differentiation of crypt cells 
(Fre et al. 2005). Further on, as revealed by toxicology studies, inhibition of Notch 
signaling can occur as a side effect upon medication with y-secretase-inhibitors, that 
are developed for treatment of Alzheimer´s disease. Rodents, treated with this drug 
exhibited goblet cell metaplasia within the intestine, indicating a lack of Notch 
dependent regulation of crypt cell differentiation (van Es et al. 2005). 

Another system with obvious critical self-renewing components is the hematopoietic 
system. Gain-of-function studies of a dominant active form of the intracellular Notch 
receptor in hematopoietic cells resulted in inhibition of differentiation (Kumano et al. 
2001) or in increased self-renewal of hematopoietic stem cells of bone marrow 
progenitor cells in another study (Stier et al. 2002). Aberrant Notch signaling is also 
linked to T cell malignancies. Weng and coworkers described a gain-of-function 
mutation in the Notch receptor in 54 of 96 patients suffering acute lymphoblastic 
leukemia (ALL) (Weng et al. 2004; Mazumdar et al. 2009). 

5.3.2 Oct-4

Another gene, that could be upregulated when cells are exposed to low oxygen 
concentration is Oct4. This gene occupies an important and central role in the 
understanding of development regulation in human embryonic stem cells (hESCs) 
(Boyer et al. 2005). During preimplantational development, Oct4 maintains embryonic 
stem cells in a pluripotent state (Hochedlinger et al. 2005). In consistence with our 
findings, that hypoxia induced neurosphere building in LN18 glioblastoma cells, 
Ezashi reported that low oxygen gradients significantly increased the rate of 
embryoid bodies and Oct4 expression detectable in hypoxic cultures of human 
embryonic stem cells (Ezashi et al. 2005).
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Among transcription factors, that are required to induce pluripotent self-renewing 
stem cells, Oct4 demonstrated to play an essential role. SOX2, KLF4, NANONG and 
Lin28 are other factors that are currently  discussed, still Oct4 proved to be crucial for 
iPS induction in most studies (Utikal et al. 2009; Bunaciu & Yen 2011). The Oct4 
gene and Oct4 protein were found to be expressed in adult stem cells and human 
tumor cells, whereas no expression could be detected as soon as these cells were 
induced to differentiate (Tai et al. 2005). Along with this findings, Oct4 was found to 
be abundant expressed in testicular germ cell tumors (Gidekel et al. 2003). 
Overexpression of Oct4 also resulted in premalignant dysplastic lesions in epithelial 
tissues, in which Oct4 plays a physiological role in self renewing of these tissues 
(Hochedlinger et al. 2005). 

As shown by Covello and colleagues, HIF-2α could be identified as a direct upstream 
regulator of Oct-4, whereas Oct-4 is apparently independent of HIF-1α activation 
(Covello 2006). In this study, hypoxic tumor cells remained in an undifferentiated and 
malignant state, as long as Oct4 expression was observable. In a HIF-2α knock-in 
rodent model, in which HIF-1α was replaced by HIF-2α, embryonic teratomas 
exhibited markedly  increased Oct-4 and Nanog expression. Further on, they showed 
that expanded HIF-2α expression was sufficient to up-regulate Oct4, Tgf-ß and 
VEGF in tumor cells and in the context of embryonic development (Covello et al. 
2005). These findings could be confirmed in more recent studies, suggesting that 
HIF-2α might serve as possible specific target, since hypoxia enhanced HIF-2α 
expression in glioma stem cells without affecting non-stem GBM cancer cells (Z. 
Huang et al. 2010). 

The particular role of Oct4 in GBM has become clear in a number of recent studies, 
in which downstream targets of Oct4 could be detected more frequently  in high-grade 
astrocytic tumors compared to lower grade gliomas (LGG) (Ben-Porath et al. 2008).

5.4 Comparison of ALDH1 with surface markers, advantages and limitations
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A particular challenge that expands beyond the implications of hypoxia on stem cell 
signalling and associated pathways lies in the identification of reliable markers for 
stem-like cells. This has proven to be extremely difficult, since it is so far still unclear, 
what stem cells and stem-like cancer cells have in common and thus if marker for 
stem cells may likewise serve for their malignant counterparts (Ben-Porath et al. 
2008). 
It has become more clear however, that surface located stem cell marker contain 
inherent pitfalls. In this context, it might be assumed, that preparation methods and 
laboratory handling of cells may induce stress response in cells, which result in 
changes on the cell surface.

For identification of stem-like cells in gliomas, a number of cell markers were 
proposed in the last years. A  great number of published work in this field has been 
performed on the base of CD133 expression. Nevertheless, several studies showed 
that CD133- cells likewise contain tumorigenic potential upon transplantation into 
immunodeficient mice (J. Wang et al. 2008; Ogden et al. 2008; Shmelkov et al. 
2008).
Another marker, A2B5, a cell surface ganglioside, that is expressed on glial and 
neuronal progenitor cells (Nunes et al. 2003) and also on neural stem cells in the 
subventricular zone. A2B5+/CD133+ and A2B5+/CD133- implantation experiments 
revealed, that both fractions can initiate tumor growth. However, it remains to be 
determined, if A2B5 can prove to be able to identify  stem-like glioma cells reliably, 
given the untypical high number of 33 - 90% A2B5 expressing cells in anaplastic 
astrocytoma and GBM (Ogden et al. 2008). 

A method to identify stem-like tumor cells without any usage of intra- or extracellular 
markers has been proposed recently by Clément and co-workers by exploiting 
intrinsic autofluorescence properties and distinctive morphologies of cells obtained 
from tumor samples and glioma cell cultures (Clément et al. 2010).
Further on, cell labeling and staining methods, as commonly used for stem cell 
identification may produce artifacts in the investigated cells. The same is true to a 
certain extent for the Aldefluor assay, although the ALDH substrate does not enter 
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the nucleus nor does it bind to DNA such as dyes that are used for identification of 
side populations (Pearce et al. 2005).

One distinct advantage of the Aldefluor based labeling method is that cells require an 
intact membrane to retain the fluorescent substrate. Therefore, dead and apoptotic 
cells will not be included into counting or isolation of cells (Storms et al. 1999).

5.5 Limitations of this study

While the insights of our work into regulatory  effects of ALDH1 expression are 
important, some limitations of the current study have to be named, as they also pave 
the way for future work in our field. One shortcoming of this study is, that 
investigations were performed using mainly an established cell line. The problem 
inherent with immortalized cell lines is that cloning will finally select specific cell 
types, while other cells, that might be crucial for cell-cell interaction or secretion of 
signaling molecules might not survive during dozens of passages.

Another drawback is that colocalization with other cancer stem cell markers had not 
been performed. Evaluation of ALDH1 expression in comparison to more established 
markers might thus have become more meticulous. A number of potential 
glioblastoma stem cell marker, have been proposed during the last years, including 
CD133 (Yin et al. 1997), A2B5 (Nunes et al. 2003), CD15 (Son et al. 2009), 
podoplanin (Mishima et al. 2006) and others (Clément et al. 2010).
Still, as all supposed cancer stem cell marker still lack final proof and acceptance, to 
the date, the gold standard for evaluation of new markers certainly remain functional 
assays, like the neurosphere formation assay, that we have conducted throughout all 
the study. 

Finally, our study, like other studies which have used the Aldefluor assay (Ginestier et 
al. 2009; Jiang et al. 2009), is limited by the inherent lack of this assay to detect 
ALDH isoforms other than ALDH1A1. So far, it has not been proven, that only 
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ALDH1A1 is a marker for normal and cancer stem cells. ALDH3A1 has been 
described to protect the cornea from oxidative stress, derived from increased protein 
oxidation and the occurrence of HNE and MDA products (Lassen et al. 2008). As the 
metabolism of these products play  an important role in ALDH1A1 mediated 
detoxification, other ALDH isoforms may also serve as a cancer stem cell marker and 
may be overseen in studies, that use only Aldefluor for cell identification and 
isolation.

5.6 Cancer stem cells as the root of all evil?

We observed enhanced neurosphere formation in LN18 cells that underwent hypoxic 
culture. Sphere mean diameter and total number were greater in cells with higher 
ALDH1 expression. Additionally, formerly  ALDH negative cells, in which no 
neurosphere formation could be detected, showed induced sphere building after 
hypoxia treatment. Our findings are consistent with those reported by Mathieu et al. 
The authors hypothesized, whether hypoxia would be able and sufficient to induce 
hESC signatures in a variety of tumor cells. Studying various cancer cell lines from 
prostate, brain, kidney, cervic, lung, colon, liver and breast, they found iPSC inducers 
OCT4, NANOG, SOX2, KLF4, cMYC  and mRNA-302 activated. In accordance with 
our work, hypoxia induced neurosphere formation in CD133 negative glioma cells 
(Mathieu et al. 2011). The finding of a positive correlation between Aldefluor positive 
tumor cells and sphere formation was observed by us and others. Charafe-Jauffret 
reported Aldefluor positive cells formed significantly more tumorspheres compared 
with Aldefluor negative cells (Charafe-Jauffret et al. 2009).

Bar and colleagues investigated the effects of hypoxia on glioma cell derived 
neurospheres from CD133 positive and freshly isolated glioblastoma cells. CD133 
protein levels and Notch related genes were induced by growth in low oxygen. More 
importantly, using a lentiviral construct encoding an oxygen stable double mutant of 
HIF-1α, they found CD133 levels markedly increased under normoxic conditions. 
Further on, hypoxia also increased the percentage of GBM side-population cells (Bar 
et al. 2010). These results compare favourably with those reported by Seidel et al. 
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GBM cells, that expressed the distinct side population signatures ASPHD2 and 
MAML3, could be detected in perivascular and perinecrotic hypoxic areas, as 
revealed by immunohistochemistry in GBM specimens. In vitro analysis following 
hypoxic incubation likewise demonstrated increases of CD133 positive and side 
population signature positive cells. Sphere forming capacity was enhanced under 
hypoxia and markedly decreased in HIF-1α and HIF-2α knockdown experiments 
(Seidel et al. 2010).

Another study used a larger set of putative GBM stem cell markers in addition to 
CD133, such as CXCR4 (CD184), CD44low and A2B5 and showed that low oxygen 
culture promotes self-renewal, preceded by upregulation of HIF-1α. Hypoxic cultured 
marker positive cells retained in an undifferentiated state, whereas cells in normal 
oxygen concentrations did not (Soeda et al. 2009). Induction of a more stem-like 
phenotype after hypoxia was also described by Heddleston et al. In contrast to 
previous studies, stem cell factors such as OCT4, NANOG and c-MYC were 
upregulated in cancer stem cells exclusively under the modulation of HIF-2α 
(Heddleston et al. 2009; Z. Li et al. 2009b). McCord and colleagues have taken a 
different view on hypoxia and exposed cells to 7% oxygen (McCord et al. 2009), in 
contrast to more severe states of hypoxia, that has been used in most other studies. 
The results of this work however are in line with previous published work, despite that 
only HIF-2α, but not HIF-1α was affected under 7% oxygen. 

5.6.1 A different view on cancer stem cells 

In contrast to this thesis and most of the studies, published in the field of cancer stem 
cell research, other studies take a more critical view and challenge the cancer stem 
cell hypothesis with severe questions, that need to be addressed in future studies. 
Morrison and colleagues questioned the model of a hierarchical tumor model, in 
which only a minority  of cells have tumorigenic potential upon transplantation into 
immune deficient animals. By changing transplantation parameters, such as the 
mouse strain used for xenotransplantation, the time over which animals were 
followed up and the injection method, tumor initiating could be increased 
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dramatically. Further on, an analysis of over 50 surface marker revealed, that they 
could not differentiate between tumorigenic and non-tumorigenic cells (Quintana et 
al. 2008; Hill 2006). 

The side-population (SP) assay is widely  used to isolate CSCs. By the expression of 
ATP-binding cassette transporters, CSCs are thought to efficiently  efflux a nuclear 
staining dye and thus appear as a non-fluorescent population in flow cytometry 
(Kondo et al. 2004). Some authors reported limitations of this assay however. Zheng 
and colleagues reported that C6 glioma cells were clonogenic, but not detectable in 
SP assays (Zheng et al. 2007). Another study found both SP and non-SP glioma cells 
to be tumorigenic in mice (Bleau et al. 2009).
It is yet unclear to which extent cancer stem cells share characteristics with normal 
stem cells. Multipotency, a defining feature of normal stem cells, is normally not 
present in malignant stem-like cells. Some authors, hence proposed to use rather 
terms such as „cancer- or tumor-initiating cells“ (O'Brien et al. 2007; Ricci-Vitiani et 
al. 2006). Moreover, the markers that are currently used to define and isolate CSCs 
are not uniquely expressed on cancer stem cells, because they are likewise 
frequently  found on normal cells (Al-Hajj & Clarke 2004). To date, these markers are 
mostly used to isolate subpopulations, enriched with tumorigenic cells.

As questioned by  other authors, it is doubted whether CSCs could remain genetically 
stable during the frequent mutations that accumulate in tumor cells in the course of 
tumor progression (Bielas & Loeb 2005).
In disagreement with numerous studies, whose investigators implanted CSCs cells in 
varying quantity  in order to demonstrate, that a few CSC marker positive cells are 
sufficient to give rise to tumor formation (Wright et al. 2008), others reported that 
these results might base on artifacts, due to retained immunological host response. 
In such a scenario, a small number of cells may not arouse an immune reaction and 
therefore tumor formation can occur. When a medium amount of cells is injected, the 
immune system might recognize the foreign cells and thus could successfully prevent 
tumor formation. Finally, the authors suggest, large number of injected cells may 
provoke an immune system activation, but the abundance of tumor cells could give 
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rise to a tumor despite host defense (Hill & Perris 2007). Use of NOD-SCID-
interleukin 2 receptor γ (IL2R γ null) mice, which are deficient of both T killer cells 
and mature other lymphocytes might provide a more reliable mice model, as 
suggested by Quintana et al. (Quintana et al. 2008).
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6 SUMMARY

Increasing evidence supports the hypothesis that regulatory influences of the 
extracellular microenvironment may contribute to reprogramming of tumor-cells into 
stem-like behaving cells. As suggested in this study, the detoxification capacity  of 
tumor cells with high ALDH1 activity may ensure genetic stability and a survival 
benefit to other cells. This might prove especially useful in the extracellular context of 
low oxygen concentrations, as it typically  occurs in stem cell niches and tumor 
related hypoxia.. 

In the current study, we have shown human glioblastoma cells, isolated on the basis 
of their ALDH1 expression exhibit markedly  higher neurosphere formation and 
asymmetric division capacity. Secondly, we observed that hypoxic culture conditions 
were able to induce high ALDH1 expression and neurosphere formation in formerly 
low ALDH expressing cells. Furthermore we could indicate, that ALDH1 expression is 
upregulated under hypoxia in primary human glioblastoma cells. Finally, the 
functional meaning of ALDH1 could be underlined by ALDH1 shRNA knockdown.

The results of our study indicate an intrinsic involvement of ALDH1 in survival and 
functional stem cell characteristics of human glioblastoma cells under normoxic and 
hypoxic conditions. However the signalling functions of ALDH1 mediated metabolites 
and their downstream targets awaits further clarification and future studies will have 
to show, whether ALDH1 expression in specimens of human glioblastoma can be 
related with clinical parameters, ultimately possibly identifying implications of ALDH1 
mediated metabolism and signalling in relation to tumor relapse or drug- and 
radioresistance in GBM patients.
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9 ABBREVIATIONS

2HG 2-Hydroxyglutarate

ADP Adenosine Diphosphate 

ARNT Aryl Hydrocarbon Receptor Nuclear Transporter

ATP Adenosine Triphosphate 

BAAA BODIPY aminoacetaldehyde

CNS Central Nervous System

DEAB Diethylamino-Benzaldehyde

EPO Erythropoietin

ETC Electron Transport Chain

FGF Fibroblast Growth Factor

FIH-1 HIF-1 Inhibiting Factor 

GBM Glioblastoma multiforme

hESCs Human Embryonic Stem Cells 

HNE 4-Hydroxynonenal 

HRE Hypoxia Responsive Elements

IDH  Isocitrate Dehydrogenase

KPS Karnofsky Performance Score 

LGG Lower Grade Glioma 

MDA Maliodialdeheyde 

MMP Matrix Metalloproteinases

NADH Nicotinamide Adenine Dinucleotide 

Nicd Notch Intracellular Domain 

NRE Notch-Response-Elements

ODDDs Oxygen-Dependent Degradation Domains

OS Overall Survival

p300/CBP E1A binding protein p300/CREB-binding protein
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PDGF Platelet Derived Growth Factor 

PFS Progression Free Survival 

PHD Prolyl Hydroxylase Domain

Pol II DNA polymerase II

RAR Retinoic Acid Receptor 

RARE Retinoic Acid Response Element 

RXR Retinoid X Receptor

SGZ Subgranular Zone

SVZ Subventricular Zone

TCGA Cancer Genome Atlas 

TMZ Temozolomide

VEGF-A Vascular Endothelial Growth Factor-A

VEGFR Vascular Endothelial Growth Factor Receptor

vHL von Hippel-Lindau

WBRT Whole Brain Radiation Therapy

WHO World Health Organization
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