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Eine Prognose gibt es nicht, eine allgemeine Statistik auch nicht mehr. Nach
drei OPs, zwei Bestrahlungen, drei verschiedenen Chemos ist man seine
eigene Statistik.

Vor drei Jahren noch war ich ein winziger Punkt in einer Punktwolke, reine
Mathematik, kein Individuum, das hatte mir gefallen. Jetzt weil ich nicht mehr.
Keiner weils.

Aus ,Arbeit und Struktur® von Wolfgang Herrndorf -
Herrndorf nahm sich 3 Jahre nach der Erstdiagnose eines Glioblastoms im
Dezember 2013 das Leben.
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Introduction

1 Introduction

1.1 Glioblastoma multiforme

1.1.1 Epidemiology

Glioblastoma multiforme (GBM), a WHO grade IV tumor, is the most common primary brain tumor in
adults. The incidence rate of glioblastoma in the United States is 3.9 per 100000 and is slightly higher
in males than in females (1.6:1). Precise data for incidence rate of GBM specific for Germany are not
available because most of the studies show combined data for all central nervous system tumors or at
least more specific for all astrocytic tumors. Median survival of GBM patients under 70 years is still
very short with 15 months after first diagnosis and best available treatment. For patients older than 70
years it's even worse (Lawrence et al. 2012). Recurrence of the tumor after primary treatment seems
to be inevitable. 5-years-survival is around 10 % for primary and 3 % for secondary GBM (IARC
(International Agency for Research on Cancer) 2014). No recent numbers exist about GBM relapses,

because a uniform definition of GBM recurrence is still missing (Hou et al. 2006).

1.1.2 Etiology

The etiology of GBM is still unknown. Several risk factors which may lead to the development of GBM
are discussed. Some rare genetic disorders are associated with increased incidence of GBM. These
are Neurofibromatosis 1 and 2, Tuberous sclerosis, Retinoblastoma, Li-Fraumeni syndrome, Turcot’s
syndrome and multiple hamartoma (Schwartzbaum et al. 2006). Except for these inherited mutations,
the only verified exogenous risk factor for GBM is exposure to therapeutic ionizing radiation, especially
in childhood (Ostrom et al. 2014, Rees et al. 2016).

1.1.3 Pathology and classification

GBMs are characterized by heterogeneous cell populations (cells with astrocytic or oligodendroglial
features or mixed cellular features), high invasiveness and infiltration, neovascularization and by the
occurrence of necrotic areas within the tumor. The necrotic areas are surrounded by so-called pseu-

dopallisadic cells and hypoxic regions (Maher et al. 2001, Furnari et al. 2007, Zong et al. 2012).

Two different types of GBM are described. Primary GBMs which make up 95% of all GBMs and sec-
ondary GBMs which make up 5% of all GBMs (Ohgaki et al. 2004). Primary and secondary GBMs differ
in their genesis and therefore in their genomic alterations and clinical presentation. Primary GBMs
occur de novo mainly in older patients and develop rapidly. Secondary GBMs progress from low-grade
diffuse astrocytomas or anaplastic astrocytomas and occur mostly in younger patients (Ohgaki and
Kleihues 2005, Ohgaki and Kleihues 2013). Distinct genomic alterations of primary and secondary

GBM are shown in Figure 1.1.
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Figure 1.1 Genetic pathways to primary and secondary GBM and their clinical differences modified from
(Ohgaki et al. 2004, Ohgaki and Kleihues 2013). (EGFR, epithelial growth factor receptor; IDH1, isocitrate de-
hydrogenase 1; LOH, loss of heterozygosity; p16ink4a, cyclin-dependent kinase inhibitor 2A; PTEN, phospha-

tase and tensin homolog; TP53, tumor protein p53; MST, mean survival time).

Besides this GBMs can be classified in four subtypes, defined by the TCGA (The Cancer Genome

Atlas) which characterizes GBMs by their gene expression patterns, their different clinical characteris-

tics and their response to therapy (see Table 1.1). The classification of different GBM subtypes is sup-

posed to be important for the optimal therapeutic decision-making and could serve as a prognostic

factor (Verhaak et al. 2010). Different subtypes of GBM may coexist in the same tumor or patient

(Sottoriva et al. 2013).

Table 1.1 GBM subtypes: Genetic and clinical characteristics (Verhaak et al. 2010)

Subtype Genomic abnormalities

Remark

Classical e Chromosome 7 amplification paired with loss - ¢ Good response to ag-

of chromosome 10
EGFR expression

ing CDKN2A

e Focal 9p21.3 homozygous deletion, target-

e High expression of NES, Notch and Sonic
hedgehog signaling pathways
e Lack of TP53 mutations

gressive therapy

e High level EGFR amplification and increased ¢ Most common type of

GBM
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Proneural e Mutations in IDH1 e No response to aggres-
e High expression of PDGFRA sive therapy
e Mutations in TP53 e Younger age
e LOH10
e High expression of oligodendrocytic devel-
opment genes
Mesenchymal @ ¢ Mutations in NF 1, PTEN and TP53 e (Good response to ag-
e Higher expression of mesenchymal and as- gressive therapy
trocytic markers such as CD44 and MERTK e Higher percentage of in-
e High expression of genes in the tumor ne- flammation and necro-
crosis factor family pathway and the NF-xB sis
pathway
Neural e Expression pattern most similar compared to
normal brain tissue

1.1.3.1 Migration of GBM cells

The invasion into surrounding tissue due to the migratory capability of GBM cells is a key part of the
high malignancy of this tumor entity. Migration and invasion might enable tumor cells to escape radical
surgery, radiotherapy and maybe chemotherapy. Hence, GBM cells with migratory capacity might be

responsible for tumor relapse.

Unlike most other solid tumors, GBM rarely metastasize outside the brain (Lun et al. 2011). Instead of
intravascular or lymphatic metastatic spread, GBM cells migrate along the so-called Scherer’s second-
ary structures, namely: the perivascular space, the brain parenchyma, white matter tracts and the sub-

arachnoid space (Cuddapah et al. 2014).

However, not all cells within the GBM tumor bulk are capable to migrate. Recent research tried to
identify the migrating cell subpopulation in GBM tumors. Munthe et al. (2016) could show, that migrating
GBM cells display cancer stem cell (CSC) characteristics, such as the expression of the cell surface
markers CD44 and SOX-2. The study could also show, that GBM cells with migratory capability could
initiate tumor regrowth (Munthe et al. 2016). This again hints to the idea, that GBM cells with the ability

to migrate could be responsible for tumor relapse.

One possible trigger for GBM cells to acquire enhanced migratory capacity might be the tumors micro-
environment. As described above, GBMs frequently show necrotic areas surrounded by hypoxic re-
gions. A study by Brat et al. (2004) indicates that hypoxia induces invasion and migration of glioblas-
toma cells. The study revealed, that this is, at least partially, caused by hypoxia induced mesenchymal
transition of GBM cells (Brat et al. 2004).

1.1.3.2 Hypoxia in GBM
In several solid tumor entities, including high grade gliomas, tumor cells are exposed to hypoxic con-

ditions which has an impact on the aggressiveness and therefore the prognosis of these tumors.
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The development of hypoxic areas within tumors is a result of several mechanisms such as rapid cell
proliferation, an increased O,-dependend metabolism in cancer cells and the insufficient neovascular-

ization for oxygen and nutrient supply for the tumor bulk.

Hypoxic conditions seem to affect the expression of several different genes. It was shown that hypoxia
plays an important role for the maintenance of CSCs, the tumors therapy resistance and the develop-

ment of migration and invasion capability (Karsy et al. 2016).

1.1.4 Tumorigenesis
Until now, tumorigenesis in human beings is not fully understood. The two main theories which are
discussed to be responsible for gliomagenesis are the cancer stem cell theory, also called the hierar-

chical model and the stochastic model of tumorigenesis (s. Figure 1.2 and Figure 1.3).

Abundant evidence indicates that there is a minor subpopulation of cells in different cancer types, which
exhibit stem cell properties like immortality, self-renewal capacity and the potential to differentiate into
multiple cell lines by asymmetric division (Galli et al. 2004, Kreso and Dick 2014). In the cancer stem
cell model, only the so-called cancer stem cells (CSCs) have the ability, to initiate tumor growth. CSCs
are discussed to be responsible for tumor initiation, heterogeneity of cells within tumors, therapy re-
sistance of tumors and tumor relapses after treatment (Galli et al. 2004, Bao et al. 2006, Sundar et al.
2014).

The existence of CSCs was first described in leukemia (Bonnet and Dick 1997) and in the following in
several solid tumor entities, e.g. breast cancer (Al-Hajj et al. 2003), pancreatic cancer (Li et al. 2007)

and different brain cancers (Galli et al. 2004).

Cells with stem cell properties in GBM were identified by using stem cell markers such as the cell
surface antigens CD133 (Singh et al. 2004), SOX-2 (Berezovsky et al. 2014), CD44 (Anido et al. 2010),
Nestin (Bexell et al. 2009) and more recently by the expression of ALDH1 (Rasper et al. 2010, Jin et

al. 2013).
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Figure 1.2 Cancer stem cell theory — Hierarchical model: Cells within tumors can be hierarchically organized,
ranging from highly differentiated, less proliferative cells to almost undifferentiated, highly proliferative cells.
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The stochastic model of tumorigenesis suggests, that tumors consist of biological homogenous cells.
All cells have the potential to found new tumors. The functional heterogeneity of these cells is due to
different intrinsic or random extrinsic influences. Due to the stochastic model, tumor growth follows the
rules of Darwinian evolution. Cells with survival advantages maintain tumor growth and potentially re-
sistance to therapies (Dick 2009, Sundar et al. 2014).
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Figure 1.3 Stochastic model of tumorigenesis
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Both theories, the hierarchical and the stochastic model, may play a role in development and mainte-
nance of GBM. Targeting both kinds of GBM cells — the normal tumor cells as well as the GBM cancer

stem cells (GCSCs) — might be the key to achieve sufficient treatment response in GBM patients.

1.1.5 Clinical presentation

The clinical presentation of GBM patients can differ depending on the tumors” location. Due to the rapid
growth, GBM can lead to elevated intracranial pressure. Increased intracranial pressure can cause
headache, vomiting and impaired conciseness. Tumor related brain tissue necrosis can lead to focal
neurological deficits. Other GBM patients show seizures, brainstem symptoms and cognitive and be-

havioural symptoms (Rees et al. 2016).

To diagnose GBM, MRI and CT imaging is used. GBM can appear as a ring-enhancing lesion which
can show intratumoral necrosis or haemorrhage. These features lead to a heterogeneous appearance

of the tumor in imaging. Figure 1.4 shows an example for a MRl image which is typical for GBM.
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Figure 1.4 Glioblastoma multiforme in the right frontotemporal lobe. Thankfully obtained by Dr. med. Christoph
Straube, Department of Radiation Oncology, Technical University of Munich (TUM), Germany.

1.1.6 Treatment and therapy resistance

The treatment-options for newly diagnosed glioblastoma include surgery, chemotherapy and radiother-
apy. The decision which patient receives which kind of therapy depends on different factors like the
patients” age and clinical performance status, the tumor’s gene expression pattern and the tumor lo-
cation (Komission Leitlinie der Deutschen Gesellschaft fir Neurologie; S2k Leitlinie: fur Diagnostik und
Therapie in der Neurologie, Gliome; Aufl. 5, 2012, Addendum 01.03.2014).

Current standard of care in newly diagnosed GBM is based on a study published in 2005 by the Euro-
pean Organisation for Research and Treatment of Cancer (EORTC) and the National Cancer Institute
of Canada Clinical Trials Group (NCIC) (Stupp et al. 2009). The so-called “Stupp regimen” includes
surgery and radiotherapy of the resection cavity combined with a temozolomide (TMZ) chemotherapy

followed by adjuvant TMZ alone.

For the treatment of recurrent tumors, there is no standardized therapy regimen. Currently, treatment
strategies for recurrent GBM seem to vary widely in different therapy centers. Most agreed recommen-

dation for therapy of relapsed tumors seems to be best supportive care (Hundsberger et al. 2016).

Despite these therapy options, GBM prognosis remains poor. One main problem in GBM treatment is
therapy resistance which leads to GBMs”™ poor prognosis. Especially relapsed tumors show increased
therapy resistance. In the last decades, various causes for therapy resistance in GBMs were identified
and intense research was done to understand the mechanisms behind therapy resistance in GBMs.

Nevertheless, many questions in this field are not solved yet.




Introduction

1.1.6.1 Surgery

The essential step in GBM treatment is surgery. On the one hand, it allows histological confirmation of
the diagnosis and further histopathological investigations of the tumor tissue. On the other hand, it is
important for cytoreduction and in some cases to reduce tumor associated symptoms such as elevated

intracranial pressure or focal deficits.

Still, there are some limiting factors for surgical interventions in GBM patients, namely: poor perfor-
mance status, advanced age or tumor infiltration of eloquent brain areas. Moreover, only a resection
of about 80% of the tumor mass provides benefits for oncological treatment. (Wilson et al. 2014, Rees
et al. 2016)

1.1.6.2 Radiotherapy and Radioresistance

After surgical tumor resection, external beam irradiation of the tumor cavity and 1-3 cm of the tumor
margins is performed if possible. Radiotherapy usually is combined with TMZ chemotherapy. The
standard dose for GBM patients is 60 Gy in total, delivered in 30 single doses of 2 Gy. If necessary,

hypo fractioned regimens can be used for patients with low performance status (Bush et al. 2017).

Some studies could show, that x-ray irradiation improves overall survival (OS) and disease free survival
(DFS) in elderly GBM patients (Scott et al. 2011) as well as OS and DFS of younger GBM patients.
Although, other studies could only show slightly improvements of prognosis through radiotherapy
(Keime-Guibert et al. 2007).

Unfortunately, the efficacy of radiation is limited by radioresistance of the tumor and radiation tolerance

of the surrounding normal tissue.

Radioresistance is a main problem for GBM first-line therapy and even more for the therapy of relapsed
tumors. Growing evidence leads to the assumption that radioresistance is mainly due to the existence
of GBM cancer stem cells. GCSCs are less sensitive to radiotherapy than normal tumor cells. Several
mechanisms which might be responsible for radioresistance in GBM stem cells are summarized in

Figure 1.5.

GCSCs show the ability to reconstitute the tumor after treatment. Additionally, recurrent tumors show
even increased radioresistance, which may be due to irradiation-induced CSC enrichment (Bao et al.
2006, Dahan et al. 2014).

Furthermore, research has shown, that especially hypoxia leads to enhanced radioresistance. Hypoxic
areas within tumors are less sensitive to radiotherapy than normoxic regions, which is due to the fact,
that a main effect of radiotherapy is the generation of reactive oxygen species (ROS) from intracellular
water and molecular oxygen. ROS induce DNA damage and thus cell death. Hence, in the absence of
O radiotherapy is less effective. In addition, hypoxic conditions enhance the number of GCSCs within

a tumor and GCSCs can be found more frequently in hypoxic areas (Heddleston et al. 2009, Soehngen
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et al. 2014). In line with this, Soehngen et al. (2014) could prove upregulation of ALDH1 expression,

which is a stem cell marker in GBM cells, after incubating GBM cells under hypoxic conditions.

Direct and indirect

effects of irradiation Cell death and loss
.................. > a of clonogenic abilities

,Normal“ GBM
tumor cell

GBM tumor cell

Mechanisms which cause
radioresistance in GCSCs:

» Slow-cycling

» Stronger G2/M checkpoint

bl activation
» Enhanced DNA repair

» Enrichment of ROS scavenging
systems
O » Microenvironmental niches (e.g.
hypoxia, perivascular zones)
> Altered signaling pathways (e.g.
GBM cancer stem cell Notch; Wnt/B-Catenin; SHH)
(GCSC)

Figure 1.5 Mechanisms of radioresistance in GBM cancer stem cells (GCSCs) modified from (Kelley et al.
2016). (ROS, reactive oxygen species; Wnt, “Wingless/Integrated”; SHH, sonic hedgehog).

1.1.6.3 Chemotherapy and Chemoresistance

For a long time GBMs were considered being almost entirely resistant against chemotherapies. That
is amongst others due to the blood-brain-barrier, which makes it difficult for chemotherapeutics to reach
the tumor mass. Some tumor cells also have intrinsic mechanisms such as the expression of DNA
damage repair proteins or dysregulation of apoptosis regulating genes (Sarkaria et al. 2008, Chacko
et al. 2013).

Since a phase lll trail from the European Organisation for Research and Treatment of Cancer (EORTC)
and the National Cancer Institute of Canada Clinical Trials Group (NCIC) revealed in 2005, that GBM
patients benefit from additional chemotherapy during radiotherapy with the alkylating agent te-
mozolomide (TMZ), standard of care in GBM treatment includes chemotherapy with TMZ 6 weeks
during and 6 weeks after radiotherapy (Stupp et al. 2005). An important prognostic factor for the suc-
cess of chemotherapy with TMZ is the methylation status of the O°-methylguanin-DNA-transferase
(MGMT) gene promoter sequence. The MGMT gene encodes the DNA-damage repair protein MGMT
which removes alkyl groups, amongst others, from O°-guanin. Because alkylating O°-guanin is one of
the most important mechanisms for the effect of TMZ-treatment, methylation and therefore low expres-

sion and activity of MGMT makes TMZ treatment more effective (Hegi et al. 2005). Nevertheless, only
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for GBM patients older than 60 years, studies could confirm a benefit through TMZ treatment for overall

survival and progression free survival (Combs et al. 2011).

In the last years, several other chemotherapeutics have been tested in GBM patients, e.g. the implan-
tation of dissolvable chemotherapy wafers (Gliadel®) in the tumor bed after surgery (Hart et al. 2011)
or administration of the recombinant humanized VEGF (vascular endothelial growth factor) antibody
bevacizumab (Avastin®) (Khasraw et al. 2014). Unfortunately, these approaches in GBM chemother-

apy remained without huge improvements for OS of GBM patients (Ramirez et al. 2013).

1.2 ALDH1A1

1.2.1 ALDH superfamily

The ALDH (aldehyde dehydrogenase) superfamily consists of 19 yet known NAD(+) or NADP(+) de-
pendent enzymes which are assigned to 11 families and 4 subfamilies. ALDHs are disseminated in
several cellular compartments such as cytoplasm, nucleus, mitochondria and endoplasmatic reticulum
(Sladek 2003, Xu et al. 2015).

ALDHs have several functions, which are important for cellular homeostasis. ALDHs play an important
role in detoxification of endogenous and exogenous produced aldehydes. The enzymes of the ALDH
superfamily oxidize aldehydes to their corresponding carboxylic acid. Thus, ALDHs are involved in

alcohol metabolism by the oxidation of acetaldehyde.

Moreover, the ALDH enzymes play a role in the synthesis of retinoic acids (RA). Physiologically retinoic
acids are important for embryogenesis and development. It was shown that RAs play an important role
for the maintenance of CSCs and their properties (Niederreither et al. 2002, Moreb et al. 2017). Espe-
cially the subtypes ALDH1A1 and ALDH1AS3 are regarded as consistent molecular markers for CSCs

and as potential targets for cancer therapies.

Another important role of ALDHSs is the clearing of toxic aldehydes derived from lipid peroxidation in-
duced by reactive oxygen species (ROS) (Duester 2000, Vasiliou and Nebert 2005, Xu et al. 2015).
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Figure 1.6 The reaction catalyzed by ALDH. Aldehydes get oxidized to their corresponding carboxylic acid.
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Figure 1.7 The function of ALDHs (aldehyde dehydrogenase) in CSCs (cancer stem cells) (Duester 2000, Vasil-
iou and Nebert 2005, Xu et al. 2015)

1.2.2 ALDH1A1

Aldehyde dehydrogenase 1 A 1 (ALDH1A1), also known as retinaldehyde dehydrogenase 1 (RADH1)
is a cytosolic and mitochondrial NAD(+)-dependent enzyme. It is a homotetrameric protein with a mo-
lecular weight of 54kDa (Sladek 2003).

ALDH1A1 plays a pivotal role in alcohol metabolism, embryogenic development and differentiation as
well as in detoxification of aldehydes, produced due to lipid peroxidation induced by ROS (reactive

oxygen species) (Niederreither et al. 2002).

Recent research has shown, that high ALDH1A1 expression in gliomas is correlated with histological
high-grade gliomas (llI-1V) and therefore predicts poor prognosis. Xu et al. could show, that ALDH1A1
expression was elevated in invasive frontier areas of high grade gliomas and that high ALDH1A1 ex-
pression was correlated with strong invasiveness and high expression of matrix metalloproteinase 2, 7

and 9 (MMP2, MMP7, MMP9) which are important enzymes for cellular migration and tissue invasion.

10
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Additionally, GBM patients who showed ALDH1A1 overexpression in normal brain tissue adjacent to

the invasive frontiers had shorter disease free survival compared to patients without (Xu et al. 2015).

Furthermore, ALDH1A1 has been described as a marker for CSCs in leukemia (Hess et al. 2006) and
several solid tumor entities such as breast cancer (Ginestier et al. 2007), lung cancer (Jiang et al.
2009), head and neck squamous cell carcinoma (Leinung et al. 2015), prostate cancer (Li et al. 2010),
esophageal cancer (Yang et al. 2014) and GBM (Rasper et al. 2010). Most of the existing studies
indicate, that ALDH1A1 expression is correlated with enhanced aggressiveness and poor prognosis of
these tumors. Some studies could also show, that the expression of enzymes of the ALDH1-superfam-
ily is correlated with radioresistance of tumor cells (Chen et al. 2009, Mihatsch et al. 2011). Further-
more, Schéafer et al. (2012) has shown, that ALDH1A1, plays a role in chemoresistance against TMZ,
in GBM cells (Schéfer et al. 2012).

11
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2 Objectives

Glioblastoma multiforme (GBM) is one of the most aggressive tumors in humans with a very poor
prognosis. Even with the best up to date multimodal therapy, median survival is still very short with 15
months. Despite extensive research, only small advances have been made to improve overall survival

and prognosis in GBM patients in recent decades.

One cornerstone of GBM treatment is radiotherapy. Though, most GBMs become resistant towards
irradiation during therapy. The mechanisms, which lead to radioresistance in GBM cells are not fully

understood yet.

Recent research point out, that the expression of enzymes of the ALDH1-superfamily is correlated with

radioresistance and chemoresistance in GBM cells.

For these reasons, the main question of this study was: Does the expression of ALDH1A1, a member

of the ALDH1 superfamily, affects radiosensitivity of GBM cells?

Another property that seems to be crucial for the tumors aggressiveness is cell-mobility. Migrating cells
might be able to escape therapies and therefore lead to recurrence. Furthermore, the ability of cells to

move leads to invasiveness, which is another important part that leads to tumors™ high malignancy.

Therefore, the second research question was: Does ALDH1A1 expression has an influence on the

migratory capacity of GBM cells?

Up to date it is not known if there is any trigger for enhanced ALDH1A1 expression. GBM and several
other high malignant tumor entities show hypoxic areas within the tumors. In these areas tumor cells

seem to be more resistant towards therapies and show increased migratory capacity.

Soehngen et al. could show, that in hypoxic areas within the GBM tumor bulk, ALDH1A1 is overex-
pressed (Soehngen et al. 2014). Therefore, we explored, if hypoxia leads to enhanced ALDH1A1 ex-

pression?

All'in all, the study’s final objective was to investigate the question: Could ALDH1A1 expression serve
as a new prognostic marker in GBM patients and to go even further, could ALDH1A1 be a new target

for GBM treatment?

12
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3 Methods and Materials
3.1 Materials

3.1.1 Cellline

LN18 is a GBM cell line established 1976 in France. Cells were taken from a 61 years old white male
patient out of a tumor, located at the right temporal lobe. The cell line was described and characterized
in detail by Diserens et al. in 1981 (Diserens et al. 1981). Cells were thankfully obtained from the Neuro-

Radiation Oncology Research Group, Department of Radiation Oncology, University Hospital of Hei-

delberg, Germany. LN18 was ID-typified by GATC Biotech AG.

3.1.2 Technical devices

Table 3.1 Technical devices

Device Model

Centrifuges Mega Star 3.0 R

Heraeus™ Fresco™ 21 Micro-

centrifuge
Colony counter GelCount™
Flow cytometer FACSCalibur™ flow cytometer
Gel Imaging System ChemiDoc™ Touch Imaging
System
Heat block TB1 Thermoblock
Hypoxia incubator HypoxyLab™
Incubator BBD 6220 CO2 Incubator
Laminar flow cabinet Herasafe™ KS
Microplate reader BioTek™ EL808™ Absorbance

Microplate Reader

Microscope ZEISS Primovert

Producer

VWR, Lutterworth, UK

Thermo Fisher scientific, Wal-
tham, USA

Oxford Optronix, Abingdon, UK

BD Biosciences, San Jose,
USA

Bio-Rad Laboratories Inc., Her-
cules, USA

Biometra GmbH, Géttingen,

Germany
Oxford Optronix, Abingdon, UK

Thermo Fisher scientific, Wal-
tham, USA

Thermo Fisher scientific, Wal-
tham, USA

BIO-TEK Instruments, Inc.,
Winooski, USA

Carl Zeiss Microscopy GmbH,

Jena, Germany
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Speed rotator

Blotting chamber

X-ray irradiation device

3.1.3 Software
Table 3.2 Software
Software
Axio Vision
BD CellQuest™
GelCount™
Gene 5™
Image Lab™
ImagedJ
Microsoft Excel®

ModFit™ LT

SigmaPlot

Intelli-Mixer RM-2L

Mini-PROTEAN® Tetra Cell 4-

Gel System and Mini Trans
Blot® Cell

RS225A

Producer

ELMI, Calabasas, USA

Bio-Rad Laboratories, Munich,

Germany

Gulmay Medical Ltd., Surrey,
UK

Carl Zeiss Microscopy GmbH, Jena, Germany

BD Biosciences, San Jose, USA

Oxford Optronix, Abingdon, UK

BIO-TEK Instruments, Inc., Winooski, USA

Bio-Rad Laboratories, Inc., Hercules, USA

Public domain

Microsoft Corporation, Redmond, USA

Verity Software House, Topsham, USA

Systa Software, Inc., San Jose, USA

3.1.4 Chemicals and reagents

Table 3.3 Chemicals and reagents

Substance

2-mercaptoethanol

AlamarBlue®reagent

Amersham™ Full-Range Rain-

bow™ Molecular Weight Marker

Abbreviation

Producer

Carl-Roth GmbH & Co. KG, Karlsruhe,

Germany

Thermo Fisher Scientific, Inc., Rockford,

USA

(GE Healthcare Europe GmbH, Freiburg,

Germany)
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Bromphenol blue

Crystal violet 0.25%

Dimethylsulfoxide

Dulbecco’s phosphate buffered

saline

Fetal bovine serum

Glycerol

Glycine

Hexadimethrine bromide, >94%
(titration)

Immobilon®-P Transfer Membrane

pore size 0.45 ym

Methanol

Penicillin-Streptomycin

phosSTOP™, Phosphatase inhibi-
tor cocktail tablets provided in
EASYpacks

cOmplete™ ULTRA Teblets, Mini,
EDTA-free EASYpack, Protease
Inhibito Cocktail Tablets

Pierce™ BCA Protein Assay Kit

DMSO

PBS

FBS

MeOH

Pen/Strep

Carl-Roth GmbH & Co. KG, Karlsruhe,

Germany

Krankenhausapotheke Klinikum rechts der

Isar, Munich, Germany

Sigma-Aldrich Chemie GmbH, Steinheim,

Germany

Sigma-Aldrich Chemie GmbH, Steinheim,

Germany

Sigma-Aldrich Chemie GmbH, Steinheim,

Germany

Sigma-Aldrich Chemie GmbH, Steinheim,

Germany

Carl-Roth GmbH & Co. KG, Karlsruhe,

Germany

Sigma-Aldrich Chemie GmbH, Steinheim,

Germany

Millipore Corporation, Billerica, USA

Carl-Roth GmbH & Co. KG, Karlsruhe,

Germany

Sigma-Aldrich Chemie GmbH, Steinheim,

Germany

Roche Diagnostics GmbH, Mannheim,

Germany

Roche Diagnostics GmbH, Mannheim,

Germany

Thermo Fisher Scientific, Inc., Rockford,
USA
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Phenylmethylsulfonylfluorid PMSF

Powdered milk, blotting grade

Puromycin dihydrochloride

Propidium iodid

RNAse A

Roswell Park Memorial Institute

1640 medium with L-glutamine

and sodium bicarbonate

Sodium dodecyl sulfate Pellets

Tetramethylethylendiamin

Trishydroxymethylaminomethan

Triton X-100

Trypan blue

Trypsin — EDTA Solution

Tween® 20 detergent

PMSF

Pl

RPMI-1640

SDS

TEMED

TRIS

Sigma-Aldrich Chemie GmbH,

Germany

Carl-Roth GmbH & Co. KG,

Germany

Sigma-Aldrich Chemie GmbH,

Germany

Sigma-Aldrich Chemie GmbH,

Germany

Sigma-Aldrich Chemie GmbH,

Germany

Sigma-Aldrich Chemie GmbH,

Germany

Carl-Roth GmbH & Co. KG,

Germany

Carl-Roth GmbH & Co. KG,

Germany

Carl-Roth GmbH & Co. KG,

Germany

Sigma-Aldrich Chemie GmbH,

Germany

Sigma-Aldrich Chemie GmbH,

Germany

Sigma-Aldrich Chemie GmbH,

Germany

Merck, Darmstadt, Germany

Steinheim,

Karlsruhe,

Steinheim,

Steinheim,

Steinheim,

Steinheim,

Karlsruhe,

Karlsruhe,

Karlsruhe,

Steinheim,

Steinheim,

Steinheim,
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3.1.5 Consumables

Table 3.4 Consumables

Consumable

12 well plates

96 well plates

Cell scraper

Cellstar® cell culture dishes 100/20 mm

Cellstar® filter screw cap cell culture flasks,
growth area 25, 75 and 165cm?

Cellstar® Serological pipettes 2, 5, 10, 25 and 50

ml
Combitips advanced®, 0.1 and 0.5 ml

Corning™ Falcon™ 15 and 50ml conical centri-

fuge tubes

Culture-Insert 2 Well in p-Dish 35mm, low ibi-

Treat
Eppendorf Safe-Lock Tubes, 0.5, 1.5 and 2 ml
FACS Tubes 5ml

T311 — Cryovial®, 1.2 ml

Producer

Sigma-Aldrich Chemie GmbH, Schnelldorf, Ger-

many

TPP® Techno Plastic Products AG, Trasadingen,

Switzerland

TPP® Techno Plastic Products AG, Trasadingen,

Switzerland

Greiner Bio-One International GmbH, Fricken-

hausen, Germany

Greiner Bio-One International GmbH, Fricken-

hausen, Germany

Greiner Bio-One International GmbH, Fricken-

hausen, Germany
Eppendorf AG, Hamburg, Germany

Greiner Bio-One International GmbH, Fricken-

hausen, Germany

Ibidi GmbH, Munich, Germany

Eppendorf AG, Hamburg, Germany
Sarstedt AG & Co, Nimbrecht , Germany

Simport®, Beloeil, Canada
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3.2 Methods
3.2.1 Cell culture

3.2.1.1 Cultivation

LN18 wildtype cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS) and 1% penicillin-streptomycin (pen/strep). The medium for the transfected LN18
cell lines ALDH1A1- (LN 18 knockdown cells) and ALDH1A1+ (LN 18 control cells) also contained 4
pg/ml puromycin to maintain the ALDH1A1 knockdown. Cells were cultured under standard cell culture
conditions at 37° C and 5% CO..

Cells were passaged usually twice a week when 70-80% confluent. Therefore, medium was removed
from T75 cell culture flask. Cells were rinsed once with 10 ml PBS. 2 ml 0.05% trypsin-EDTA was added
and cell culture flask placed in a 37° C incubator for approximately 4 min until cells were detached from
the surface. After that, 6 ml medium was added (proportion medium to trypsin 3:1) to stop trypsin-

activation.

Cells were counted using a Neubauer counting chamber. Usually 5x10° cells were transferred to a new

T75 cell culture flask and filled up to 15 ml with medium.

3.21.2 Freezing and thawing frozen cells
For cryopreservation, cells were stored in liquid nitrogen using a freezing medium consisting of 65%
RPMI 1640, 25% FBS and 10% dimethylsulfoxide (DMSQ). Cells were stored in 2 ml cryo vials in a

concentration of 1 x 10° cells/ml.

To thaw frozen cells, cryo vials were removed from liquid nitrogen and immediately placed into a 37°
C water bath. Cells were quickly (< 1 min) thawed under gently swirling of the vial in the water bath. 1
ml of complete growth medium was added to the cell solution under sterile conditions. Vial content was
transferred into a 15 ml Falcon™ tube containing 9 ml pre-warmed complete growth medium. Tube
was centrifuged for 5 min and 1000 rpm. After centrifugation supernatant was discarded and the pellet
resuspended in 15 ml complete growth medium. Cell suspension was transferred into a T75 cell culture

flask and kept in culture.
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3.2.2 ALDH1A1 knockdown with shRNA

ALDH1A1 knockdown in GBM cell line LN18 was done using lentiviral transduction with shRNA (short
hairpin RNA) (s. Figure 3.1).

1. Insertion of the plasmid
into the cells via lentiviral
vector. Cell DNA .
@
2. Integration of viral genes
into the DNA of the cells

Lentivirus with
requested shRNA

3. Transcription of
the integrated gene

4. Processing of sShRNA
into siRNA and transport
out of the nucleus

W @
6. Depletion or inhibition
of mMRNA

Figure 3.1 Schematic overview of the intracellular processes due to lentiviral transduction.

3.2.2.1 Puromycin titration (kill curve)

To select LN18 cells with stable knockdown after transduction the antibiotic puromycin was used as
selective agent. To find the appropriate concentration of puromycin for selection of stable cell lines, a
puromycin titration was performed with non-transduced LN18 cells.

Therefore, LN18 cells were plated into a 96 well plate (4000 cells per well). After incubation for 24 h at
37° C and 5% CO; medium was removed and 200 pl of fresh medium, containing 0.5-10 pg/ml puro-
mycin was added. Cells were treated in triplicates with different puromycin concentrations. Cell viability
was examined microscopically every day. Medium containing puromycin was replaced every 3 days
for 2 weeks.

3.2.2.2 Lentiviral transduction
For ALDH1A1 knockdown, MISSION® Lentiviral Transduction Particles, clone TRCN0000026415 (NM
ID NM_000689), was obtained from Sigma-Aldrich, Inc., St. Louis, USA. For mock control MISSION®

Non-Mammalian shRNA Control Transduction Particles, also received from Sigma-Aldrich, Inc., St.
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Louis, USA, were used. Lentivirus Transduction Particles were stored at -70°C as recommended by

the product information.

Name Description SenseStrand  S~&  Antisense Strand
- (G TCG. TTTT
ué U6 Promoter -GG AGCTC ARA
N
cppt Central polypurine tract
hPGK Human phosphoglycerate kinase

eukaryotic promoter

puroR Puromycin resistance gene for
mammalian selection

SIN/3’LTR | 3’self inactivating long terminal repeat —_— pLKO.1-puro

7086 bp

f1ori f1 origin of replication Rsv/s' LR |

ampR Ampicillin resistance gene for bacterial
selection

pUCori pUC origin of replication

S’LTR 5’long terminal repeat
Psi RNA packaging signal 5. S e <
o
I-uw °
RRE Rev response element Antisense Strand

Figure 3.2 TRC1 and TRC1.5 Lentiviral Plasmid Vector pLKO.1-puro Features. Source: Sigma-Aldrich, Inc., St.
Louis, USA.

For transduction, 1.2x10% cells per well were plated into a 96 well plate and incubated overnight. Me-
dium was removed and 110 yl RPMI 1640 medium containing 8 pg/ml hexadimethrine bromide to en-
hance transduction, was added to each well. Slowly thawed MISSION® Lentiviral Transduction Parti-
cles and MISSION® Non-Mammalian shRNA Control Transduction Particles were added drop-wise in
triplicates at different MOls (Multiplicity of Infection = number of transducing lentiviral particles per cell).
MOI of 1, 2, 5 and 10 were used. Cells were incubated overnight. After 24 h medium was removed and
110 pl fresh RPMI 1640 medium without puromycin added and cells were again incubated overnight.
After 24h medium was removed and 110 ul fresh medium, containing 4 ug/ml puromycin was added.
Medium was changed every 2 days. 8 days after transduction, cells were transferred into 24 well plates
and finally, after 16 days and some intermediate steps (12 well plate, 6 well plate, T25 cell culture flask)

passaged into T75 cell culture flasks.

Cells were then analyzed for ALDH1A1 knockdown on protein level, performing Western blot analysis
as described below. Successful knockdown clones were maintained in RPMI 1640 medium containing

4pug/ml puromycin to sustain stable knockdown.
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3.2.3 Western blot analysis
Western blot analysis was performed to detect ALDH1A1 expression in GBM cell lines on the protein

level.
3.2.3.1 Buffers and solutions

Table 3.5 Buffers and solutions

Lysis buffer; Radioim- 150 mM NaCl, 1% Triton X-100, 50 mM Tris pH 8, 0.5% So-
munoprecipitation assay dium deoxycholate, 0.1% SDS
(RIPA) buffer

Lammli sample buffer 4% SDS, 10% 2-mercaptoethanol; 20% glycerol; 0,004%
bromphenol blue; 0.125 M Tris-HCI pH 6.8;

Running buffer 250 mM Tris, 1.9 M Glycine, 10% SDS
Transfer buffer 250 mM Tris, 1.9 M Glycine, 20% MeOH
Blocking buffer 5% dried milk in PBS-T

Washing buffer (PBS-T) 1x PBS, 0.1% Tween-20

3.2.3.2 Protein isolation and determination

Cells were cultured for 48 h in cell culture dishes (10 cm diameter) until the monolayer was approxi-
mately 70% confluent. For cell lysis culture dishes were placed on ice and medium was removed. Cells
were rinsed with 5 ml PBS. 150 ul RIPA buffer supplemented with 1 mM PMSF, phosphatase and
protease inhibitors, was added. Adherent cells were scraped off the dish using a plastic cell scraper.
Cell suspension was transferred into a precooled 500 pyl Eppendorf-tube. Tubes were put on ice for 30
min and then spun at 14000 rpm for 10 min in a 4° C precooled centrifuge. Supernatant was transferred
into 150 pl Eppendorf-tubes and stored at -20° C.

The protein amount was determined by using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Sci-
entific Rockford, USA). Colorimetric detection and quantitation of the total protein was performed using

a microplate reader and the software Gene5™ (BioTek, Winooski, USA).
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3.2.3.3 SDS-Page (Sodium dodecyl sulfate polyacrylamide gel electrophoresis)

Table 3.6 Gel preparation for SDS-Page

5% stacking gel (2.5175 | 10% separating gel
ml =1 gel) (5.002 ml = 1 gel)

H,O 1.4 ml 2.0 ml

30% Acrylamide 415 pl 1.65 ml

0.5 M Tris pH6,8 650 pl

1.5 M Tris pH8 1.25 ml

10% SDS 25 pl 50 pl

10% APS 25 pl 50 pl

TEMED 2.5l 2 ul

Following the results of the protein determination, equal amounts of protein (25 ug per sample) were
separated by SDS-PAGE.

Therefore, protein samples were diluted with lysis buffer (RIPA buffer). Lammli sample buffer in a pro-
portion of 1:3.3 was added. The samples were heated for 10 min to a temperature of 95° C to promote

protein denaturation and SDS binding.

Protein separation was done at 120 V and 10mA for 1.5 — 2 h using a Mini-PROTEAN® Tetra cell 4-gel
system (Bio-Rad Laboratories, Munich, Germany). Gels for protein separation were prepared as de-
scribed in Table 3.6. An Amersham™ full-range Rainbow™ molecular weight marker (GE Healthcare
Europe GmbH, Freiburg, Germany) was used for protein size determination on the SDS polyacrylamide

gels.

3.2.3.4 Western blotting

After SDS-PAGE proteins were transferred to a polyvinylidene difluoride (PVDF) membrane through
tank blotting using the Mini-PROTEAN® Tetra Cell combined with the Mini Trans Blot® Cell (Bio-Rad
Laboratories, Munich, Germany). For transfer, a fitting piece of PVDF membrane was cut out and in-

cubated in MeOH for a few seconds. The transfer sandwich was assembled as shown in Figure 3.3.

22



Methods and Materials

The cassette, together with an ice block, were placed in the transfer tank. The tank was filled with

transfer buffer up to the given marking. The transfer was done for 1 h at 90 V.
ANODE
I

4’ PVDF MEMBRANE

CATHODE

Figure 3.3 Schematic structure of tank blot system for protein transfer from gel to PVDF membrane

To prevent nonspecific binding of antibodies, the membrane was blocked in 5% dry-milk in PBS-T for
1 h at room temperature. Afterwards, the membrane was incubated overnight at 4° C with primary
antibody, diluted in 5% dry-milk (dilution see Table 3.7).

After overnight incubation, the blot was rinsed 3 times for 10 min with PBS-T and then incubated for
1h at room temperature with the secondary antibody. The secondary antibody was diluted in 5% dry-

milk (dilution see Table 3.7). The blot was again rinsed 3 times for 10 min with PBS-T.

To develop the blot, SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scien-
tific, Rockford, USA), an enhanced chemiluminescent (ECL) substrate was used and the chemilumi-
nescent signals detected via ChemiDoc™ Touch Imaging System (Bio-Rad Laboratories, Munich, Ger-

many).

To show if samples have been loaded equally and if proteins from the samples were transferred to the
membrane, B-Actin, an ubiquitous expressed protein in human cells, was used as loading control.
Hence, the membrane was rinsed 3 times for 10 min with PBS-T after detection of ALDH1A1. The
membrane was incubated overnight at 4° C with B-Actin primary antibody diluted in 5% dry-milk (dilu-
tion s. Table 3.7). After overnight incubation the blot was rinsed 3 times for 10 min with PBS-T and then

incubated for 1 h at room temperature with the secondary antibody.

Detection of B-Actin was performed as described above.
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Table 3.7 Antibodies

Primary antibodies

Antibody

Aldehyde Dehydrogenase 1-
A1/ALDH1A1-antibody

(Mouse)

Monoclonal Anti-B-Actin anti-
body

(Mouse)

Carbonic Anhydrase IX/CA9-
antibody

(Mouse)
HIF1a-Antibody
(Mouse)

Secondary antibodies

Antibody

Anti-Mouse 1gG (H+L), HRP

conjugate

3.2.4 Clonogenic assay

Clone

# 703410

AC-74

LS-B273

MAB1536

Clone

Dilution

1:500

1:2500

1:1000

1:500

Dilution

1:2500

Producer

R&D Systems Inc.,
Minneapolis, USA

Sigma-Aldrich,
St.Louis, USA

LifeSpan BioScience,
Inc., Seattle, USA

R&D Systems Inc.,
Minneapolis, USA

Producer

Promega Corpora-
tion, Madison, USA

Catalog

number

MABS5969

A5316

LS-C35269-
100

MAB 1536

Catalog

number

W4028

Clonogenic assay also called colony formation assay, is a common method to investigate radiosensi-

tivity of cells and cell survival after irradiation or treatment with other potentially cytotoxic agents. The

assay is based on the capacity of a single, the treatment surviving cell to divide and to grow into a

colony.

Therefore, cells were seeded into 12 well plates after precise counting in a concentration as described

in Table 3.8 in 2 ml medium per well. Cells were incubated overnight. Cells were irradiated with 0, 2, 4,

6 or 8 Gy (for details s. 3.2.7). Following 12 days, when cells had formed colonies, consisting of at least

50 cells, medium was removed. Colonies were washed 1 time with PBS and fixed with 1 ml cold MeOH
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per well for 5 min. MeOH was removed and colonies were stained with 1 ml crystal violet (0.25%) per
well for 2 min. After staining, plates were rinsed with water.

Pictures of the plates were taken with the colony counter GelCount™ (Oxford Optronix Ltd., Abingdon,
UK). Colonies were counted manually based on the pictures using the GelCount™
Optronix Ltd., Abingdon, UK).

software (Oxford

Cell survival curves were fitted to the linear quadratic model (formula: S = e~ (xD+ BDZ)), using the soft-

ware Sigmaplot (Systa Software, Inc., San Jose, USA)

Table 3.8 Seeded cell numbers for CFA

Irradiation (Gy) | Seeded cells per well
0 200

2 600

4 600

6 1000

8 2000

3.2.5 Migration assay / Wound healing assay
Migration capacity of ALDH1A1- cells and ALDH1A1+ cells and migration of these cells after irradiation
was investigated by wound healing assays. Wound healing assays were done using Ibidi® culture

inserts 2 well.

6x10° cells per well were seeded in 70 pyl RPMI 1640 medium supplemented with 10% FCS, 1%
Pen/Strep and 4 ug/ml puromycin into culture inserts 2 well y-dishes (35 mm; Ibidi®). Cells were incu-
bated under usual conditions (5% CO,, 37° C) for 24h so that cells reach almost 100% confluence as
a monolayer. Cells were irradiated with 0, 2 or 8 Gy (for details see Table 3.8). After irradiation, medium
was removed and cells were rinsed with PBS. Silicon culture insert was removed, leaving a 500 pm
cell free gap. 2 ml fresh medium per culture dish was added. Medium was this time supplemented with
only 0.1% FCS to prevent cell proliferation. Pictures of the cell free gaps were acquired under bright-

field microscope (10x magnification) immediately and 6, 24, 30 and 48 h after irradiation.

Pictures were analyzed by measuring the cell free area within the initially 500 um cell free gap using

the ImagedJ wound healing tool.
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3.2.6 Proliferation assay

The alamarBlue® proliferation assay was performed to explore proliferation of ALDH1A1+ and
ALDH1A1- cells. The alamarBlue® reagent (Thermo Fisher Scientific, Rockford, USA) contains resaz-
urin, a nontoxic, cell permeable blue substance. After entering the cell, resazurin is reduced by the
cells metabolic activity to resorufin, which changes the color of alamarBlue® into red. For this reason,
alamarBlue® reduction in cells is an indicator for cell proliferation. The color change was measured

using spectrophotometry.

©

?
N
(O
/@[ :@ Resazurin
HO (@) O

NADH / H*

NAD*, H,0

N
X
/©i j;l Resorufin
HO (@) 0

Figure 3.4 Chemical reaction of alamarBlue®. Resazurin, which is non-fluorescent, is converted to redfluores-
cent Resafurin due to cells'metabolism.

In detail, ALDH1A1+ and ALDH1A1- cells were seeded into 4 96 well plates (one plate for one meas-
urement time-point as described below). Different numbers of cells per well were seeded (125, 250,
500, 1000, 2000, 4000 cells per well) in100 pl RPMI 1640 medium per well. Of every cell number,

triplicates were seeded. Medium without cells was used as blank.
After seeding, cells were incubated under usual conditions.

Proliferation was determined at the time points 24, 48, 72 and 96h after seeding. Therefore, at every
time point 10 ul alamarBlue® was added to seeded cells and incubated for 4 h at 37° C. After 4 h
absorbance was measured at two different wavelengths (570 nm and 630 nm), using the microplate
reader BioTek™ EL808™ (BIO-TEK Instruments, Inc., Winooski, USA) and the software Gene5. Ab-
sorbance at 630 nm was taken as reference value and subtracted from absorbance values at 570nm.

The measured blank value was also subtracted.

Doubling time (ty) was calculated mathematically, using the formula t; = % with growth constant k,

which was determined by graphical analysis of the growth curve.
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3.2.7 Analysis of cell cycle distribution
Cell cycle analysis of ALDH1A1+ and ALDH1A1- cells 24h after X-ray irradiation was done by flow
cytometry. Degradation of RNA by RNase and staining of DNA with PI allows to quantify the DNA

amount within cells during different phases of cell cycle (cell cycle phases: GO, G1, S, G2 and M).

For cell cycle analysis 6x10° ALDH1A1+ and ALDH1A1- cells were seeded in 10 cm cell culture dishes
and incubated under usual conditions (5% CO,, 37°C) for 24 h. After 24 h, when cells showed 50%
confluence in the monolayer, cells were irradiated with 0, 4 and 8 Gy, using the X-ray device RS225

(Gulmay Medical, Surrey, UK). Afterwards cells were again incubated for 24 h.

24h following irradiation, cells were collected by trypsinization. Cell suspension was spun at 500 g for
5 min in a 4° C precooled centrifuge. Supernatant was discarded and cell pellet resuspended in 250 pl
precooled PBS. Suspension was transferred dropwise into 2,25 ul -20°C precooled 70% ethanol while

vortexed. Cells were stored at least for 2 h at -20°C.

Table 3.9 Propidium iodide staining solution

Reagent Concentration

0,1% Triton X-100 in PBS 0,1%

DNAse-free RNAse A (Thermo Fisher Scientific, | 0,2 mg/ml
Inc., Rockford, USA)

Propidium iodide (Pl) (Thermo Fisher Scientific, | 0,02 mg/ml
Inc., Rockford, USA)

For DNA staining, PI staining solution was prepared as described in Table 3.9 and kept at 4°C in the
dark. Cells in ethanol were centrifuged for 5 min at 500 g in a 4°C precooled centrifuge. Ethanol was
discarded and cell pellet resuspended in 500 ul PI staining solution and incubated for 1 h under room

temperature in the dark.

Cell cycle was analyzed with FACSCalibur™ flow cytometer (BD Biosciences, San Jose, USA) with
10000 events per determination. Fluorescent signals were detected with FL2 laser. ModFit® software

(Verity Software House, Topsham, USA) was applied for detailed analysis.

3.2.8 Irradiation
X-ray irradiation of cells was delivered by the X-ray device RS225 (Gulmay Medical, Surrey, UK). The
dose rate was 1 Gy per 1.07 minutes, voltage was set at 200 kV and 15 mA. For irradiation, all cells

which were investigated in an experiment, were taken out of the incubator for the same time span.
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3.2.9 Hypoxia
Cells were cultivated under hypoxic conditions using the bench top hypoxia workstation (Hypox-
yLab™ Oxford Optronix, UK). An atmosphere containing a mixture of 95% nitrogen, 5% CO, and

an oxygen concentration of 1% O,, was generated. The temperature was held at a usual level of 37°
C.

To investigate the effect of hypoxia on the ALDH1A1 expression in ALDH1A1+ and ALDH1A1- cells,
35 x 10* cells were seeded per 100/20 mm cell culture dish and cultured under usual conditions. After
24 h medium was removed and fresh medium was added. Afterwards cells were incubated under hy-

poxic conditions for 24 h and lysed with RIPA buffer (s. Table 3.5) within hypoxic conditions.

3.2.10 Statistics

Except Western Blot analysis, all assays were performed at least 3 times. Data were analyzed using
the software Sigmaplot and Microsoft Excel® and data point stated as mean + SEM (Standard error of
the mean). Unpaired t-test was used to generate p-values. P<0.05 was considered statistically signifi-

cant and marked with *, p<0.01 with ** and p<0.001 with ***, in diagrams.
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4 Results
4.1 Generation of stable ALDH1A1 knockdown in GBM cell line LN18

To investigate the impact of ALDH1A1 expression in GBM cells on its radiosensitivity and migratory
capacity, GBM cell lines with different ALDH1A1 expression were needed. To obtain these cell lines,
an ALDH1A1 knockdown in the ALDH1A1 expressing GBM cell line LN18 was performed by a lentiviral
transduction using shRNA (short hairpin RNA) (see 3.2.2.2).

The cell line LN18 was chosen for transduction because ALDH1A1 expression could be detected in

this cell line by Western Blot analysis in contrast to other tested GBM cell lines.

To select transducted cells from non-transducted ones, the antibiotic puromycin was used. To find the
right concentration of puromycin for selection, killing of parental LN18 cells by different puromycin con-
centrations was investigated. The result was that the minimum concentration of puromycin that caused
complete cell death in LN18 cells after 3-5 days was 4 pg/ml. Therefore, selection of transducted cells

was performed with medium supplemented with puromycin in a concentration of 4ug/ml.

LN18 cells were transfected with two different lentiviral transduction particles, a lentiviral ALDH1A1
knockdown transduction particle and a lentiviral transduction particle only with a puromycin resistance
gene and without ALDH1A1 shRNA as a mock control. Besides of different transduction particles, con-

trol cells were treated similar.

After lentiviral transduction, a stable ALDH1A1 knockdown could be confirmed, based on western blot
analysis 5 weeks and 2 months after transduction (s. Figure 4.1). In western blot analysis, a distinct
difference of ALDH1A1 expression in ALDH1A1 knockdown cells (ADLH1A1-) and in the ALDH1A1
expressing control cell line (ALDH1A1+) can be seen, implying a successful ALDH1A1 knockdown in
LN18 cells. Further Western Blot analysis also revealed stable knockdown after freezing and thawing

cells (s. Figure 4.2).

In the following, LN18 cells with ALDH1A1 knockdown are labeled as ALDH1A1-, LN18 control cells,
which express ALDH1A1 as ALDH1A1+.

Successful transducted cells were watched under the phase contrast microscope. No difference be-
tween ALDH1A1 knockdown cells (ALDH1A1-) and control cells (ALDH1A1+) in cell morphology could
be observed (s. Figure 4.3).
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ALDH1A1- ALDH1A1+

ALDH1A1 S = 54 kDa

B-Actin |IEGEGEG— 42 kDa

Figure 4.1 Western blot analysis 5 weeks after lentiviral transduction of LN18 cells. A distinct difference of
ALDH1A1 expression in ALDH1A1+ and ALDH1A1- cells can be seen, implying a successful ALDH1A1 knock-
down. Protein was analyzed by SDS-Page and Western blotting using monoclonal mouse anti-human ALDH1A

antibody (Clone # 703410, R&D Systems Inc, 1:500) and monoclonal mouse anti-human [-Actin antibody

(Clone AC-74, Sigma Aldrich, 1:2500) for loading control (s. 3.2.3). Molecular sizes of analyzed proteins are
given on the right side. Anti-Mouse IgG (H+L) HRP conjugated antibodies (Sigma Aldrich) served as secondary
antibodies. ALDH1A1+ = ALDH1A1 expressing control cells and ALDH1A1- = ALDH1A1 knockdown cells.

ALDH1A1- ALDH1A1+

ALDH1A1 ~ 54 kDa

B-Actin St P 4> D2

Figure 4.2 Western blot analysis: Confirmation of stable ALDH1A1 knockdown after freezing and thawing LN18
cells. Protein was analyzed by SDS-Page and Western blotting using monoclonal ALDH1A1 mouse antibody
(Clone # 703410, R&D Systems Inc., 1:500) and monoclonal p-Actin mouse antibody (Clone AC-74, Sigma Al-
drich) for loading control (s. 3.2.3). Molecular sizes of analyzed proteins are given on the right side. Anti-Mouse
19G (H+L) HRP conjugated antibodies (Sigma Aldrich) served as secondary antibodies. ALDH1A1+ =
ALDH1A1 expressing control cells and ALDH1A1- = ALDH1A1 knockdown cells.
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ALDH1A1- ALDH1A1+

Figure 4.3 LN18 cells after lentiviral transduction with MISSION® Lentiviral Transduction Particles MISSION®
Non-Mammalian shRNA Control Transduction Particles; Pictures show cells in passage 15 after incubation for 2
days under usual conditions under the phase contrast microscope. 5x10° cells were seeded in a T75 cell cul-
ture flask. No difference in cell morphology between ALDH1A1 expressing cells ("ALDH1A1+”) and ALDH1A1
knockdown cells ("ALDH1A1-) was observed.

31



Results

4.2 ALDH1A1 knockdown has no influence on proliferation but plating ef-
ficiency

Alamarblue® proliferation assay with ALDH1A1+ and ALDH1A1- cells was performed over 96 h. Cell

proliferation was measured using spectrophotometry. No differences in cell proliferation depending on

ALDH1A1 expression could be seen (s. Figure 4.4).

Doubling time (DT) of both cell lines was determined assuming exponential cell growth. No significant
differences in DT between ALDH1A1+ cells and ALDH1A1- could be observed. DT of ALDH1A1+ cells
was ~24 h +3 h, DT of ALDH1A1- cells was ~22 h +1 h.

To measure the doubling time, different numbers of cells were seeded in triplicates (250, 500, 1000,
2000, 4000 cells per well). When seeded 500, 1000 and 2000 cells per well, growth curves showed
exponential growth over the whole 96 h of observation, which suggested, that cells were in the log-
phase of cell proliferation, in which doubling-time can be determined as accurately as possible. There-
fore, doubling time was calculated from the mean of growth curves measured in wells with 500, 1000

and 2000 cells in the beginning.

In colony formation assay it was further found that plating efficiency (PE) of cell lines ALDH1A1+ and
ALDH1A1- showed significant differences. ALDH1A1+ cells showed 1.5-fold higher PE than ALDH1A1-
cells. (PE ALDH1A1+ ~0.5 +0.09; PE ALDH1A1- 0.3 +0.05; p<0.05)

Proliferation relative

time [h]

& ALDH1Al+ ® ALDH1Al-

Expon. (ALDH1A1+) = = = Expon. (ALDH1A1-)

Figure 4.4 Alamar blue assay for proliferation analysis over 96 h of ALDH1A1+ and ALDH1A1- cells. Diagram

shows proliferation curve when 500 cells per well were seeded. The relative proliferation was calculated based

on the optical density (OD) of cells after 24 h in culture. There was no significant difference in proliferation be-
tween both cell lines. Data are shown as mean of 3 independent experiments. Error bars represent SEM.
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4.3 ALDH1A1 knockdown leads to enhanced radiosensitivity

Colony formation assay was performed to compare colony formation of ALDH1A1+ cells with
ALDH1A1- cells after X-ray-irradiation. ALDH1A1- formed significantly fewer colonies than ALDH1A1+
cells and hence had a much smaller survival fraction. Statistical analysis revealed highly significant
differences in radioresistance between ALDH1A1+ and ALDH1A1- cells (s. Figure 4.5 and Figure 4.6).

Expressed in numbers, the dose which reduced surviving fraction (SF) of cells to 50%, the half maximal
inhibitory dose (Dso), was 2.58 Gy for ALDH1A1+ cells compared to 1.91 Gy for ALDH1A1- cells. This
means, that radiosensitivity in ALDH1A1- cells is 1.35-fold higher than in ALDH1A1+ cells. To kill 90%
of the cell population (D), 6.21 Gy was necessary for ALDH1A1+ cells and 4.32 Gy for ALDH1A1-
cells. This means even a 1.44-fold enhanced radiosensitivity in ALDH1A1- cells compared to
ALDH1A1+ cells (s. Table 4.1).

ALDH1A1+

ALDH1A1-

v - 4 = 9 ' ' A s\ ) 1
Figure 4.5 Colony formation assay; Single wells out of 12 well plates with ALDH1A1+ and ALDH1A1- cells,
stained with crystal violet 12 days after irradiation. Pictures were taken with the GelCount™ colony counter.
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Figure 4.6 Colony formation assay: logarithmic cell survival curves for cell lines ALDH1A1+ and ALDH1A1- af-
ter X-ray-irradiation with 0, 2, 4, 6 and 8 Gy. ALDH1A1- cells show significant lower survival after irradiation
compared to ALDH1A1 expressing cell line ALDH1A1+. (**p<0.01; ***p<0.001). Data are shown as mean out of

4 independent experiments. Error bars represent SEM.

Table 4.1 Summary of radiobiological parameters of ALDH1A1+ and ALDH1A1- cells.

Dso[Gy] SER (50%) D1o SER (10%) o [Gy] B [Gy™]
ALDH1A1+ | 2.58 1 6.21 1 0.1961 0.0281
ALDH1A1- 1.91 1.35 4.32 1.44 0.2253 0.0714

Results of colony formation assay with a- and -values derived from the linear quadratic model SF =

g~ («D+pD?) Dsoor D4 represent the irradiation doses [Gy] which are required to reduce the surviving fraction
(SF) to 50% or 10%. Sensitizing enhancement ratio (SER) was calculated for SER (50%) with the formula [Ds
ALDH1A1+/Dsp ALDH1A1-] and for SER (10%) with the formula [D;0 ALDH1A1+ /Dy ALDH1A1-].
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4.4 ALDH1A1 knockdown has no influence on cell cycle distribution after
irradiation

Cell cycle analysis was done to investigate possible differences in cell cycle response to irradiation
between ALDH1A1+ and ALDH1A1- cells. Cells were irradiated with 0, 4 and 8 Gy and fixed 24 h after
irradiation. Flow cytometry analysis after Pl (propidium iodide) staining revealed no major differences

in cell cycle distribution between ALDH1A1+ and ALDH1A1- cells 24 h after irradiation (s. Figure 4.7
and Figure 4.8).

Significant accumulation of ALDH1A1+ and ALDH1A1- cells in G2/M phase and reduction of cells in
GO0/G1 phase depending on radiation dose could be observed (s. Figure 4.8).
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Figure 4.7 Representative FACS histograms of cell cycle distribution of ALDH1A1+ and ALDH1A1- cells 24 h
after X-ray irradiation with 0, 4 and 8 Gy.
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Figure 4.8 Cell cycle distribution 24 h after irradiation. No significant differences in changes of cell cycle distri-
bution 24 h after irradiation with 0, 4 and 8 Gy between ALDH1A1+ and ALDH1A1- cells could be observed.
Significant changes of the cell cycle distribution between unirradiated and irradiated cells within one cell line are
labeled with stars. (*p<0.05; **p<0.01).
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4.5 ALDH1A1 knockdown decreases migratory capacity in LN18 GBM
cells

To determine whether the ADLH1A1 expression influences migratory capacity, wound healing assay
was performed with ALDH1A1+ and ALDH1A1- cells (Fig. 4.9). To make sure that closing the cell free
gap could not be due to cell proliferation, cells were kept in serum free medium (RPMI 1960 medium
supplemented with 0.1% FBS).

Data from wound healing assay revealed significant differences in migratory capacity between
ALDH1A1+ and ALDH1A1- cells. After 24 h ALDH1A1+ cells migrated 1.4-fold faster into the gap than
ALDH1A1- cells (see Figure 4.10).

The difference in migratory capacity between ALDH1A1+ and ALDH1A1- cells was even greater when
cells were irradiated with 8 Gy. Irradiated ALDH1A1+ GBM cells migrated 1.7-fold faster into the gap
than ALDH1A1- cells. After 30 h a 1.5-fold higher relative migration could be observed (see Figure
4.11).
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ALDH1A1 + ALDH1A1 -

Oh

6h

24h

30h

48h

52h

Figure 4.9 Pictures of wound healing assay taken under a bright-field microscope (10x magnification). These
pictures show unirradiated ALDH1A1- and ALDH1A 1+ cells migrating into the 500um gap.
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Figure 4.10 Results of wound healing assays; Relative migration of ALDH1A1- cells and ALDH1A1+ cells. Sig-
nificant differences in migration were seen after 24 h (*p<0.05). Time “Oh” was defined by the time when cul-
ture-insert was removed from the well. Data are expressed as mean + SEM (represented by error bars) out of 4
independent experiments.
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Figure 4.11 Results of wound healing assays, Relative migration of ALDH1A1- cells and ALDH1A1+ cells after
irradiation with 8Gy. Highly significant differences in migration were seen after 24 h and 30 h (**P<0.01). Time
“Oh” was defined by the time when culture-insert was removed from the well. Data are expressed as mean +
SEM (represented by error bars) out of 4 independent experiments.
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4.6 X-ray irradiation does not affect migration of ALDH1A1+ and
ALDH1A1-LN18 GBM cells

To analyze whether X-ray-irradiation affects migratory behavior of ALDH1A1+ and ALDH1A1- cells,
cells were irradiated with 0, 2 and 8 Gy prior to wound healing assay. Cells were irradiated in Ibidi® p-
dishes. First pictures for analysis of migratory capacity were taken immediately after irradiation (= time
point 0 h). Serum free medium (RPMI 1960 medium supplemented with 0.1% FBS) was used to prevent

biased results due to proliferation.

No significant differences in migration capacity between irradiated and non-irradiated cells could be
seen for ALDH1A1+ as well as for ALDH1A1- cells at different time points (s. Figure 4.12 and Figure
4.13)

o= ALDH1A1+_0Gy
ALDH1A1+ 2Gy

— &~ ALDH1A1+_8Gy

0 6 12 18 24 30 36 42 48 54 60
Time (h)

Figure 4.12 Migration of ALDH1A1+ cells after 0, 2 and 8 Gy. No significant differences in migratory capacity
due to irradiation were seen. Time “Oh” was defined by the time when culture-insert was removed from the well.
Data are expressed as mean + SEM (represented by error bars) out of 4 independent experiments.
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Figure 4.13 Migration of ALDH1A1- cells after 0, 2 and 8 Gy irradiation. No significant differences in migratory

capacity due to irradiation were seen. Time “Oh” was defined by the time when culture-insert was removed from
the well. Data are expressed as mean + SEM (represented by error bars) out of 4 independent experiments.
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4.7 Hypoxia has no influence on ALDH1A1 expression

To answer the question, if hypoxia has an influence on ALDH1A1 expression in GBM cells, ALDH1A1+
and ALDH1A1- cells were exposed to hypoxic conditions (1% O,) for 24 h and cell lysates for Western
Blot analysis were prepared afterwards. ALDH1A1 expression was compared between cells which

were incubated under hypoxia and cells which were incubated under normoxic conditions (21% O,).

ALDH1A1+, as well as ALDH1A1- cells didn't show any changes in ALDH1A1 expression after incu-

bation under hypoxic conditions (s. Figure 4.14).

To prove that cells were exposed to hypoxia, the expression of the hypoxia-inducible protein carbonic
anhydrase 9 (CA 9) was checked by western blot analysis. CA 9 was not detectable under normoxic
conditions but strongly induced in ALDH1A1+ and ALDH1A1- cells that were exposed to hypoxic con-

ditions.

ALDH1A1+ ALDH1A1-

ALDHTA1 e S 54 kDa

cro D BB o7
B-Actin Ny JEENgONSS SR 42 kDa

N H N H

Figure 4.14 Western Blot analysis: ALDH1A1+ and ALDH1A1- cells after incubation under hypoxic conditions
for 24 h (=H) compared to cells incubated under normoxic conditions (=N). Protein was analyzed by SDS-Page
and Western blotting using monoclonal mouse anti-human ALDH1A antibody (Clone # 703410, R&D Systems
Inc, 1:500), anti-human CA 9 antibody (Clone LS-B273, LifeSpan Bioscience, 1:1000) and monoclonal mouse
anti-human p-Actin antibody (Clone AC-74, Sigma Aldrich, 1:2500) for loading control (s. 3.2.3). Molecular sizes
of analyzed proteins are given on the right side. Anti-Mouse IgG (H+L) HRP conjugated antibodies (Sigma Al-
drich) served as secondary antibodies. ALDH1A1+ = ALDH1A1 expressing control cells and ALDH1A1- =
ALDH1A1 knockdown cells.
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5 Discussion

GBM is one of the most malignant tumors and the most common primary brain tumor in adults. Despite
extensive research in GBM treatment, no major improvements in therapy and patients” prognosis have
been made in the last years. Consequently, it is of highest clinical interest to find the reasons for GBM

aggressiveness and thereby new targets for GBM treatment.

In recent years, ALDH1A1 was found to be a marker for cancer stem cells (CSCs) in GBM and several
other solid tumor entities (Rasper et al. 2010, Meng et al. 2014, Yang et al. 2014). In addition, recent
research has shown a correlation between ALDH1A1 expression and high aggressiveness of tumor
cells. Most studies revealed an association between ALDH1A1 expression and poor clinical outcome
for patients with clear cell renal cell carcinoma, breast cancer, esophageal squamous cell carcinoma
and GBM (Campos et al. 2011, Wang et al. 2013, Liu et al. 2014, Yang et al. 2014). In contrast to that,
Adam et al. stated, that ALDH1A1 is a marker of astrocytic differentiation during brain development

and predicts better survival of GBM patients (Adam et al. 2012).

The role of ALDH1A1 for glioblastoma treatment still may appear of minor interest in relation to other
great topics in GBM research. Nonetheless, Xu et al. observed ALDH1A1 expression in 34.2% of high-
grade gliomas (WHO IlI-1V) compared to 8.5% in low-grade gliomas (WHO I-Il) (Xu et al. 2015). In her
doctoral thesis, Lammer describes ALDH1A1 expression in 33.8% of patients with primary GBM and
in 35.7% of patients with secondary GBM (Ldmmer 2016). Adam et al. found ALDH1A1 expression
even in 99% of tested primary GBMs in which the fraction of ALDH1A1 expressing tumor cells ranged
from 0 to 49% (Adam et al. 2012). On top of that, Schafer revealed enhanced ALDH1A1 expression in
relapsed GBMs (Schafer 2012). ALDH1A1 overexpression is expected to be correlated with high tumor
aggressiveness, what has already been described above (Ginestier et al. 2007, Leinung et al. 2015).
Therefore, it still seems to be appropriate to investigate the specific influence of ALDH1A1 expression
on GBM cell properties. Focused analysis of ALDH1A1 function can provide interesting results not only

for GBM but also for other tumor entities.

The aim of this study was to investigate, whether ALDH1A1 expression has an influence on GBM-cell-

aggressiveness and radioresistance.

5.1 Stable ALDH1A1 knockdown in GBM cells — a proper model to inves-
tigate the function of ALDH1A1 in GBM?

The aim of this study was, to investigate, if ALDH1A1 expression in GBM cells has an influence on
different tumor properties. To achieve this aim, an appropriate cell model was needed. For this reason,
stable ALDH1A1 knockdown was successfully performed in GBM cell line LN18 using lentiviral trans-
duction and RNA interference. Lentiviral transduction included generation of a mock transduced control

cell line with steady ALDH1A1 expression.
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This cell model can be regarded as a kind of an isogenic cell model. Compared to an isogenic cell
model, gene expression was inhibited on mRNA level instead of DNA level and instead of parental wild-
type cells, mock transduced cells were used as control cell line. With our model, like in isogenic cell
models, the specific impact of the cellular genotype, in this case the expression of ALDH1A1, on the

phenotype of GBM cells could be investigated.
In the following, the advantages, but also the limitations of our model are shortly reviewed.

One of the biggest advantages of our cell model was, that the stable ALDH1A1 knockdown in LN18
cells enabled us to investigate highly specific the impact of ALDH1A1 expression on distinct GBM

properties such as radiosensitivity, migratory capacity and cell proliferation.

Compared with other technical possibilities to silence ALDH1A1 activity in cells, for example with phar-
macological inhibition, there are no known side effects like inhibition or stimulation of other cellular
mechanisms due to pharmacological interactions. Especially pharmacological inhibition may only block
certain and not every function of ALDH1A1 and may also affect the function of other proteins of the
ALDH superfamily. In contrast, RNA interference prevents gene expression at mRNA level and there-

fore inhibits every function of the ALDH1A1 very specifically.

The in vitro cell analysis also made it possible to observe cellular behavior without the influence of the

tumor microenvironment or other influences beyond the cell itself.

At the same time, the lack of microenvironment in the model is one of the main limitations of this study,

because microenvironment plays a pivotal role for tumor progression and behavior.

Furthermore, only one specific cell line was analyzed, which limits the general validity of the results.
GBMs are very heterogeneous tumors consisting of highly heterogeneous cell populations. Thus, the

cells used in this study aren’t representative for all GBM tumor cells or GBM CSCs.

5.2 ALDH1A1 expression and GBM cell proliferation
Proliferation of ALDH1A1+ and ALDH1A1- LN18 GBM cells was investigated using alamarBlue® pro-
liferation assay. No differences in proliferation between the two cell lines could be observed. Thus,

ALDH1A1 expression seems to have no influence on proliferation capacities of LN18 GBM cells.

ALDH1A1 is part of the Retinoic acid (RA) signaling pathway and therefore might play an important
role in cell differentiation and proliferation (Marchitti et al. 2008). Thus, enhanced proliferation in
ALDH1A1 high expressing cells compared with ALDH1A1 low expressing cells could be expected.
However, reduced proliferation of GBM cells due to ALDH1A1 knockdown could not be observed in

this study.

Our results are in contrast to a study by Xu et al., which showed increased proliferative capabilities in
GBM cells with high ALDH1A1 expression (Xu et al. 2015). The conflicting results could be due to the
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fact, that Xu et al. investigated ALDH1A1 dependent proliferation in cell lines which were sorted by
Aldefluor® assay in ALDH high expressing and ALDH low expressing groups. This assay doesn’t allow
a differentiation between the diverse ALDH-family members. Besides this, no further differences in
these cells which could lead to enhanced or reduced proliferation capacities were analyzed. Based on
the stable ALDH1A1 knockdown in our study, the only difference between the tested cell lines was
ALDH1A1 expression. Therefore, the results of Xu et al. could be due to other mechanisms than
ALDH1A1 expression or activity for example due to the activity of other enzymes of the ALDH family.
Still, it must be mentioned, that Xu et al. also could show a significant correlation between ALDH1A1
overexpression and enhanced Ki-67 expression, a marker for proliferation, which is consistent with
findings in other tumor entities, such as prostate cancer (Li et al. 2009) and pancreatic cancer (Kahlert
et al. 2011). These studies also are in line with a work by Croker et al., who could show reduced

proliferation in breast cancer cells after ALDH1A1 knockdown (Croker et al. 2017).

In contrast to that and in line with our findings, Adam et al. could not observe enhanced mitotic activity
in ALDH1A1 expressing primary GBM cells (Adam et al. 2012). In this study, mitotic activity was shown
in only 1.9% of ALDH1A1 expressing cells. Furthermore, no correlation between ALDH1A1 overex-
pression and enhanced proliferation could be found in HCC cancer cells (Tanaka et al. 2015). Consid-
ering that ALDH1A1 is regarded as marker for CSCs, which are slowly proliferating cells, it seems
plausible that ALDH1A1 expressing cells might proliferate even less than ALDH1A1 non-expressing

cells.

Consequently, the influence of ALDH1A1 expression on proliferation in tumor cells is discussed quite
controversial in the literature. It seems, that ALDH1A1 expression has various impacts on proliferation

in different tumor entities and cell lines.

Further investigation, e.g. proliferation analysis in ALDH1A1 overexpressing cells are needed to inves-
tigate the specific influence of ALDH1A1 expression on proliferation in tumor cells, especially in GBM

cells.

5.3 ALDH1A1 expression and radioresistance in GBM cells

Radiotherapy is a cornerstone in GBM treatment. However, GBMs, especially recurrent GBMs, show
enhanced radioresistance (Kelley et al. 2016). Several inherited or acquired cellular mechanisms as
well as influences of the tumor microenvironment, which might be responsible for radioresistance in
GBMs, have been investigated. Still, it is not fully understood, why GBMs are or become resistant

towards radiotherapy.

ALDH1A1 is a marker for GBM progenitor cells (Rasper et al. 2010, Schafer 2012) which are assumed
to play a pivotal role for radioresistance of tumors (Mihatsch et al. 2011) as well as for GBM recurrence

after first treatment (Dahan et al. 2014). Other research could show a correlation between high
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ALDH1A1 expression, poor patient prognosis and enhanced tumor aggressiveness, including therapy
resistance, in several tumor entities (Campos et al. 2011, Wang et al. 2013, Liu et al. 2014, Yang et al.
2014, Oria et al. 2018). For these reasons, we assumed that ALDH1A1 expression could affect or even

cause resistance of GBM cells towards radiotherapy.

Colony formation assay (CFA), a well-established method to assess radiosensitivity of cells, revealed
significantly higher radioresistance in ALDH1A1 expressing GBM cells compared to ALDH1A1 low ex-
pressing cells. The results are in line with a study by Cojoc et al., which revealed enhanced radiore-

sistance in ALDH1A1 expressing prostate cancer cells (Cojoc et al. 2015).

Our study is the first one which could show a correlation between ALDH1A1 knockdown and increased

radiosensitivity in GBM cells.

The reasons for enhanced radiosensitivity in GBM cells due to ALDH1A1 knockdown still need to be
elucidated. Several possibilities, that could cause increased radioresistance of ALDH1A1 expressing

GBM cells compared to ALDH1A1 knockdown cells can be discussed.

One possibility is, that enhanced ALDH1A1 expression and activity improve the effectiveness of detox-
ification of ROS induced toxic products. lonizing radiation leads to ROS formation through radiolysis of
water. Products of radiolysis such as hydroxyl radical (OH), hydrogen peroxide (H,O;) and superoxide
radical (O-) can cause several cell damaging reactions, including lipid peroxidation, oxidation of amino
acids within proteins and DNA and RNA damage (Azzam et al. 2012). Some studies could reveal, that
cancer cells, especially CSCs show increased ROS scavenging pathways (Diehn et al. 2009, Shi et al.
2012, Chang et al. 2016). ALDH1A1 activity could be part of these scavenging pathways and thus lead
to enhanced radioresistance. ROS mediated cell damages are in part due to ROS induced production
of aldehydes. Enzymes of the ALDH1 family can detoxify aldehydes by oxidation. It was shown, that
particularly ALDH1A1 is important for MDA (3,4-Methylenedioxyamphetamin) and 4-HNE (4-Hy-
droxynonenal) detoxification (Xiao et al. 2009, Kong and Kotraiah 2012). Furthermore, the role of
ALDH1A1 activity in ROS detoxification has been shown by Lassen et al. in corneal and lens cells of
mice. In these cells, ALDH1A1 was found to protect the tissue from UV irradiation induced ROS medi-
ated damage (Lassen et al. 2007). Therefore, our finding, that ALDH1A1 expression in GBM cells en-

hanced radioresistance could be due to the role of ALDH1A1 in ROS scavenging pathways.

Enhanced G2/M checkpoint control and upregulation of DNA damage response (DDR) have been dis-
cussed to be responsible for radioresistance of CSCs (Ropolo et al. 2009, Carruthers et al. 2015). As
ALDH1A1 is a marker for GBM stem cells, another mechanism, which could lead to enhanced radio-
resistance in ALDH1A1 expressing cells is enhanced G2/M checkpoint control and upregulation of DNA

damage response (DDR).

However, cell cycle analysis of ALDH1A1+ and ALDH1A1- cells 24 h after X-ray irradiation with 4 and

8 Gy did not show any differences in cell cycle distribution between the two cell lines. The results lead
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to the assumption, that enhanced radioresistance in ALDH1A1 expressing cells is not due to enhanced

G2/M checkpoint activation.

Further experiments, not only in the GBM cell line LN18, such as y-H2AX-assay, single cell gel elec-
trophoresis or cell cycle analysis at different time points of ALDH1A1+ and ALDH1A1- GBM cells,
should be performed to allow more accurate statements about enhanced radioresistance in ALDH1A1

expressing GBM cells and the underlying mechanisms.

5.4 The impact of ALDH1A1 expression on migration of GBM cells
This study revealed significant higher migratory capacity of ALDH1A1+ LN18 GBM cells compared to
ALDH1A1- LN18 GBM cells. Migration was investigated by the well-established wound healing assay,

using serum free medium to prevent wound closure due to cell proliferation.

Our observations go in line with recent research demonstrating enhanced migratory capacities in
ALDH1A1 expressing cells in esophageal squamous cell carcinoma (Yang et al. 2014), in HCC (Yan
et al. 2016) and in GBM (Xu et al. 2015).

It is not completely understood, why ALDH1A1 expressing cells show enhanced cell motility and mi-
gratory capacities. ALDH1A1 was found to be involved in detoxification of aldehydes as well as in RA
signaling. These functions seem to have no influence on cell motility or cell migration. Different possi-
bilities and mechanisms, how ALDH1A1 could have a direct influence on cell migration are discussed
in the literature. Yan et al. could show increased cell motility in ALDH1A1 expressing HCC cancer cells.
Enhanced migration of ALDH1A1 expressing HCC cells was due to the function of ALDH1A1 as a Gli2
stabilizing factor which is involved in the Hedgehog (Hh) signaling pathway (Yan et al. 2016). Chang
et al. revealed the impact of aberrant Hh signaling on cell migration in GBM cells (Chang et al. 2015).
Taken together, these studies indicate, that ALDH1A1 does not only function as an enzyme, but also
as a protein-stabilizing factor and therefore affects signaling pathways (e.g. Hh) within tumor cells,

which might lead to enhanced migratory capacity.

A study by Yang et al. reported enhanced migration and invasion in ALDH1A1 high expressing esoph-
ageal squamous cell carcinoma cells (Yang et al. 2014). In this study Yang et al. recognized a strong
correlation between ALDH1A1 expression and the expression of MMPs and vimentin. Furthermore,
there was a correlation between high levels of ALDH1A1 and decreased expression of E-cadherin.
This leads to the assumption, that ALDH1A1 expression is associated with epithelial-mesenchymal
transition (EMT).

In 2014 Meng et al. reported on a gene signature comprising 31 genes in GBM cells which could serve
as a predictive marker especially for outcome after radiotherapy (Meng et al. 2014). In the same study,

Meng et al. could show that enhanced epithelial mesenchymal transition (EMT) was associated with a
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radioresistant phenotype in GBM cells. ALDH1A1 might be regulated by one of these genes and there-

fore lead to enhanced migratory capacity due to EMT and radioresistance.

Apart from that, ALDH1A1 was found to be a CSC marker in several tumor entities. It was shown by
several studies, that CSCs have enhanced migratory capacity. Munthe et al. revealed, that migrating
glioma cells could regrow tumors and therefore might be responsible for tumor relapse (Munthe et al.
2016). GBM relapses occur mostly in the region 2-3 cm close to the primary tumor (Loeffler et al. 1990).
In this context, it is of highest interest, that the largest numbers of ALDH1A1 overexpressing cells were

found in the tumor adjacent regions of GBMs (Xu et al. 2015, L&mmer 2016).

Most of the studies mentioned above observed enhanced ALDH1A1 expression in tumor cells associ-
ated with the concomitant expression of CSC properties. This suggests, that ALDH1A1, as a common
CSC marker, is a marker for enhanced migration and invasion. In our model, cells differ only in
ALDH1A1 expression. Our results indicate, that ALDH1A1 is not only associated with enhanced migra-
tory capacities but might even cause migration in GBM cells. More detailed investigations are needed

to elucidate the underlying mechanisms.

5.4.1 Influence of irradiation on migration in GBM

Enhanced migration of GBM cells after X-ray irradiation has been described in the literature before
(Wild-Bode et al. 2001, Zhai et al. 2006, Rieken et al. 2011, Shankar et al. 2014). Therefore, we com-
pared migratory capacity of ALDH1A1+ and ALDH1A1- LN18 cells after treatment with 0, 2 and 8 Gy
irradiation. In contrast to the literature mentioned above we could not observe any differences in mi-
gratory capacity of ALDH1A1+ as well as ALDH1A1- LN18 GBM cells after irradiation with 0, 2 and 8
Gy.

To see our results in the right context with other research, it must be said, that the experimental settings

in the literature mentioned above differ from the ones in our study.

We investigated migration using wound healing assay, a well-established and often used assay to
investigate 2D migration in vitro. Migration was examined after irradiation in only two cell lines. Time of
irradiation prior to observation of migration was not varied. To give an example, Rieken et al. (Rieken
et al. 2011) started migration assay 24 h after irradiation. It is conceivable, that changes within the

tumor cells after irradiation, which could lead to enhanced migration, need time to occur.

Shankar et al. (Shankar et al. 2014) observed enhanced migration in GBMs in an in vivo rat model
after subcurative irradiation. In our in vitro study, the well-established GBM cell line LN18 was irradiated
with exactly defined doses under usual cell culture conditions. Therefore, it is difficult to compare our

results with the ones from Shankar et al.
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In conclusion, further experiments with distinct ALDH1A1 expressing GBM cell lines, different doses
and types of irradiation and different migration assays need to be performed to investigate migration

after irradiation in GBMs in greater detail.

5.5 Evaluation of the influence of hypoxia on ALDH1A1 expression

In GBMs, regions with insufficient blood supply and therefore reduced oxygen levels are seen fre-
quently. Growing evidence exists about the role of hypoxia in maintaining stem cell properties such as
self-renewal and pluripotent differentiation capacity. Still, the underlying mechanisms are not fully un-
derstood yet. Furthermore, hypoxic niches within tumors are discussed to harbor CSCs, protecting
these cells against chemo- and radiotherapy (Heddleston et al. 2009, Filatova et al. 2013, Inukai et al.
2015).

Hypoxia enhances ROS production and therefore can lead to cell damaging ROS levels within the cell.
Considered that ALDH1A1 plays a role in detoxification of ROS, it stands to reason, that ALDH1A1
expression is up-regulated by hypoxia. Reduction of ROS levels due to hypoxia induced ALDH1A1

upregulation could prevent ROS induced cell damage and lead to low ROS levels within cancer cells.

Furthermore, ALDH1A1 is a marker for GBM progenitor cells. Therefore, one of the research questions
of this study was, if hypoxia induces ALDH1A1 expression in GBM cells. In the present experiments,
no influence of hypoxia on ALDH1A1 expression in ALDH1A1+ and ALDH1A1- cells could be ob-

served.

This stands in contrast to what Soehngen et al. described in 2014 (Soehngen et al. 2014). He observed
enhanced ALDH1 expression and increased neurosphere formation in ALDH1 expressing GBM cells
following incubation under hypoxic cell culturing conditions for 24 h. Soehngen et al. therefore deduces
that ALDH1 is a marker for tumor-initiating cells and that hypoxic microenvironment in GBM could lead
to dedifferentiation of tumor cells towards CSCs. Of note, Soehngen et al. only investigated ALDH1
expression and not the expression of the ALDH family member ALDH1A1. The ALDH1 family includes
3 enzymes, ALDH1A1, ALDH1A2 and ALDH1A3. Thus, enhanced ALDH1 expression in his study could

be due to enhanced expression of another ALDH1 family member.

5.6 ALDH1A1 as a new prognostic marker and therapy target in GBM

In the last decades, only small advances have been made in GBM treatment and treatment prognos-
tics. Therefore, new therapy targets and prognostic markers for GBM patients are desperately needed.
Based on the results of this study, ALDH1A1 could serve as a new prognostic marker and therapy
target in GBM.

Deduced from the results of this study, ALDH1A1 is a marker for enhanced radioresistance and in-
creased migratory capacity and therefore might predict a worse clinical outcome in patients. At the

same time, patients with high ALDH1A1 could profit from new therapies targeting ALDH1A1. Lammer
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et al. could detect ALDH1A1 expression in 33.8 % of patients with primary GBM and in 35.7% of pa-
tients with secondary GBM (Lammer 2016). For these patients, inhibition of ALDH1A1 could sensitize
GBM cells towards radiotherapy and might help to overcome radioresistance of normal GBM cells but
also GCSCs.

In the last years, it has become more and more apparent, that for successful GBM treatment, CSCs
within tumors need to be eradicated. CSCs are considered being responsible for tumor progression,
relapse and therapy resistance. As described above, Xu et al. revealed enhanced ALDH1A1 expres-
sion in GBM cells located at the tumor margins (Xu et al. 2015). Recurrent GBMs usually occur in the

region 2-3 cm from the primary tumor bed (Loeffler et al. 1990).

Furthermore, there is much evidence, that ALDH1A1 activity induces chemoresistance, especially re-
sistance against the alkylating agent temozolomide (TMZ) (Schafer et al. 2012). As was shown by
Rasper et al. ALDH1A1 is a marker for GBM progenitor cells that means, that ALDH1A1 expressing

cells are able to regrow tumors (Rasper et al. 2010).

Connected with our results it is thinkable, that ALDH1A1 expressing cells might escape radiotherapy,

due to enhanced radioresistance and migration and lead to tumor relapse.

Studies must show if it is possible to inhibit ALDH1A1 activity in vivo. Different kinds of ALDH1A1 in-
hibitors have been investigated in the last years. Several substances such as DEAB (N,N-diethylami-
nobenzaldehyde) and Disulfiram are able to inhibit ALDH1A1 efficient (Koppaka et al. 2012). Still,
future clinical studies have to, prove whether these substances can be safely used in GBM treatment

and most important, if treatment with ALDH1A1 inhibitors has a favorable effect on patients” prognosis.
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6 Summary and Outlook

Glioblastoma multiforme (GBM) is the most common primary brain tumor in adults with a devastating
prognosis with a median survival of 15 months. Despite multimodal therapy, including surgery, chem-
otherapy and radiotherapy, GBM recurrence after first treatment is nearly inevitable. GBM aggressive-
ness and relapse is due to the aggressive character of GBM tumor cells and therapy resistance. In the
last decades, research could not improve patients” prognosis more than a few months. Approaches in

GBM diagnosis and treatment are desperately needed.

ALDH1A1, a cytosolic enzyme belonging to the ALDH enzyme superfamily, was shown to be a marker
for cancer stem cells (CSCs) in several solid tumor entities including GBM (Rasper et al. 2010). Xu et
al. could show a correlation between ALDH1A1 expression in GBM cells and enhanced aggressiveness

and dismal prognosis (Xu et al. 2015).

Thanks to the successful establishment of a stable ALDH1A1 knockdown in GBM LN18 cells by lenti-
viral transduction, we could show for the first time, that ALDH1A1 expression in GBM cells significantly
enhances radioresistance, one of the main problems in GBM treatment. Cell cycle analysis did not
reveal any differences in cell cycle distribution of ALDH1A1+ and ALDH1A1- cell lines after X-ray irra-
diation. Therefore, the mechanisms leading to enhanced radioresistance due to ALDH1A1 expression

stay nebulous.

Furthermore, increased migratory capabilities of ALDH1A1 expressing GBM cells compared to
ALDH1A1 knockdown cells could be seen in wound healing assay. Differences were even more signif-

icant after irradiating cells with 8 Gy before performing wound healing assay.

Existing research, which showed enhanced proliferation in ALDH1A1 high expressing cells compared
to ALDH1A1 low expressing cells could not be confirmed in the present investigation. Moreover, no
influence of hypoxia on ALDH1A1 levels in GBM cells, what was described by Soehngen et al.
(Soehngen et al. 2014) could be observed. Also, there was no increased migration of GBM cells after
irradiation, as was seen by Wild-Bode et al. (Wild-Bode et al. 2001) and Rieken et al. (Rieken et al.
2011), neither in ALDH1A1+ nor in ALDH1A1- LN18 cells.

Due to our results, ALDH1A1 could serve as a new prognostic marker for GBM patients, indicating high
aggressiveness and radioresistance. Furthermore, targeting ALDH1A1 could be a novel strategy to
eradicate GBM CSCs and to overcome radioresistance, even in the ALDH1A1 expressing cell popula-

tion within GBMs as well as in other ALDH1A1 expressing tumor entities.
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Figure 1.1 Genetic pathways to primary and secondary GBM and their clinical differences
modified from (Ohgaki et al. 2004, Ohgaki and Kleihues 2013). (EGFR,
epithelial growth factor receptor IDH1, isocitrate dehydrogenase 1; LOH, loss
of heterozygosity; p16ink4a, cyclin-dependent kinase inhibitor 2A; PTEN,
phosphatase and tensin homolog; TP53, tumor protein p53; MST, mean
survival time). 2

Figure 1.2 Cancer stem cell theory — Hierarchical model: Cells within tumors can be
hierarchically organized, ranging from highly differentiated, less proliferative
cells to almost undifferentiated, highly proliferative cells. 4

Figure 1.3 Stochastic model of tumorigenesis 5

Figure 1.4 Glioblastoma multiforme in the right frontotemporal lobe. Thankfully obtained
by Dr. med. Christoph Straube, Department of Radiation Oncology, Technical
University of Munich (TUM), Germany. 6

Figure 1.5 Mechanisms of radioresistance in GBM cancer stem cells (GCSCs) modified
from (Kelley et al. 2016). (ROS, reactive oxygen species; Wnt,

“Wingless/Integrated”; SHH, sonic hedgehog). 8
Figure 1.6 The reaction catalyzed by ALDH. Aldehydes get oxidized to their
corresponding carboxylic acid. 9
Figure 1.7 The function of ALDHs (aldehyde dehydrogenase) in CSCs (cancer stem cells)
(Duester 2000, Vasiliou and Nebert 2005, Xu et al. 2015) 10
Figure 3.1 Schematic overview of the intracellular processes due to lentiviral
transduction. 19
Figure 3.2 TRC1 and TRC1.5 Lentiviral Plasmid Vector pLKO.1-puro Features. Source:
Sigma-Aldrich, Inc., St. Louis, USA. 20
Figure 3.3 Schematic structure of tank blot system for protein transfer from gel to PVDF
membrane 23
Figure 3.4 Chemical reaction of alamarBlue®. Resazurin, which is non-fluorescent, is
converted to redfluorescent Resafurin due to cells’'metabolism. 26

Figure 4.1 Western blot analysis 5 weeks after lentiviral transduction of LN18 cells. A
distinct difference of ALDH1A1 expression in ALDH1A1+ and ALDH1A1- cells
can be seen, implying a successful ALDH1A1 knockdown. Protein was
analyzed by SDS-Page and Western blotting using monoclonal mouse anti-
human ALDH1A antibody (Clone # 703410, R&D Systems Inc, 1:500) and
monoclonal mouse anti-human B-Actin antibody (Clone AC-74, Sigma Aldrich,
1:2500) for loading control (s. 3.3.4). Molecular sizes of analyzed proteins are
given on the right side. Anti-Mouse IgG (H+L) HRP conjugated antibodies
(Sigma Aldrich) served as secondary antibodies. ALDH1A1+ = ALDH1A1
expressing control cells and ALDH1A1- = ALDH1A1 knockdown cells. 30

Figure 4.2 Western blot analysis: Confirmation of stable ALDH1A1 knockdown after
freezing and thawing LN18 cells. Protein was analyzed by SDS-Page and
Western blotting using monoclonal ALDH1A1 mouse antibody (Clone #
703410, R&D Systems Inc., 1:500) and monoclonal $-Actin mouse antibody
(Clone AC-74, Sigma Aldrich) for loading control (s. 3.3.4). Molecular sizes of
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analyzed proteins are given on the right side. Anti-Mouse 1gG (H+L) HRP
conjugated antibodies (Sigma Aldrich) served as secondary antibodies.
ALDH1A1+ = ALDH1A1 expressing control cells and ALDH1A1- = ALDH1A1
knockdown cells. 30
Figure 4.3 LN18 cells after lentiviral transduction with MISSION® Lentiviral Transduction
Particles MISSION® Non-Mammalian shRNA Control Transduction Particles;
Pictures show cells in passage 15 after incubation for 2 days under usual
conditions under the phase contrast microscope. 5x10° cells were seeded in a
T75 cell culture flask. No difference in cell morphology between ALDH1A1
expressing cells (“ALDH1A1+") and ALDH1A1 knockdown cells (“ALDH1A1-%)
was observed. 31
Figure 4.4 Alamar blue assay for proliferation analysis over 96 h of ALDH1A1+ and
ALDH1A1- cells. Diagram shows proliferation curve when 500 cells per well
were seeded. The relative proliferation was calculated based on the optical
density (OD) of cells after 24 h in culture. There was no significant difference
in proliferation between both cell lines. Data are shown as mean of 3
independent experiments. Error bars represent SEM. 32
Figure 4.5 Colony formation assay; Single wells out of 12 well plates with ALDH1A1+ and
ALDH1A1- cells, stained with crystal violet 12 days after irradiation. Pictures
were taken with the GelCount™ colony counter. 33
Figure 4.6 Colony formation assay: logarithmic cell survival curves for cell lines
ALDH1A1+ and ALDH1A1- after X-ray-irradiation with 0, 2, 4, 6 and 8 Gy.
ALDH1A1- cells show significant lower survival after irradiation compared to
ALDH1A1 expressing cell line ALDH1A1+. (**p<0.01; ***p<0.001). Data are
shown as mean out of 4 independent experiments. Error bars represent

SEM. 34
Figure 4.7 Representative FACS histograms of cell cycle distribution of ALDH1A1+ and
ALDH1A1- cells 24 h after X-ray irradiation with 0, 4 and 8 Gy. 36

Figure 4.8 Cell cycle distribution 24 h after irradiation. No significant differences in
changes of cell cycle distribution 24 h after irradiation with 0, 4 and 8 Gy
between ALDH1A1+ and ALDH1A1- cells could be observed. Significant
changes of the cell cycle distribution between unirradiated and irradiated cells
within one cell line are labeled with stars. (*p<0.05; **p<0.01). 37

Figure 4.9 Pictures of wound healing assay taken under a bright-field microscope (10x
maghnification). These pictures show unirradiated ALDH1A1- and ALDH1A1+
cells migrating into the 500um gap. 39

Figure 4.10 Results of wound healing assays; Relative migration of ALDH1A1- cells and
ALDH1A1+ cells. Significant differences in migration were seen after 24 h
(*p<0.05). Time “Oh” was defined by the time when culture-insert was
removed from the well. Data are expressed as mean + SEM (represented by
error bars) out of 4 independent experiments. 40

Figure 4.11 Results of wound healing assays; Relative migration of ALDH1A1- cells and
ALDH1A1+ cells after irradiation with 8Gy. Highly significant differences in
migration were seen after 24 h and 30 h (**P<0.01). Time “Oh” was defined by
the time when culture-insert was removed from the well. Data are expressed
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as mean + SEM (represented by error bars) out of 4 independent
experiments. 40
Figure 4.12 Migration of ALDH1A1+ cells after 0, 2 and 8 Gy. No significant differences in
migratory capacity due to irradiation were seen. Time “Oh” was defined by the
time when culture-insert was removed from the well. Data are expressed as
mean + SEM (represented by error bars) out of 4 independent experiments.41
Figure 4.13 Migration of ALDH1A1- cells after 0, 2 and 8 Gy irradiation. No significant
differences in migratory capacity due to irradiation were seen. Time “Oh” was
defined by the time when culture-insert was removed from the well. Data are
expressed as mean = SEM (represented by error bars) out of 4 independent
experiments. 42
Figure 4.14 Western Blot analysis: ALDH1A1+ and ALDH1A1- cells after incubation
under hypoxic conditions for 24 h (=H) compared to cells incubated under
normoxic conditions (=N). Protein was analyzed by SDS-Page and Western
blotting using monoclonal mouse anti-human ALDH1A antibody (Clone #
703410, R&D Systems Inc, 1:500), anti-human CA 9 antibody (Clone LS-
B273, LifeSpan Bioscience, 1:1000) and monoclonal mouse anti-human -
Actin antibody (Clone AC-74, Sigma Aldrich, 1:2500) for loading control (s.
3.3.4). Molecular sizes of analyzed proteins are given on the right side. Anti-
Mouse IgG (H+L) HRP conjugated antibodies (Sigma Aldrich) served as
secondary antibodies. ALDH1A1+ = ALDH1A1 expressing control cells and
ALDH1A1- = ALDH1A1 knockdown cells. 43
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