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Abstract

Glioblastoma is the deadliest brain tumor. It arises within the brain and
spreads rapidly, exhibiting its invasive behavior. Glioblastomas are highly
heterogeneous, which rises significant challenges for therapy efficiency.
Until now, glioblastoma remains difficult to treat and has a poor prognosis.
Ferroptosis is defined as a regulated cell death triggered by radical oxygens
species (ROS) accretion and the progress of lipid peroxidation. Different
research groups explored ferroptosis as a potential therapeutic strategy in
cancer treatment, aiming to breed the selective death of cancer cells
undergoing aberrant metabolism. The present study demonstrated that
RSL3-induced lipid peroxidation and the subsequent initiation of ferroptosis
exhibit differential responses in malignant glioma cell lines, with some being
sensitive and others resistant to RSL3-induced ferroptosis. Intriguingly, this
sensitivity to RSL3 correlates significantly with ALDH1a3 expression levels.
Inhibiting ALDH1a3 activity by chemical inhibition and gene Knock-out
confers protection to glioblastoma against RSL3-triggered ferroptotic cell
death. Further investigations into the underlying mechanisms revealed that
ALDH1a3 contributes to ferroptosis by facilitating the essential release of
iron through ferritinophagy. Furthermore, in an experiment to investigate the
response of TMZ-resistant cells to the ferroptosis inducer RSL3, LN229
clones resistant to TMZ also exhibited resistance to ferroptosis induction,
despite the evident lipid peroxidation triggered by RSL3. Further exploration
revealed that the ALDH1A3 gene was downregulated in TMZ-resistant
LN229 cells. Most intriguingly, only those clones that up-regulated
ALDH1A3 expression following TMZ withdrawal displayed re-sensitization
to ferroptosis induction. In addition, ALDH1A3 expression appeared to be
associated by the EGFR-dependent PI3K pathway activation. Akt
phosphorylation was notably observed exclusively in ALDH1A3-high

expressing clones. The blockade of the EGFR signaling pathway over



EGFR inhibitor AG1478 led to a reduction in ALDH1A3 expression.
Together, these findings demonstrate a potential new therapy target for

glioblastoma treatment.
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Summary

Glioblastoma: The deadliest form of brain tumor, glioblastoma, is
classified by the World Health Organization (WHO) as IDH-wildtype-only
adult-type diffuse gliomas, molecular characterized by TERT mutation,
chromosomes 7/10 deletion, and EGFR abnormality. Despite various
approaches, therapies for glioblastoma remain limited.

The primary treatments for glioblastoma involve maximal safe resection
combined with radiotherapy and chemotherapy. Patients with poor
performance status may receive hyper fractionated radiotherapy and
adjuvant Temozolomide (TMZ), or TMZ alone.

Treatment resistance is a significant obstacle in glioblastoma
management, and two key mechanisms contribute to this issue: the
methylation of MGMT promoter and the existence of Glioblastoma stem
cells. DNA repair enzyme MGMT can reverse the DNA damage induced by
TMZ, causing resistance. Patients with MGMT promoter methylation
respond better to TMZ therapy due to reduced MGMT activity. Glioblastoma
Stem Cells (GSCs) are resilient, possessing enhanced DNA repair
capabilities and oxidative stress tolerance, making them resistant to
conventional therapies. These cells within the tumor are factors leading
therapy resistance and tumor recurrence.

Ferroptosis, as an iron-dependent regulated cell death related to the
quantity of reactive oxygen species (ROS) and peroxidized lipid, has
recently gained prominence as a possible therapeutic solution in
glioblastoma. In glioblastoma, ferroptosis assumes a pivotal role in
modulating oxidative stress and influencing responses to chemotherapy.
Emerging evidence suggests that targeting ferroptosis holds considerable
potential for increasing potency of glioblastoma treatments. Recent

researches have highlighted the susceptibility of Glioblastoma Stem Cells



(GSCs) to ferroptosis, shedding light on ferroptosis as a potential and novel
therapeutic target to cure glioblastoma.

Overcoming these intricate mechanisms of resistance is paramount for
effective glioblastoma therapy. Innovative approaches targeting these
challenges directly hold the key to improving outcomes for this relentless
disease. The urgency to address these issues underscores the importance
of ongoing research and clinical trials in the quest for more effective
treatments.

Within this thesis, | have encapsulated findings that | published
previously as first author in two scientific papers (refer to the 'Publications'
section, publication 1 and 2), and provided a more comprehensive
background introduction and engaged in a deeper discussion. These
studies delve into the role of ALDH1A3 in triggering ferroptosis in
glioblastoma and predicting the sensitivity of ferroptosis-induced cell death
in TMZ-resistant glioblastoma cell lines. Through these investigations, our
aim is to unravel the hidden mechanisms contributing to therapy resistance

and to unveil novel therapeutic avenues for glioblastoma.



Zusammenfassung

Die todlichste Form von Hirntumoren, das Glioblastom, wird von der
Weltgesundheitsorganisation (WHO) als |DH-wildtypische adulte diffuse
Gliome klassifiziert, molekular charakterisiert durch TERT-Mutation, Deletion
der Chromosomen 7/10 und Auffalligkeiten im EGFR. Trotz verschiedener
Ansatze bleiben Therapien fur das Glioblastom begrenzt.

Die Hauptbehandlungen fur das Glioblastom umfassen maximale sichere
Resektion in Kombination mit Strahlentherapie und Chemotherapie. Patienten
mit  schlechtem  Allgemeinzustand konnen eine hyperfraktionierte
Strahlentherapie und adjuvante Temozolomid (TMZ) oder nur TMZ erhalten.

Die Behandlungsresistenz ist ein erhebliches Hindernis in der Glioblastom
therapie, und zwei Hauptmechanismen tragen zu diesem Problem bei: die
Methylierung des MGMT-Promotors und das Vorhandensein von Glioblastom-
Stammzellen. Das DNA-Reparaturenzym MGMT kann die durch TMZ
verursachten DNA-Schaden umkehren und somit zu Resistenz fuhren.
Patienten mit MGMT-Promotormethylierung sprechen aufgrund reduzierter
MGMT-Aktivitat besser auf die TMZ-Therapie an. Glioblastom-Stammzellen
(GSCs) sind widerstandsfahig, da sie verbesserte DNA-Reparaturfahigkeiten
und Toleranz gegenuber oxidativem Stress besitzen und daher resistent
gegenuber konventionellen Therapien sind. Diese Zellen im Tumor sind
Faktoren, die zu Therapieresistenz und Tumorrezidiv fuhren.

Ferroptose, als eine eisenabhangige regulierte Zelltodform im
Zusammenhang mit der Menge an reaktiven Sauerstoffspezies (ROS) und
peroxidierter Lipide, hat in letzter Zeit als mogliche therapeutische Losung fur
das Glioblastom an Bedeutung gewonnen. In Glioblastomen nimmt die
Ferroptose eine Schlusselrolle bei der Modulation von oxidativem Stress und
der Beeinflussung von Reaktionen auf die Chemotherapie ein. Neue

Erkenntnisse legen nahe, dass die gezielte Bekampfung der Ferroptose



erhebliches Potenzial hat, die Wirksamkeit von Glioblastom-Behandlungen zu
erhohen. Aktuelle Forschungen haben die Anfalligkeit von Glioblastom-
Stammzellen (GSCs) fur die Ferroptose hervorgehoben und somit die
Ferroptose als potenzielles und neuartiges therapeutisches Ziel zur Heilung
des Glioblastoms ins Licht gertckt.

Die Uberwindung dieser komplexen Resistenzmechanismen ist
entscheidend fur eine effektive Glioblastomtherapie. Innovative Ansatze, die
diese Herausforderungen direkt angehen, sind der Schlussel zur Verbesserung
der Ergebnisse bei dieser unerbittichen Krankheit. Die Dringlichkeit, diese
Probleme anzugehen, unterstreicht die Bedeutung laufender Forschung und
klinischer Studien auf der Suche nach wirksameren Behandlungen.

In dieser Arbeit habe ich Erkenntnisse zusammengefasst, die ich zuvor als
Erstautor in zwei wissenschaftlichen Arbeiten verodffentlicht habe (siehe
Abschnitt 'Veroffentlichungen', Veroffentlichung 1 und 2), und eine
umfassendere Hintergrundinformation geboten sowie eine tiefere Diskussion
gefuhrt. Diese Studien untersuchen die Rolle von ALDH1AS3 bei der Auslosung
von Ferroptose im Glioblastom und prognostizieren die Empfindlichkeit
gegenuber durch Ferroptose induziertem Zelltod in TMZ-resistenten
Glioblastom-Zelllinien. Durch diese Untersuchungen mochten wir die
verborgenen Mechanismen, die zur Therapieresistenz beitragen, aufdecken

und neue therapeutische Wege fur das Glioblastom enthullen.
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Introduction

Glioblastoma

Glial cells

Glial cells or neuroglia, which are non-neuronal cells, found in both
the central nervous system (CNS) and the peripheral nervous system
(PNS). Glial cells are not able to provoke electrical impulses, but play
essential roles in supporting and protecting of neutrons. In the central
nervous system, glial cells encompass various types such as
oligodendrocytes, astrocytes, ependymal cells, and microglia, while in the
peripheral nervous system, they consist of Schwann cells and satellite
cells (1).

Glia possesses the ability to undergo cell division even in adulthood, a
feature that sets them apart from terminally differentiated neurons, which
generally lose this capacity. This distinction is rooted in the limited ability
of the mature nervous system to replace neurons following injuries like
strokes or trauma, often resulting in a significant proliferation of glial cells

near or at the damaged site (2).

Glioblastoma

Glioma, as a sort of primary brain tumors, originates from glial cells.
Gliomas have traditionally been classified based on their histological
appearance into astrocytic, oligodendroglia, or ependymal tumors. Based
on the 2021 WHO classification, glioblastoma (GBM) is categorized as a
diffuse astrocytic glioma without mutations in IDH or histone H3 genes. It
is distinguished by distinctive features including microvascular proliferation,
necrosis, and specific molecular markers such as TERT promoter

mutations, EGFR amplification, and alterations in chromosomes +7/-10(3).
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Glioblastomas are identified by their histological features, showcasing a
prevalence of highly atypical glial cells characterized by abnormal shapes,
sizes, and nuclei, along with heightened mitotic activity. Necrosis is
frequently observed in the central region of the tumor. In addition to
histological diagnosis, molecular characteristics serve as another crucial
marker for diagnosis. Telomerase Reverse Transcriptase (TERT) encodes
the telomerase enzyme, takes a leading role in synthesizing the absent 3'
end of a DNA strand during replication. Mutations in the promoter of TERT
gene lead to elevated the activity of telomerase and the continuation of
telomeres. TERT mutations can be found in around 80% of glioblastoma
cases (4). Epidermal Growth Factor Receptor (EGFR) pathway is a
demanding signaling cascade governing cell growth, proliferation, and
survival (5). Dysregulation of EGFR pathway, often through EGFR
amplification, mutation, or other genetic alterations, is crucial in the
formation and spread of glioblastomas. These tumors represent a complex
interplay of genetic changes, with EGFR abnormalities present in a
substantial percentage of cases. Understanding the intricacies of the
EGFR pathway and its impact on GBM provides valuable insights for
potential therapeutic interventions and underscores its central role in the

genetic landscape of these aggressive brain tumors.

Therapeutic methods in glioblastoma

Surgery

Gross total resection (GTR) is the guiding principle for glioblastoma
surgery, often followed by radiotherapy and chemotherapy. GTR improves
survival outcomes and may increase progression-free survival (PFS) when
using fluorescence-guided 5-ALA during surgery. GTR is also considered
for recurrent cases, as it can improve the patient's quality of life. However,

performing GTR, with or without guidance, requires specialized equipment,
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and the uptake of fluorescence varies among patients. Often, technical

and brain-functional issues limit the extent of tumor removal (6).

Radiotherapy

Conventional radiotherapy post-surgery delivers 60 Gy in 2-Gy
fractions over 6 weeks, combined with temozolomide. Radiotherapy
provides benefit over supportive care alone. However, patients in poor
condition or advanced age may derive limited benefit from conventional
radiotherapy. Hypo fractionated radiotherapy, involving lower doses over

a shorter timeframe, yields similar outcomes (7).

Chemotherapy

Alkylating agent temozolomide (TMZ) is a major part of glioblastoma
standard chemotherapy. Alkylating agents are a class of highly reactive
compounds with potent chemical properties, categorized as anticancer
compounds and alternatively referred to bio-alkylating agents. These
agents have the ability to create carbon cations or other extremely reactive
electrophilic groups within the body. These compounds then form covalent
bonds with electron-rich moieties (amino, thiol, hydroxyl, carboxyl, and
phosphate groups) present in biological macromolecules within cells, such
as DNA, RNA and enzymes. This binding results to DNA strand breakage,
ultimately causing the death of tumor cells (8).

Standard chemotherapy involves 6 cycles of TMZ (150-200 mg/m2 on
days 1-5 every 28 days), preceded by daily TMZ at 75 mg/m2 during
radiotherapy. TMZ, an alkylating agent, induces DNA damage in cancer
cells. Methylation status of the O-6-methylguanine-DNA methyltransferase
(MGMT) promoter indicates TMZ treatment effectiveness, as MGMT
repairs damaged DNA, leading to chemotherapy resistance (9).
Additionally, TMZ resistance and tumor relapse can occur due to

mechanisms unrelated to MGMT, such as the presence of glioblastoma
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stem cells (GSCs). Further discussion of chemotherapy resistance will be

presented later.

Novel Therapies

Novel techniques inhibiting Poly (ADP ribose) polymerase (PARP),
such as veliparib (10) and Olaparib (11) exert cytotoxic effects and
synergize with TMZ, although they don't significantly improve progression-
free survival (PFS). Protein kinase inhibitors, such as EGFR inhibitors
Erlotinib (12) and Gefitinib (13), exhibit limited efficacy in glioblastoma
patients, despite their significance in other cancer types. Immunotherapy
treatments are being investigated in clinical trials, but current outcomes

are not yet satisfactory (14).
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Figure 1. Treatment Algorithm for Glioblastoma. From Aaron C. Tan et al(15). The
comprehensive approach to treating glioblastoma in patients involves a multi-step
procedure. Following the confirmation of diagnosis, the focus is on achieving maximal
safe tumor removal through surgical resection. Following is administering
Temozolomide concurrently with radiation as maintenance therapy. TMZ treatment is

exclusive in MGMT unmethylated patient. In relapse patient, surgery, radiotherapy and
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standard TMZ treatment are still first line treatments. * Indicates presence or absence;

other abbreviations see section Abbreviation.

Chemotherapy resistance

One of the significant challenges in glioblastoma treatment is its
tendency to recur despite the limited available therapies. Several crucial
mechanisms underlie the development of treatment resistance, which
further complicates the management of this aggressive brain tumor.

a) MGMT Status:

Temozolomide operates by transferring methyl groups onto DNA,
using DNA damage and subsequently triggering cell death. A primary
mechanism of resistance to Temozolomide treatment involves the DNA
repair enzyme O-6-methylguanine-DNA methyltransferase (MGMT). This
enzyme is accountable for repairing the alkylation damage induced by
Temozolomide, ultimately leading to resistance against the treatment.
Patients who were diagnosed with MGMT promoter methylation, however,
tend to respond better to Temozolomide therapy due to the diminished
activity of MGMT (9).

b) Glioblastoma Stem Cells (GSCs):

Glioblastoma stem cells (GSCs) are intricately linked to therapy
resistance in glioblastoma and contribute to disease relapse (16). These
cells possess the remarkable ability to differentiate into various cell types
and have a high potential to serve as the seeds for tumor regrowth.
Classical GSC biomarkers such as CD133 and ALDH1a3 identify these
cells (17, 18). Cells expressing these biomarkers exhibit enhanced DNA
repair capabilities and increased tolerance to oxidative stress. This
intrinsic resilience contributes to their resistance against conventional

therapies.
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Ferroptosis

Ferroptosis, a lately characterized regulated cell death, is frequently
conceptualized as a cell damage process influenced by iron imbalance
and lipid over-peroxidation. Mitochondrial has been proved to plays an
important role to activate ferroptosis. Treatments targeting mitochondrial
drives Reactive oxygen species (ROS) generation, induces DNA stress,

initiates lipid peroxidation and finally triggers ferroptosis.
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Figure 2. Ferroptosis regulatory mechanisms. From Chen Liang et al. (19) The labile
iron pool (LIP) is central, sourced from transferrin receptor-mediated endocytosis or
ferritinophagy. Increased LIP catalyzes Fenton-like reactions, inducing ferroptosis.
Cysteine (Cys) and reduced glutathione (GSH) metabolism play pivotal roles. Cystine
uptake via system Xc-— initiates ferroptosis, while reducing conditions allow direct
cysteine import. GSH, a key intracellular antioxidant, is synthesized from glutamate,
cysteine, and glycine. Phosphatidylethanolamines (PEs) containing arachidonoyl (AA)

or adrenoyl (AdA) moieties undergo oxidation, contributing to ferroptosis. The
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mevalonate pathway, central in ferroptosis, generates anti-ferroptotic biomolecules.
Glutathione peroxidase 4 (GPX4) is a pivotal regulator, transforming toxic PE-AA-
OOH/PE-AdA-OCQH into non-toxic alcohols. Oxidized GSH (GSSG) is reduced to GSH,
crucial for combating lipid peroxidation. Representative ferroptosis inducers include

ALOXs, BSO, CoQ10, Gin, HMGCR, IREB2, NCOA4, and TF.

Reactive Oxygen Species (ROS)

ROS is produced by various mechanisms, including the
mitochondrial electron transport chain (ETC), the cell membrane-
damaging effects of ionizing radiation, and as byproducts of cellular
oxidation and reduction processes. ROS acts as a key regulator in
orchestrating metabolic equilibrium, particularly in specific
environments like hypoxia. Nonetheless, an excessive accumulation
of ROS can lead to DNA damage and initiate the process of
carcinogenesis. The build-up of ROS can be constrained through
mechanisms such as the factor-erythroid 2-related factor 2 (Nrf2)
pathway and the oxidation-reduction system involving glutathione
(GSH) and glutathione disulfide (GSSG). As a major anti-oxidation
pathway, redox stress inhibits ubiquitylation and degradation by
Kelch-like ECH-associated protein 1 (KEAP1), consequently release
nrf2 into nuclear and activate the transcript of down-stream genes for
detoxification. An additional reduction system utilized to curtail ROS
is the glutathione redox system. In its reduced state as GSH,
glutathione serves as a robust antioxidant. By donating electrons, it
effectively scavenges and neutralizes reactive oxygen species (ROS).
As GSH furnishes electrons to counterbalance ROS, it undergoes
oxidation and establishes a disulfide linkage with another GSH
molecule. This transformation gives rise to glutathione disulfide

(GSSG), recognized as the oxidized configuration of glutathione.
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Glutathione peroxidase 4 (GPX4) has been recognized as a central
enzyme tasked with catalyzing the reduction of GSSG to GSH,
thereby mitigating lipid peroxidation. The manipulation of GPX4 using
small molecules like RSL3 ((1S,3R)-RSL3) disrupts the glutathione

redox system, culminating in the initiation of ferroptosis.

RSL3: Ferroptosis Inducer

NON
accumulation

Lipid
peroxidation

Figure 3. The mechanism of RSL3 inducing ferroptosis. RSL3 directly inhibit
glutathione peroxidase 4 (GPX4). GPX4 reduce lipid hydroperoxides to their
corresponding alcohols, thereby preventing the accumulation of oxidative damage
to cell membranes. RSL3 disrupts the cellular antioxidant defense system by
inhibiting GPX4, leading to lipid peroxide and increased susceptibility to ferroptosis.

This process involves the accumulation of reactive oxygen species (ROS) and lipid
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radicals, ultimately culminating in oxidative damage to cell membranes and

subsequent cell death.

Lipid Peroxidation

After ROS accumulation, polyunsaturated fatty acids (PUFAs) in
cellular membranes become affected to peroxidation. The process
initiates when *OH radicals extract hydrogen atoms from PUFAs,
forming PUFA radicals. This radical can further react with molecular
oxygen to produce a lipid peroxyl radical (LOO ¢ ). The LOO- radical,
in turn, can initiate a chain reaction by adding hydrogen atoms from
neighboring PUFAs, leading to the formation of lipid hydroperoxides
(LOOH). These hydroperoxides are unstable and can decompose into
highly reactive and toxic aldehydes, such as malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE), contributing to cellular damage (20,
21).

Iron in cellular and iron-storage protein Ferritin

Iron in cells primarily functions as an oxygen transporter within
heme, essential for the proper functioning of enzymes involved in
various vital cellular processes (22). Additionally, Iron ions involve in
the Fenton reaction, resulting in the generation of superoxide radicals
(23). This process can also disrupt pH balance and dysregulate ATP
synthesis within cancer cells (24, 25).

Ferritin, an iron storage protein, significantly increased in
glioblastoma patient (26). Fe (llI) can be transported into cells through
iron-transport proteins on the cellular membrane. Once inside, ferritin
converts Fe(ll) to Fe(lll) and stores it within the ferritin mineral core.
Proteasome mediate Ferritin degradation and subsequently release

iron into cellular (27, 28).
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EGFR Pathway

The Epidermal Growth Factor Receptor (EGFR) pathway, a pivotal
cellular signaling cascade, involve in cell growth, proliferation, and survival.
EGFR pathway is activated when epidermal growth factors (EGF) bind to
EGFR on the cell surface and trigger receptor dimerization, subsequently
phosphorylates specific tyrosine residues within the cytoplasmic domain,
and recruit of downstream signaling molecules. These molecules, often
part of the PI3K-Akt and Ras-Raf-MAPK pathways, transmit the signal
inward, leading to gene expression changes that influence various cellular
processes (29). Dysregulation of the EGFR pathway, for example EGFR
abnormal amplification, EGFR mutation, has been implicated in numerous
diseases, particularly cancer, making it an important target for therapeutic
interventions aimed at modulating cell behavior and combating disease
progression. EGFR amplification emerges as a prevalent occurrence in
glioblastomas (GBMs). Alongside amplification, there are instances of
EGFR mutation, rearrangement, and modified splicing. Collectively, these
diverse genetic alterations encompass a substantial 57% of GBM cases.
This comprehensive spectrum of changes underscores the intricate role of
EGFR in GBM and highlights its pervasive involvement in the genetic
landscape of these tumors.

EGFR gene is situated at chromosome 7p12, and amplificated in
around 40% of glioblastoma patients (30). Epidermal Growth Factor
Receptor wild-type (WtEGFR) holds significant importance as a mediator
of tumor cell invasion distinct from angiogenesis, within in vivo
experiments. Through the induction of heightened expression of EGFR
variant lll (EGFRUvIII) in GBM cell lines, there is a consistent activation of

receptor phosphorylation, resulting in heightened tumorigenic
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characteristics. This is primarily achieved by fostering an accelerated rate
of proliferation while concurrently diminishing the occurrence of apoptosis.
The activation of EGFR induces PI3K-AKT and MAPK pathways, and
intricately modulate cellular apoptosis and manipulate tumor survival. After
EGFR is activated and phosphorylated, it attracts PI3K to the cell
membrane, resulting in the phosphorylation of phosphatidylinositol 4,5-
bisphosphate (PIP2) and the formation of phosphatidylinositol (3,4,5)-
trisphosphate (PIP3). Subsequently, AKT binds to PIP3, getting
phosphorylated at Threonine 308 at phosphoinositide-dependent protein
kinase-1 (PDK1) and at Serine 473 at the mammalian target of rapamycin
complex 2 (mTORC2), thereby reaching its complete functional potential.
The phosphatase and tensin homolog (PTEN) negatively regulates the
PISK/AKT pathway by dephosphorylating PIP3, leading to its dislodgment
from the cellular membrane (31). This prompts the re-localization of AKT
into the cytoplasm, rendering it inactive and impeding the possibility of
reactivation. MAPK initiates in the phosphorylation of Jun, a nuclear
transcriptional factor. Jun associates with various nuclear proteins, giving
rise to the pivotal transcription factor activator protein 1 (AP-1). This
transcription factor holds the responsibility for orchestrating the translation
and transcription of proteins that play a crucial role in cell proliferation and

replication.
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Figure 4. Signaling pathways mediated by EGFR/EGFRVIIl. From An et al. (29).
Signaling pathways facilitated by EGFR/EGFRVIII are involved in transduce signals
through classic receptor tyrosine kinase (RTK) pathways, the RAS/RAF/MEK/ERK

pathway, the PI3BK/AKT pathway, the JAK/STAT pathway, and the PKC pathway.
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Autophagy

Autophagy is a cellular mechanism that degradate and recycle cellular
damaged components (32). It's often referred to as "self-eating" because
the cell digests its own components to maintain cellular homeostasis and
adapt to different conditions. Autophagy is triggered in response to
different stressors, for example nutrient deprivation, oxidative stress, or the
accumulation of damaged cellular components. By recycling these
components, the cell can generate energy and building blocks to adapt to
the stress. During development, autophagy contributes to tissue
remodeling and differentiation by eliminating redundant cells and cellular
components, pivotal for shaping functional tissues. Moreover, autophagy
also contributes to immune responses by assisting in the degradation of
intracellular pathogens, such as bacteria or viruses.

Canonical autophagy pathway begins with the suppression of
mammalian target of rapamycin 1 (mTOR) by the treatment of Rapamycin
or nutrition deprivation, then activated autophagosome biosynthesis. After
the initiation of autophagosome synthesis, UNC-51-like kinase 1 (ULK1)
triggers the phosphorylation of the Beclin1 pathway in conjunction with
autophagy-related genes (ATG), leading to the formation of the nucleation
complex. The elongation of autophagosome membranes hinges on
ubiquitin-like conjugation. Initially, ATG7 and ATG10 collaborate to link
ATG12 with ATGS, and subsequently, the ATG12-ATGS complex attaches
membrane-bound ATG8 to phosphatidylethanolamine (PE), culminating in
the transfer of microtubule-associated protein 1 light chain 3 (LC3).
Consequently, the transition from LC3a to LC3b is recognized as a

hallmark signifying the activation of autophagy.
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Figure 5. Schematic overview of autophagy. From Xiaohua Li, et al.(33). In the
initiation phase (a), the ULK1 complex is activated, and various ATG proteins are engaged
and accumulated to the pre-autophagosome structure (PAS). Following this, in the
nucleation phase (b), ATG proteins and lipids assembled to form the phagophore, which
then undergoes elongation. During elongation, the phagophore envelops cytoplasmic
components and organelles. The maturation phase (b) involves the completion and
transport of the autophagosome. Subsequently, in the fusion phase (c), autophagosome
and lysosome blend together. In the degradation phase (d), the cargos within the

autolysosome undergo degradation.

Autophagy involves in various aspects of cancer cells. Autophagy
survives cancer cells by providing recycled metabolites essential for
growth. It also exerts influence on mitochondrial function through
mitophagy, and recent discoveries highlight its impact on tumor cell
migration and invasion. This impact is achieved by regulating focal
adhesion turnover and facilitating the secretion of cytokines that promote
cell migration. Recently, autophagy has been proved to assist cancer stem
cells (CSCs) to survive and preserve stemness. The most pertinent focus
within this dissertation on autophagy centers around the activation of
autophagy react to oxidative stress. Oxidative stress, which has been

proved to induce autophagy in contexts such as starvation and
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ischemia/reperfusion scenarios. When confronted with oxidative stress,
which produced by reactive oxygen species (ROS), encompassing free
radicals such as superoxide, hydroxyl radicals, and hydrogen peroxide,
increases significantly, causing to cellular damage and eventual cell death.
Research indicated that the oxidative stress involved in the activation of
the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway (34).
Inhibiting the ERK1/2 pathway led to suppression of autophagy and
induction of apoptosis (35). In turn, suppression of autophagy decreased
mitochondrial superoxide levels and protected cells from death by
preventing the translocation of Apoptosis Inducing Factor (AlIF) from
mitochondria to nuclei (36). To sum up, oxidative stress triggers autophagy
activation, and in turn, autophagy moderates oxidative stress while
influencing the regulation of cell death.

Recently, emerging research focus on the crosstalk between
autophagy and ferroptosis. The ferroptosis inducer RSL3 activate
autophagy in glioma depending on dosages, and RSL3 induced cell death
could be reversed by inhibiting autophagy (37). Autophagy mediated
ferroptosis is named ferritinophagy (38). Activated ferroptosis leads to the
induction of autophagy, resulting in the subsequent degradation of ferritin,
an iron storage protein, and the ferritinophagy cargo receptor NCOA4 (39,
40). Furthermore, one of the critical steps in ferroptosis, ROS

accumulation, depends on the activation of autophagy (38).

Acetaldehyde dehydrogenase

The Acetaldehyde dehydrogenase (ALDH) superfamily comprises
enzymes responsible for metabolizing aldehydes in the human body. The
human ALDH family contains 19 members: ALDH1s (1A1, 1A2, 1A3, 1B1,
1L1, and 1L2), ALDH2, ALDH3s (3A1, 3A2, 3B1, and 3B2), ALDH4A1,
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ALDH5A1, ALDH6A1, ALDH7A1, ALDH8A1, ALDH9A1, ALDH16A1, and
ALDH18A1 (41). ALDH superfamily mainly participate in embryo
development, body growth, cell proliferation and differentiation. ALDH1A
family of enzymes plays a central role in retinoic acid (RA) synthesis (42).
The process involves two oxidative steps: Retinol Oxidation: Retinol is
oxidized into retinaldehyde (retinal) by enzymes such as retinol
dehydrogenases. Retinaldehyde Oxidation: retinaldehyde is further
oxidized into RA by the ALDH1A family, which includes ALDH1A1,
ALDH1A2, and ALDH1A3. RA acts on various cellular processes, such as
regulating genes expression, cell development and differentiation (43).
Additionally, the expression of ALDHSs is highly corelated with progenitor
cells, for example cord blood cells and bone marrow (44, 45). For these
reasons, ALDH family, especially ALDH1As, are considered as a stem
cells marker. ALDHs facilitate the conversion of aldehydes into their
respective carboxylic acids through oxidation, using NADP+ (Nicotinamide
adenine dinucleotide phosphate) as a cofactor (46). This enzymatic
reaction converts toxic aldehydes into less harmful carboxylic acids, which
can be readily metabolized or excreted by the body. By detoxifying
aldehydes, ALDHs play a crucial role in maintaining cellular health and
resisting cellular damage induced by ROS (47). Aldehydes can induce the
generation of ROS, which potentially inducing oxidative stress and other
forms of cellular damage, including DNA damage and lipid peroxidation
(48). Dysfunction or deficiency of ALDH enzymes can lead to the
accumulation of toxic aldehydes, which has been implicated in various
diseases, including alcohol-related liver damage and neurodegenerative

disorders (49, 50).

ALDH in cancers
ALDH1 has emerged as a recognized marker for cancer stem cells

(CSCs) across various cancers and has been associated with unfavorable
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prognoses (51, 52). Moreover, the presence of ALDH1-positive (ALDH+)
cell populations has demonstrated implications in the context of
chemotherapy and radiotherapy resistance in specific cancer types (53,
54). For instance, in breast cancer stem cells, ALDH+ cells contribute to
radiotherapy resistance by modulating the Nrf2-KEAP1 axis (55). Inhibiting
ALDH in ovarian cancer stem cells improve cell death with chemo-therapy
(54). In summary, the prevalence of ALDH+ cells are closely intertwined
with the realm of CSCs, reflecting their significance in cancer biology and
therapy outcomes. ALDHSs play an important role in glioma and should not
be underestimated. ALDH1A1 exhibited frequent overexpression in high-
grade glioma patients, and tumor cells expressing ALDH1A1 were found
to be more concentrated in the border of tumor, indicative of potentially
heightened invasiveness (51). This overexpression of ALDH1A1 was
significantly linked to poor differentiation and an unfavorable prognosis.
ALDH inhibitors gossypol and phenformin combined decrease
invasiveness, cell viability and stemness in glioblastoma (56). In
glioblastoma, it is ALDH1A3, rather than ALDH1A1, that serves as the
primary functional acetaldehyde dehydrogenase, and playing a significant
role in contributing to resistance against temozolomide (TMZ) treatment
(18). Through whole-genome transcriptome microarray and mRNA
sequencing analysis, it was distinctly observed that ALDH1A3 exhibited
heightened expression in the Mesenchymal subtype of gliomas. Notably,
the targeted suppression of ALDH1A3 expression resulted in a notable

reduction in glioma invasion (57, 58).

ALDH1A3

ALDH1A3, a member of the ALDH superfamily, has garnered
attention due to its high expression and related to poor-outcome in various
cancers (59-61). ALDH1A3 overexpression closely related to tumor

progression and therapy resistance (53, 62, 63), making it a potent
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therapeutic target. In glioma and glioblastoma, ALDH1A3 strongly
associates with mesenchymal phenotype maintenance (57, 64-66) and
cell invasion. Within the realm of CSC markers, ALDH1A3 has come to the
forefront in GBM. The role of ALDH1A3 in GBM extends beyond its
enzymatic function. ALDH1A3 confers resistance to apoptosis and
enhances DNA repair mechanisms, rendering GBM cells resilient to
chemotherapy and radiotherapy (18, 67, 68). Furthermore, ALDH1A3-
mediated metabolic reprogramming supports the high energy demands of
proliferating cancer cells, ensuring their survival in the hostile tumor
microenvironment (69). Genetic mutations or alterations in these
transcriptional regulators can dysregulate ALDH1A3 expression,
contributing to the aberrant stemness observed in cancer cells. Cell
signaling pathways, such as the NFkB pathway, can upregulate ALDH1A3
expression at the transcriptional level (70). Epigenetic modifications,
including DNA methylation and histone acetylation, intricately modulate
ALDH1A3 expression (71, 72). ALDH1A3 might undergo post-
transcriptional regulation, potentially through mechanisms such as protein

ubiquitination and microRNA-mediated silencing (67, 73).
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Objective

Glioblastoma stands out as the most significant challenges in oncology due
to its high fatality rates, limited therapeutic options, and bleak prognoses.
Among the primary modalities for glioblastoma treatment, chemotherapy,
particularly Temozolomide (TMZ), faces pervasive resistance across the
patient population. Growing research suggest that ALDH1A3 plays a crucial
part in bestowing resistance to TMZ, along with its impact on the autophagic
pathway. Recent studies have emphasized a potential role of ALDH1A3 in
detoxifying aldehydes produced by TMZ in glioblastoma and is associated with
ROS metabolism. For this reason, ferroptosis activation appears to be a
promising novel therapeutic strategy in the context of glioblastoma.

Therefore, the primary goal of this thesis was to explore the role of
ALDH1A3 in glioblastoma and to seek out innovative therapeutic approaches
aimed at inducing ferroptosis in glioblastoma to overcome therapy resistance.

This thesis aimed to address:
a) Inducing ferroptosis in glioblastoma cell lines by RSL3 treatment.
b) Discovering the mechanism underlying RSL3-triggered ferroptosis in
glioblastoma.
c) Investigating the efficacy of RSL3 in TMZ-resistance glioblastoma cell lines.

Experimental Procedure:

To investigate the objective of this thesis, the following experiments have
been done:
a) Established proper glioblastoma cell lines (Patient-derived glioblastoma
cell lines, TMZ lone term treated cell lines)
b) Investigated the Lipid peroxidative state and cell viability after RSL3
treatment.
c) Investigated the RSL3-induced cell death in ALDH1A3 wildtype, Knock-out
and over-expression cell lines.
d) Discovered the mechanism of ALDH1A3 sensitizing glioblastoma to RSL3
treatment by immunoprecipitation assay and autophagy markers read-out.



[ RSL3 ?rgétment ]

ratlent;dslrlvr:a d ceél Glioblastoma established cell lines
ines establishmen | Cell lines
—= establishment
‘ Long term TMZ treatment ’
- |
[ Cell viability ] [ ROS accumulation LPO states ’
\ N N Functional
[ FACS/Fluorescence staining ] experiments
v _ v
‘ ALDH1A3 | [ ALDH1A3 ALDH1A3 EGFR W
Knock-out | | Over-expression| | Inhibitor-DEAB | | Inhibitor
’ [ Mechanism
J experiments
Immunoprecipitation assay
Autophagy markers investigation

Figure 6. Flowchart of Experimental Procedures.
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Materials and Method

1. Glioblastoma primary cell lines

Glioblastoma specimens were sourced from the Neurosurgery
Department at Klinikum rechts der Isar, Technical University of Munich,
following the acquisition of informed consent from participating patients.
The ethical clearance for the collection and utilization of patient-derived
tumor samples was granted by the regional ethics committee. Tissue
specimens underwent washing in PBS (use 1% Penicillin-Streptomycin for
bacteria elimination) and were subsequently dissected into fragments
using surgical blades. These tissue fragments were subjected to a 30-
minute incubation with 5ml Papain (with 500ul DNase) to facilitate the
isolation of single cells or cell groups. The digestive process was arrested
by the addition of 5ml Ovocuid (with 500ul DNase) for 5 minutes. Isolated
cells were centrifuged to collected and subsequently cultured in primary
cell culture medium, with specific samples designated as PDCL#9 (female,

86 years), PDCL#13 (male, 67 years), and PDCL#17 (female, 63 years).

Table 1. Primary Cell Culture Medium Receipe.

Product Volume
RPMI-1640 (Gibco, Dreieich, Germany) 500ml
B27 (Gibco, Dreieich, Germany) 10ml
N2 Supplement (Gibco, Dreieich, Germany) Smi
Nonessential amino acids (Gibco, Dreieich, Germany) Smi
L-glutamine (Gibco, Dreieich, Germany) 10ml

Fibroblast growth factor 2 (Peprotech, Hamburg, Germany) 10 ug
Transforming growth factor beta 2 (Peprotech, Hamburg, 150ng
Germany)

Epidermal growth factor (Peprotech, Hamburg, Germany) 1 ug
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2. Cell viability assays

LN229, U87MG, and T98G cells were plated in 96-well plates at a
density of 5000 cells per well. After a 24-hour incubation, various
concentrations of treatments were applied, while control cells were
exposed to 0.5% DMSO alone. Cell viability was determined using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, in
accordance with the guidelines provided by the manufacturer (Sigma,
Munich, Germany). Absorbance measurements were taken using an
Infinite F200 pro Microplate Absorbance Reader (Tecan, Maennedorf,

Switzerland).

3. LDH release assay

Cell death detection encompassed the quantification of lactate
dehydrogenase (LDH) release, a widely employed marker for cellular
damage and cytotoxicity. This assessment was conducted utilizing the
Cytotoxicity Detection (LDH) Kit (Roche #11644793001, Darmstadt,
Germany), adhering closely to the guidelines outlined by the manufacturer.
The method involved the measurement of absorbance at the wavelength
of 490nm, a key parameter indicating LDH activity. This analysis was
carried out using an advanced Infinite F200 pro Microplate Absorbance
Reader, which ensured accurate and reliable readings for a
comprehensive evaluation of cellular responses to various treatments or

experimental conditions.

4. Lipid peroxidation assays
Cells were plated on cover slides and treated 24 hours before conducting
lipid peroxidation assays. After treatment, cells were stained with

BODIPY® 581/591 C11-Reagent (Thermo Fisher, Bremen, Germany) for
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30 minutes and then washed with PBS. Subsequently, cells were either
fixed with 30% PFA for fluorescence imaging or trypsinized into single cells
for fluorescence-activated cell sorting (FACS). Fluorescence images were
captured using a Zeiss fluorescence microscope (Zeiss, Munich, Germany)
and analyzed with Image J software (National Institutes of Health,
Bethesda, MD, USA). FACS parameters were configured based on the
guidance provided with the BODIPY® 581/591 C11-Reagent kit, and each
experimental group included 20,000 cells analyzed through the flow
cytometer. Compensation settings were adjusted as follows: FL1-0.8%FL2;
FL2-29.8%FL1; FL2-0.0%FL3; FL3-19.3%FL2; FL3-0.0%FL4; FL4-
16.4%FL3. Fluorescence images for FACS were captured using a Zeiss
LSM780 fluorescence microscope (Zeiss, Munich, Germany) and analyzed
with Image J software (National Institutes of Health, Bethesda, MD, USA).
FACS results were further analyzed using FlowJo software (FlowJo Inc.,

OH, USA).

5. Immunoprecipitation assay

LN229 and T98G glioblastoma cell lines were subjected to treatment
and harvested after 24 hours in lysis buffer. A 30ug protein aliquot was
extracted from each «cell lysate as the input sample. For
immunoprecipitation, antibodies were individually added to the lysates
(each containing 30ug protein) and incubated overnight at 4°C.
Subsequently, 2mg protein-G-Sepharose beads were introduced into each
immunoprecipitation sample and incubated for 3 hours at 4°C. Following
thorough washing, Sepharose beads were collected, diluted with SDS
sample buffer, and heated at 100°C for 5 minutes. Both the input sample
and immunoprecipitation samples underwent fractionation through 10%
SDS-page gels and were subsequently analyzed by western blotting using

anti-LC3b (NB100-2220, Novus Bio, Munich, Germany).
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6. Sphere formation assay
Cells are cultured in non-adherent conditions, typically in serum-free
medium supplemented with growth factors and other necessary nutrients.
The non-adherent environment prevents cells from attaching to the surface
and promotes the formation of three-dimensional structures known as
spheres or spheroids. Spheres are typically quantified by counting the
number of spheres formed or measuring the size of the spheres. Pictures

were taken after 7 days by Nikon microscopy (Melville, NY, America).

7. ALDH1a3 stable transfection
The ALDH1a3 plasmid was sourced from OriGENE (MG222097). In a
concise process, PDCL#9 cells, initially lacking ALDH1a3 expression,
underwent transfection with the ALDH1a3 plasmid using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA). Following a 48-hour incubation,
clones overexpressing ALDH1a3 were selectively established through a
two-week treatment with G418 (Merck, Germany, Munich, 50mg/mL in

H20).

Table 2. Technical devices

Device Model Producer

CO:2 Incubator HERACcells 150i Thermo Fisher Scientific Inc,

Waltham, MA, USA

Centrifuge 5417R Eppendorf AG, Hamburg,
Germany
Flow cytometer FACS Calibur™ Becton Dickinson,

Heidelberg, Germany
Heater mixer 53355 Eppendorf AG, Hamburg,

Germany



Spectrophotometer

NanoDrop 2000c
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Thermo Fisher Scientific Inc,

Waltham, MA, USA

Table 3. Chemicals and reagents

Substance Catalogue Producer

Diamidino-phenylindole D1306 ThermoFisher, Karlsruhe,

(DAPI) Germany

Dimethylsulfoxide (DMSOQ) A994.2 Carl Roth GmbH, Karlsruhe,
Germany

Lipofectamine™ 2000 L200008 ThermoFisher,
Karlsruhe,Germany

Page Ruler 26619 ThermoFisher, Karlsruhe,
Germany

Protease Phosphatase 5872 CST, Frankfurt am Main,

Inhibitor Cocktail Germany

Protein G sepharose 10246735 GE Healthcare,
Munich,Germany

Thiazolyblue (MTT) 4022.1 Roth, Karlsruhe, Germany

Table 3. Software

Software

Producer

Adobe

Axiovision Rel
FlowJo
GraphPad Prism

NIS Elements

Adobe Systems incorporated, San Jose,

CA, USA

Carl Zeiss Microscopy, LLC, NY, USA

Tree Star, Inc., Ashland, OR, USA

GraphPad Software, La Jolla, CA, USA

Nikon Instruments Inc, Melville, NY, USA
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Image J National Institutes of Health

8. Cells migration assay

After a 24-hour serum-free incubation, three thousand cells were
cultured and subsequently seeded onto a transwell chamber. The transwell
chamber was placed in a 24-well plate for an additional 24 hours. Following
this incubation period, the cells on the lower side of the chamber were
stained with crystal violet to facilitate the visualization and quantification of
cell attachment and migration. For each transwell chamber, five
photographs were captured, each focusing on different areas of the cells

on the bottom side.

9. Oil Red O staining assay

10.

Oil Red O stain (1320-06-5, Sigma, Munich, Germany) was prepared
10 minutes prior to experiments. Cells were seeded into a 6-well plate for
24 hours, cleaned with PBS and 100% isopropanol and subjected to Oil
Red staining for 1 minute, followed by washing with 60% isopropanol for
15 seconds. Images were captured using a Nikon microscope (Melville,

NY, USA).

RNA isolation and Rt-PCR assay

RNA extraction was carried out using Trizol Reagent (15596026,
Thermofisher, USA, MA) and chloroform, followed by purification with
isopropanol and ethanol precipitation. The resultant purified RNA was then
eluted in nuclease-free water. For the RT-PCR assay, total RNA isolated
from LN229 parental and TMZ-resistant cell lines served as the starting
material. Reverse transcription was conducted using the Takara reverse

transcription kit (RRO37B, Takara, Saint-Germain-en-Laye, France).
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Amplification and data analysis were performed using the Zytomed

instrument.

Table 5. Primers sequences

Primer Sequence

ALDH1AS3 forward CACCTTCCAC-GGCCCCGTTAGCGG
ALDH1A3 reverse AAACCCGCTAACGGGGCCGTGGAA
B-actin forward GAGCTACGAGCTGCCTGACG
B-actin reverse GTAGTTTCGTGGATGCCACAGGAC

11. Western blotting

Cells were lysed in RIPA buffer containing phosphatase inhibitors (5
mM sodium orthovanadate), and the resulting protein lysates were
subjected to separation through a 10% SDS-PAGE gel, followed by
transfer onto a PVDF membrane. After blocking with 5% BSA, the
membrane was incubated with primary antibodies overnight at 4 °C.
Subsequently, the membrane underwent three 5-minute washes in Tris-
buffered saline containing 1% Tween-20 (TBST). Following the washes,
the membrane was exposed to peroxidase-conjugated goat anti-rabbit IgG
(7074P2, CST, Leiden, Germany) and visualized using the Super ECL

detection reagent.

Table 6. Antibodies.

Antibody Resource Specie
Anti-ALDH1A3 ab129815, Berlin, Germany Rabbit
Anti-p-AKT Cell Signaling Technology, #4060 Rabbit
Anti-AKT Cell Signaling Technology, 5112s Rabbit

Vinculin abcam, ab129002 Rabbit
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12. Colony formation assay

LN229 glioblastoma cells were plated in 10cm dishes at a sparse
density of 500 cells per well and allowed to incubate for 14 days. After this
incubation period, cells were gently washed with phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde for 15 minutes at room
temperature. Following fixation, the cells underwent staining with a crystal
violet solution (0.5% crystal violet in 20% methanol) for 10 minutes. Excess
stain was meticulously washed off with distilled water, and the plates were
left to air-dry. Capturing the visual representation of the cells was achieved
using a smartphone equipped with a lens of 26mm and a pixel pitch of

1.7um.
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Results and Discussion

Glioblastoma stands out as one of the worldwide most fatal cancers,
characterized by its limited treatment options and exceptionally short survival
rates. Given the challenging landscape related with glioblastoma, there is an
urgent requirement for novel therapeutic approaches. Temozolomide stands as
the primary pharmaceutical intervention employed in the treatment of
glioblastoma within the framework of standard care. Nonetheless, the
emergence of resistance to Temozolomide is a pervasive phenomenon,
manifesting in nearly all cases. Therefore, research groups are actively
exploring novel strategies, with a strong emphasis on inducing ferroptosis—a
newly characterized form of programmed cell death—within glioblastoma cells.
This pursuit target not only unlock new avenues for therapeutic intervention but
also to enhance the effectiveness of combination treatments alongside

conventional therapeutic modalities.

As an increasing body of research elucidates ferroptosis in the context of
disease and therapeutic responses, it has solidified its position as a promising
novel treatment approach within the realm of glioblastoma. Distinguished by the
buildup of reactive oxygen species (ROS) and peroxidized lipid, ferroptosis is
critical in the oxidative stress response within glioblastoma. The GPX4 inhibitor
RSL3 disrupts the glutathione redox system, thereby triggering the initiation of
ferroptosis. RSL3 activates the NF-kB pathway, results to the downregulation
of GPX4, ATF4, and SLC7A11 expression in glioblastoma cells. This
downregulation ultimately induces cell death through ferroptosis (74).
Additional evidence supports the notion that RSL3 treatment triggers

autophagic cell death via the disruption of glycolysis function (37). Nonetheless,
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there remain additional mechanisms and regulatory pathways yet to be

unveiled and fully comprehended.

Temozolomide (TMZ) treatment exhibits multifaceted connections with
ferroptosis in glioblastoma. In the study performed by Song et al., it was
demonstrated that temozolomide (TMZ) activates ferroptosis through Nrf2/HO1
pathway, and the process of ferroptosis induced by TMZ treatment was
reversed upon blocking DMT1, a pivotal gene within the Nrf2/HO1 pathway (75).
Activation of TRIM25, which involved in the Nrf2 pathway, releases cells from
ferroptotic cell death, and resulting in TMZ resistance (76). Suppressing
autophagy activates ferroptosis, enhancing the susceptibility of glioblastoma

stem cells to chemo-treatment (77).

Our earlier findings suggest that one of the underlying mechanisms of TMZ
resistance in glioblastoma is linked to the detoxification role of ALDH1AS3 (78).
Moreover, TMZ triggers autophagy and down-regulates the expression of
ALDH1AS. Existing evidence supports the notion that ALDH1A3 might, in turn,

regulate autophagy processes.

1 RSL3 trigger the induction of Ferroptosis in glioblastoma.

To investigate the impact of RSL3-triggered cell death in glioblastoma,
cell viability assays were conducted on seven glioblastoma cell lines,
consisting of four established cell lines and three primary cell lines. Four
cell lines (T98G, PDCL#9, PDCL#13, and X01) exhibited resistance to
RSL3, where a high dose of RSL3 (6.4 uM) resulted in approximately 50%
cell death. Conversely, three RSL3-sensitive cell lines (LN229, U87, and
PDCL#17) displayed susceptibility to RSL3-induced cell death, with a
median dose of RSL3 ranging from 0.8 to 1.6 yM leading to approximately
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50% cell death. In all the tested cell lines, RSL3-induced cell death was
reversible by the treatment with both a ferroptosis inhibitor, Ferrostatin, and
an iron chelator, DFO. Additionally, BODIPY staining was employed to
assess lipid peroxidation levels, which were found to increase following
RSL3 treatment in the tested cell lines. Notably, this elevation in lipid
peroxidation was effectively reversed when cells were treated with
Ferrostatin and DFO. This suggests that the observed cell death in
glioblastoma triggered by RSL3 was linked to ferroptosis, a process that
involves lipid peroxidation and is able be prevented by inhibiting ferroptosis
or removing excess iron with DFO.

The GPX4 inhibitor RSL3 acts by disrupting the glutathione redox
system and thereby inducing ferroptosis across various cancer types. In a
study by Sui et al., RSL3 was found to trigger ferroptosis by inhibiting GPX4
and generating reactive oxygen species (ROS) in colorectal cancer (79).
Yang et al. further elucidated an additional function of RSL3, which involves
the suppression of the Nrf2 pathway in KRAS-deficient colorectal cancer
(80). Shintoku et al. conducted research demonstrating that RSL3 induces
ferroptosis through the peroxidation activity of lipoxygenases (81).
Treatment with RSL3 was shown to activate the NF-kB pathway, inducing
ferroptosis in glioma (74). Furthermore, RSL3 treatment induces

autophagic cell death by disrupting glycolysis function (37).

Glioblastoma cells presenting high-ALDH1A3 expression

are sensitive to Ferroptosis.

In the present study, the four RSL3-resistant cell lines exhibited low
expression levels of ALDH1a3, whereas the three sensitive cell lines
displayed high levels of ALDH1a3. To further validate this correlation,
ALDH1a3 knockout cell lines were generated in both LN229 and T98G cell



40

lines, and subsequent treatment with RSL3 uncovered a significant
variation in RSL3 sensitivity between the ALDH1a3 knockout and wildtype
cell lines. Furthermore, it was observed that lipid peroxidation induced by
RSL3 was effectively reversed by the application of an ALDH1 inhibitor,
DEAB. To delve deeper into this phenomenon, experiments were
conducted using over-expressed ALDH1a3 in the PDCL#9 cell line. The
over-expression of ALDH1a3 led to a significant increase of sensitivity to
RSL3 in the ALDH1a3 over-expressing cell line. This heightened sensitivity
could once again be reversed by treatment with a combination of DEAB.

In our previous studies conducted by our research group, it was
established that ALDH1a3 serves as a key mechanism for the resistance
of TMZ, likely owing to its role in detoxifying aldehydes (78). Furthermore,
our previous research demonstrated high-level expression of ALDH1a3 in
glioblastoma relapse patient samples through immunohistochemistry
analysis (82). These observations suggested that ALDH1a3 is essential in
glioblastoma therapy resistance. However, the expression of ALDH1a3 is
indeed correlated with ferroptosis sensitivity, and this relationship appears
to be attributed to the enzymatic function of ALDH1a3, as have been shown
in DEAB treatment experiments. These results suggest that targeting
ALDH1a3 may have multifaceted implications in cancer therapy, impacting
both drug resistance and ferroptosis-related pathways.

ALDH1a3 is commonly considered as a marker of glioblastoma stem
cells. Therefore, tumor cells expressing high level of ALDH1a3 could be
considered as cancer stem cells (CSCs). Recently, there has been a
growing body of research focused on inducing ferroptosis in cancer stem
cells. Iron transport proteins have been shown to be upregulated in CSCs
(83), and there is accumulating evidence suggesting that CSCs exhibit a
high demand for antioxidants (84). So far have not been addressed the role
of ALDH1a3 in inducing ferroptosis, it is plausible that the enzymatic

function of ALDH1a3 serves as the connecting link between glioblastoma
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stem cells and their sensitivity to ferroptosis. Another plausible mechanism
involves ALDH1a3's potential role in modulating the autophagic process,

which will be discussed in the subsequent section.

Autophagy supports ferroptosis in glioblastoma and is

influenced by the expression of ALDH1a3

Ferritinophagy, a type of autophagy-mediated ferroptosis, initiates
with the degradation of the iron storage protein, ferritin(40). In the present
findings, the induction of cell death by RSL3 could be reversed with
Bafilomycin A1, a well-known autophagy inhibitor. This observation
suggests that autophagy involved in the ferroptosis process. The inhibition
of ROS accumulation further supports and confirms these results.
Moreover, in ALDH1a3 wildtype cell lines, RSL3 treatment led to the LC3a
to LC3b transversion, an autophagy marker, whereas this conversion did
not occur in knockout cell lines. This observation suggests that the
activation of autophagy is dependent on the expression of ALDH1a3. To
further evaluate how ALDH1a3 is involved in autophagy, an
immunoprecipitation assays has been done in LN229 and T98G ALDH1a3
wildtype cell lines. Under normal conditions and following RSL3 treatment,
the ALDH1a3 antibody primarily captured LC3a and showed slight affinity
for LC3b. However, when treated with a combination of DEAB, the
ALDH1a3 antibody lost its capacity to bind to LC3a. While this result does
not provide a comprehensive explanation of the mechanism by how
ALDH1a3 modulates autophagy, it does indicate that the enzymatic
function of ALDH1a3 is associated with the autophagy process.

As a downstream effect of autophagy, ferritin degradation occurred
following RSL3 treatment in ALDH1a3 wildtype cell lines. Notably, both the
inhibition of ALDH1 by DEAB and the knockout of ALDH1a3 were able to
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reverse the expression of ferritin. These results strongly suggest that the
consequence of ALDH1a3's modulation of autophagy is ferritin degradation
and the potential release of iron.

In the previous research findings of our group, coexistence between
ALDH1a3 and p62 under conditions of oxidative stress were identified (18).
This finding is corroborated by the result of the present study that ALDH1a3
regulates autophagy. Interestingly, another member of the ALDH1 family,
ALDH1a1, has been found to enhance the -cytotoxicity of
hydroxychloroquine and influenced autophagy flux in cancer cell lines by
regulating helicase like transcription factor (HLTF) (85). Furthermore, the
expression of ALDH1 corelated closely to LC3b expression in pancreatic
cells, which further suggests the potential involvement of the ALDH1 family
in the autophagy process (86). While these findings are not sufficient to
conclusively demonstrate that ALDH1a3 directly regulates autophagy,
there is a strong likelihood that ALDH1a3, a marker for GSCs, is involved

in the autophagy process and can potentially trigger ferroptosis.

TMZ induced lipid droplets formation and peroxidation in

glioblastoma.

The present findings discovered that cell lines resistant to TMZ
displayed a substantial accumulation of LDs, and these LDs persisted even
after the cessation of TMZ treatment. Furthermore, we noted an
exacerbation in the state of lipid peroxidation following TMZ treatment.
These cumulative results paint a vivid picture of glioblastoma cells
undergoing a profound metabolic reprogramming in response to the stress
imposed by TMZ treatment. The intricate relationship between LDs and
GBM cells, particularly in the context of TMZ resistance, provides an insight

for understanding the dynamics of this tumor type. While LDs initially
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emerge as promising targets for ferroptosis induction, their role in buffering
against oxidative stress signifies the adaptability and resilience of tumor
cells.

In GBM, the presence of lipid droplets (LDs) has been strongly
associated to the prognosis and treatment outcomes. Research conducted
by Feng Gend et al. (15) demonstrated that LDs are highly accumulated in
GBM cells, but not in normal brain tissue or low-grade gliomas. GBM cells
have been observed to employ LDs as reservoirs for excess fatty acids and
cholesterol, serving as a protective shield against lipotoxicity and
endoplasmic reticulum (ER) stress. It has been established that LDs tend
to accumulate in response to oxidative stress (16). This interesting finding
implies that treatment with temozolomide (TMZ), a chemotherapy agent,
induces the formation of LDs within GBM cells, making them potential

targets for ferroptosis induction using RSL3.

TMZ-resistant cells exhibit resistance to the ferroptosis

inducer RSL3, resulted from the suppression of ALDH1A3.

Considering prolonged TMZ treatment, one might expect TMZ-
resistant cell lines to exhibit heightened sensitivity to ferroptosis inducers
RSL3 for the reason of the accumulation of lipid peroxidation over time.
However, contrary to this expectation, the present results revealed that
TMZ-resistant cell lines exhibited a surprising tolerance to RSL3 treatment,
which is designed to trigger ferroptosis. This paradox prompted a closer
examination of the underlying mechanisms. Furthermore, these results
unveiled a noteworthy observation related to ALDH1A3 expression.
Following TMZ treatment, we observed a significant down-regulation of
ALDH1AS3, a phenomenon that aligns with the findings of Wu's results from

our group (87). Wu's study reported a suppression of ALDH1A3 expression
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during a 5-day TMZ treatment, followed by a rebound to higher levels after
TMZ withdrawal. In this thesis, a consistent pattern emerges, wherein the
suppression of ALDH1A3 expression is observed following TMZ treatment.
Two out of five TMZ-resistant cell lines exhibit a significant recovery of
ALDH1A3 expression within one month of TMZ withdrawal. Elevated
ALDH1A3 expression levels are also identified in cases of relapsed
glioblastoma. These findings suggest a dependency of ALDH1A3 recovery
on the duration of TMZ withdrawal. During prolonged TMZ exposure, a
drastic reduction in cell numbers occurs, leading to the survival of TMZ-
resistant clones through selective single-cell-like proliferation. The intrinsic
heterogeneity within glioblastoma cells becomes a critical consideration in
this context, as it profoundly influences experimental reproducibility and
result interpretation. Therefore, acknowledging the existence of
heterogeneity is imperative when drawing conclusions from the present
findings.

These collective findings indicate that TMZ treatment exerts a
suppressive effect on ALDH1A3 expression. Building upon the first
published paper, which established a close relationship between ALDH1A3
expression and the sensitivity of RSL3, the expression levels of ALDH1A3
are potentially linked to the responsiveness to RSL3-induced ferroptosis.
Remarkably, after TMZ withdrawal, the two cell lines that exhibited
ALDH1A3 expression recovery also demonstrated heightened sensitivity to
RSL3. These observations reinforce the hypothesis that the expression of
ALDH1AS plays a pivotal role in modulating the sensitivity to RSL3-induced

ferroptosis.
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6 EGFR pathway is suppressed under TMZ long-term

treatment and associated with ALDH1A3 expression.

In this research, a suppression of EGFR pathway after long-term TMZ
treatment in LN229 cells has been discovered, and a corresponding
suppression of cell proliferation could be found accordingly. The EGFR
pathway demonstrates aberrant activation in approximately 40% of
glioblastoma patients, correlating with poor prognosis and tumor invasion
(88). In a study conducted by Inaba et al., it was found that the inhibition of
the EGFR pathway resulted in a slowdown of cell proliferation and did not
augment sensitivity to TMZ treatment (89). According to the findings of
Gong et al.,, EGFR deficiency appears to be a factor in glioblastoma's
resistance to chemotherapy (90). These studies support the present
findings, suggesting that the EGFR pathway may indeed be suppressed in
TMZ-resistant cell lines. Moreover, Inhibition of EGFR using AG1498
decreases ALDH1A3 expression in wild-type LN229 and two ALDH1A3
recovered TMZ-resistance cell lines. This regulation appears to be
associated with transcriptional control, as suggested by the RT-PCR
results. Although existing research has not definitively established a direct
regulatory link between the EGFR pathway and ALDH1A3 expression,
several indicators suggest a relationship between EGFR pathway activity
and the regulation of ALDH1. In high-grade ovarian carcinoma and triple
negative breast cancer, the positive expression of ALDH1 is corelated with
the up-regulated EGFR pathway (91, 92). These researches further
indicate a correlation between EGFR pathway activation and high
expression of ALDH1A3. To delve deeper into the regulation of ALDH1A3

by EGFR, extensive research needs to be conducted.
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7 Could RSL3 treatment and ALDH1A3-targetting be new

therapy strategies in glioblastoma?

My study delves into the intricate relationship between TMZ treatment,
ALDH1A3 expression, and ferroptosis sensitivity in glioblastoma. While
TMZ resistance might suggest increased susceptibility to ferroptosis due to
lipid peroxidation, the observed tolerance to RSL3 in TMZ-resistant cell
lines warrants further investigation. The dynamic regulation of ALDH1A3
expression in response to TMZ, coupled with its impact on ferroptosis, adds
complexity to glioblastoma therapy resistance.

The previous findings from my first publication indicate that ALDH1AS3-
positive cells are sensitive to RSL3 (93), and the results from our research
group showed relapsed glioblastoma cells often overexpress ALDH1A3
(82). Targeting ALDH1A3-positive glioblastoma with RSL3 emerges as a
potential therapeutic approach. However, it's crucial to note that while our
results provide valuable in vitro insights, comprehensive understanding of
the underlying mechanisms is lacking. Moreover, RSL3 application is
confined to in vitro studies, necessitating the development of effective in
vivo delivery methods. In additional, the underlying mechanisms between
lipid droplets formation under TMZ treatment, lipid re-programming and
ALDH1AS regulation are still under discovering. These findings underscore
the need for ongoing research to unravel glioblastoma treatment resistance
intricacies and identify therapeutic strategies.

In summary, targeting ALDH1A3-positive cells with RSL3 shows
promise, but extensive research and development efforts are required for

its clinical application.
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Conclusion

In conclusion, this thesis is dedicated to glioblastoma therapy resistance,
with a primary focus on the role of ALDH1A3 and the potential of ferroptosis as
a novel treatment strategy. Through a series of experiments and analyses, it
have shed light on several critical findings that may have implications in the

field of glioblastoma research and treatment.

My investigations have unveiled the role of ALDH1A3, a key member of
the ALDH enzyme superfamily, in the induction of ferroptosis within
glioblastoma. The inhibition or genetic knockout of ALDH1A3 has been
demonstrated to enhance the tolerance of glioblastoma cells to RSL3 treatment.
Further mechanistic studies have illuminated ALDH1A3's involvement in
autophagy and its contribution to ferritin degradation. These findings suggest
that the increased sensitivity of ALDH1A3-positive cells to RSL3 treatment may
result from its intricate involvement in autophagy processes, particularly the
degradation of ferritin. The downregulation of ALDH1A3 following TMZ
exposure and its subsequent rebound in expression upon TMZ withdrawal
signify a dynamic regulatory mechanism that may contribute to further
ferroptosis induction therapy in glioblastoma. Additionally, my research has
uncovered a connection between the EGFR pathway and the expression of
ALDH1A3 in glioblastoma, further unveil the mechanism of ALDH1A3
regulation. This link suggests that targeting ALDH1A3 could enhance

ferroptosis-based treatments for glioblastoma.

In summary, my study has deepened our understanding of how
glioblastoma becomes resistant to therapy. Identifying ALDH1A3 as a key

player in this resistance, its relation to ferroptosis sensitivity, and the way EGFR
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pathway influences its expression offer valuable insights. These findings might
lead to innovative treatments for glioblastoma. While challenges remain, the
potential of targeting ALDH1A3 and utilizing ferroptosis offers hope for
improving the prognosis and outcomes of glioblastoma patients. This research
marks a step in overcoming the challenges posed by this aggressive brain

tumor and brings hope for a better future in glioblastoma therapy.
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Appendix:

* Publication 1:

‘ALDH1-Mediated Autophagy Sensitizes Glioblastoma Cells to Ferroptosis”
was published to Cells in 2022 December. In this publication, Yang et al.
demonstrate that RSL3-induced Lipid Peroxidation and ferroptotic cell death
distinguish RSL3-sensitive and -resistant malignant glioma cell lines. RSL3
sensitivity is linked to ALDH1a3 expression, where only cells with high
ALDH1a3 expression appear susceptible to ferroptosis induction. Inhibiting
ALDH1a3 enzymatic activity through chemical inhibition or genetic knockout
shields tumor cells from RSL3-induced ferroptotic cell death. The interaction
between RSL3 and ALDH1a3, as well as the autophagic downregulation of
ferritin, can be thwarted by ALDH inhibition. Consequently, ALDH1a3 emerges
as a key player in ferroptosis by facilitating the crucial release of iron through
ferritinophagy.

In this publication, Yang Wu involved in the project design, performed
experiments, investigated and analyzed the data, and wrote the first version of
the manuscript.

* Publication 2:

“‘Enhanced Sensitivity to ALDH1A3-Dependent Ferroptosis in TMZ-Resistant
Glioblastoma Cells” was published to Cells on 2023 October. In this paper,
TMZ-resistant LN229 cell lines were treated with the ferroptosis inducer RSL3.
RSL3 induced lipid peroxidation in glioblastoma and led to ferroptosis, however,
the TMZ-resistant LN229 clones displayed resistance to ferroptosis induction.
Interestingly, down-regulation of ALDH1A3 in TMZ-resistant LN229 cells were
identified. The cell viability results revealed that only those clones which
exhibited an up-regulation of ALDH1A3 following TMZ withdrawal became re-
sensitized to ferroptosis induction. The resurgence of ALDH1A3 expression

seemed to be under the regulation of EGFR-dependent PI3K pathway
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activation, as Akt activation was observed exclusively in ALDH1A3-high clones.
Inhibiting the EGFR signaling pathway with the EGFR inhibitor AG1498 led to
a decrease in ALDH1A3 expression. These findings offer insights into the
potential utilization of RSL3 in addressing glioblastoma relapse.

In this publication, Yang Wu designed the project, performed the

experiments, and wrote the original manuscript.
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Abstract: The fatal clinical course of human glioblastoma (GBM) despite aggressive adjuvant thera-
pies is due to high rates of recurrent tumor growth driven by tumor cells with stem-cell characteristics
(glioma stem cells, GSCs). The aldehyde dehydrogenase 1 (ALDH1) family of enzymes has been
shown to be a biomarker for GSCs, and ALDHI1 seems to be involved in the biological processes
causing therapy resistance. Ferroptosis is a recently discovered cell death mechanism, that depends
on iron overload and lipid peroxidation, and it could, therefore, be a potential therapeutic target
in various cancer types. Since both ALDH1 and ferroptosis interact with lipid peroxidation (LPO),
we aimed to investigate a possible connection between ALDHI1 and ferroptosis. Here, we show
that RSL3-induced LPO and ferroptotic cell death revealed RSL3-sensitive and -resistant malignant
glioma cell lines. Most interestingly, RSL3 sensitivity correlates with ALDH1a3 expression; only
high ALDH1a3-expressing cells seem to be sensitive to ferroptosis induction. In accordance, inhi-
bition of ALDH1a3 enzymatic activity by chemical inhibition or genetic knockout protects tumor
cells from RSL3-induced ferroptotic cell death. Both RSL-3-dependent binding of ALDH1a3 to
LC3B and autophagic downregulation of ferritin could be completely blocked by ALDH inhibition.
Therefore, ALDH1a3 seems to be involved in ferroptosis through the essential release of iron by
ferritinophagy. Our results also indicate that ferroptosis induction might be a particularly interesting
clinical approach for targeting the highly aggressive cell population of GSC.

Keywords: glioblastoma; cancer stem cells; ferroptosis; autophagy; therapy

1. Introduction

The reason for the devasting clinical prognosis of human malignant gliomas despite
aggressive adjuvant therapies is the high rate of recurrent tumor growth, most likely due
to an extremely resistant tumor cell population with stem-cell characteristics [1]. Aldehyde
dehydrogenase 1 (ALDH1) has been identified as a biomarker for cancer stem cells (CSCs) in
different tumor types including human glioblastomas (GBMs) [2,3]. It has been shown that
ALDHI1 not only is a marker for this highly resistant cell population, but also contributes to
the therapy resistance of GBMs [4].

ALDHI1 seems to be involved in detoxification of aldehydes that result from lipid
peroxidation (LPO) in glioma cells [5]. High levels of LPO are present in proliferating
cells due to high rates of oxidative stress, and these levels dramatically increase due to
therapy-induced oxidative stress. Interestingly, ferroptosis also relies on LPO. Ferroptosis
is a recently discovered cell death mechanism independent from other forms of cell death
including apoptosis or necrosis [6]. So far, no unique biomarker of ferroptosis has been
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identified, but it has been demonstrated that glutathione peroxidase 4 (GPX4) and the
reduction in reactive oxygen species is a central component of ferroptosis. Blockade
of GPX4 by RAS-selective lethal (RSL3) or downregulation of glutathione by erastin-
induced inhibition of the cystine—glutamate antiporter system Xc leads to this form of
iron-dependent cell death [7,8].

The functional interrelationship between these two important regulators in tumor
biology could be of interest in glioma CSCs since LPO seems to be functional in both
ferroptosis and ALDHI1. This could also have clinical implications. Inhibition of ALDH1-
dependent resistance against chemotherapy and induction of ferroptosis could theoretically
lead to more effective adjuvant therapies. Here, we investigated the functional role of
ALDHI1 in ferroptosis in human malignant glioma cell lines.

2. Materials and Methods
2.1. Cell Culture, Reagents, Antibodies, and Plasmid

Human glioblastoma cell lines US7MG (male, 69 years, GBM), LN229 (female, 60 years,
GBM), and T98G (male, 61 years, GBM) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and cultured in DMEM with 10% FBS (Gibco,
Dreieich, Germany) under standard cell culture conditions (37 °C, 5% COy). Isolated pri-
mary cell lines were cultured in primary cell culture medium, which included 500 mL of
RPMI-1640 (Gibco, Dreieich, Germany), 10 mL of B27 (Gibco, Dreieich, Germany), 5 mL
of N2 Supplement (Gibco, Dreieich, Germany), 5 mL of nonessential amino acids (Gibco,
Dreieich, Germany), 10 mL of L-glutamine (Gibco, Dreieich, Germany), 10 ug of fibroblast
growth factor 2 (Peprotech, Hamburg, Germany), 150 ng of transforming growth factor beta
2 (Peprotech, Hamburg, Germany), and 1 ug of epidermal growth factor (Peprotech, Ham-
burg, Germany). GBM stem-like cell line X01 (female, 68 years, GBM) [9] was cultivated as
previously described [10]. Bafilomycin (Sigma, Munich, Germany), deferoxamine (Chem-
Scene, South Brunswick, NJ, USA), RSL3, and ferrostatin-1 (Sigma, Munich, Germany) were
dissolved in dimethyl sulfoxide (DMSO) at 10 mmol/L stock concentration (except DFO,
100 mmol /L stock concentration) and stored at —20 °C. The following antibodies were
used: anti-ALDH1A3 (ab129815, Berlin, Germany), anti-LC3B (NB100-2220, Abingdon,
UK), anti-vinculin (abcam, ab129002), rabbit IgG for immunoprecipitation (7074P2, CST,
Leiden, Germany), anti-GFAP (3670, CST, Leiden, the Netherlands), anti-MAP2 (MAB3418,
Chemicon, Niirnberg, Germany), anti-Nestin (4760S, CST, Leiden, the Netherlands). Pro-
tein G sepharose was from GE Healthcare Life Science (Munich, Germany). ALDH1a3
plasmid (Aldhla3 (NM_053080) Mouse-Tagged ORF Clone) was obtained from Origene
(Herford, Germany).

2.2. CRISPR/Cas9 Knockout

LN229 and T98G cells were transfected with CRISPR/Cas9 plasmid pSpCas9(BB)-2A-
GFP (PX458) (Addgene plasmid #48138) using ALDH1A3 single-guided RNA as previously
described [10].

2.3. Glioblastoma Primary Cell Lines

Glioblastoma specimens (IDH wildtype, CNS WHO grade 4 according to the WHO
classification of tumors of the central nervous system [11]) were collected from the De-
partment of Neurosurgery, Klinikum rechts der Isar of Technical University of Munich
with patients” informed consent. Collection and use of patient-derived tumor samples
were approved by the regional ethics committee. Tissue specimens were washed in PBS
containing 1% penicillin-streptomycin and separated into pieces by surgery blades. Tissue
pieces was incubated with 5 mL of Papain (with 500 uL DNase) for 30 mins to be isolated
into single cells or cell groups. To stop the digestion, 5 mL of Ovocuid (with 500 uL DNase)
was added for 5 min. Isolated primary cells were collected and cultured in primary cell
culture medium (PDCL#9 female, 86 years; PDCL#13 male, 67 years; PDCL#17 female,
63 years).
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2.4. Cell Viability Assays

LN229, U87MG, and T98G cells were seeded in 96-well plates (5000 cells/well). Treat-
ment was performed at different concentrations for 24 h, while controls received 0.5%
DMSO, only. The proportion of viable cells was determined using the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT, Sigma, Munich, Germany) assay following
the manufacturer’s recommendations. Absorbance was examined using an Infinite F200
pro Microplate Absorbance Reader (Tecan, Maennedorf, Switzerland).

2.5. LDH Release Assay

For cell death detection, LDH release was quantified using a cytotoxicity detection
(LDH) kit (Roche #11644793001, Darmstadt, Germany) and was conducted following
the manufacturer’s instructions. Absorbance was examined using an Infinite F200 pro
Microplate Absorbance Reader at 490 nm.

2.6. Lipid Peroxidation Assays

Cells were seeded on cover slides and treated 24 h before performing the lipid peroxida-
tion assays. Cells were stained by BODIPY® 581/591 C11-Reagent (Thermo Fisher, Bremen,
Germany) for 30 min and washed with PBS. Cells were either fixed by 30% PFA to perform
fluorescence imaging or trypsinized into single cells to perform fluorescence-activated cell
sorting (FACS). Fluorescence images were taken by a Zeiss fluorescence microscope (Zeiss,
Munich, Germany) and analyzed using software Image ] (National Institutes of Health,
Bethesda, MD, USA). FACS results were analyzed using FlowJo (FlowJo Inc., Ashland,
OH, USA).

2.7. Immunoprecipitation Assays

Glioblastoma cell lines LN229 and T98G were treated and collected after 24 h in ly-
sis buffer (50 mM HEPES, pH 7.5, 10% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol,
150 mM NaCl, 2 mM MgCl,, and protease inhibitor cocktail). Then, 30 ug of protein was
taken out from the cell lysate as the input sample. Anti-ALDH1a3 (ab129815, abcam, Berlin,
Germany) and anti-IgG (7074p2, CST, Leiden, Netherland) were added to the lysate for
immunoprecipitation (containing 30 ug of protein), and then incubated at 4 °C overnight.
Next, 2 mg of protein-G-Sepharose beads were added to each immunoprecipitation sample
for 3 h in 4 °C. After washing, Sepharose beads were collected and diluted with SDS
sample buffer (1 M Tris-HCl pH 6.8, SDS, 0.1% Bromophenol Blue, glycerol, and 14.3 M
-mercaptoethanol), and then heated at 100 °C in 5 min. Input samples and immunoprecip-
itation samples were fractionated by 10% SDS-page gels and read out by Western blotting
with anti-LC3b (NB100-2220, Novus bio, Munich, Germany).

2.8. Sphere Formation Assays

Glioblastoma established cell lines U87 LN229, and T98G, as well as corresponding
ALDH1a3 knockout cell lines, were investigated in sphere formation assays as previously
described [10]. Briefly, cells were seeded in ultralow-attachment 12-well plates and cultured
under primary cell medium. Pictures were taken after 7 days using a Nikon microscope
(Melville, NY, USA).

2.9. ALDH1a3 Stable Transfection

ALDHI1a3 plasmid was obtained from OriGENE (MG222097). Briefly, PDCL#9 cells
(ALDH1a3 negative) were transfected with ALDH1a3 plasmid using lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). After 48 h, ALDH1a3-overexpressing clones were selected
by G418 (Merck, Germany, Munich, 50 mg/mL in H,O) treatment for 2 weeks.

2.10. Statistics

Three independent experiments of each assay were conducted to validate results. A
t-test was used for normally distributed data of two unpaired groups. GraphPad Prism
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8 (GraphPad Software Inc.; San Diego, CA, USA) was used to perform the analysis, and
p-values < 0.05 were regarded as statistically significant.

3. Results
3.1. RSL3-Induced Ferroptosis-Like Cell Death in Glioblastoma Cell Lines

To discover RSL3-induced cell death in glioblastoma, we treated tumor cells of three
established glioma cell lines (U87MG, LN229, and T98G), three primary GBM cell lines
(PDCL#9, PDCL#13, and PDCL#17), and GSC-enriched glioma cell line X01 with different
concentrations of RSL3. We observed the RSL3 dose-dependent loss of cell viability, but
it was different between glioblastoma cell lines (Figure 1A). There was an RSL3-resistant
group of cell lines (A1G1, PDCL#9, PDCL#13, T98G, and X01) that showed no cell loss at
lower concentrations up to 0.8 uM RSL3 and weak effects at higher concentrations (ca. 80%
cell viability at 1.6-6.4 uM RSL3). In contrast, a group of RSL3-sensitive cell lines (LN229,
U87, and PDCL#17) demonstrated decreased cell viability even at lower concentrations
and approximately 30% cell survival at higher concentrations.
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Figure 1. RSL3-induced ferroptosis-like cell death in glioblastoma cell lines. (A) Glioblastoma cell
lines were treated with increasing doses of RSL3 (0 uM, 0.1 uM, 0.2 uM, 0.4 uM, 0.8 uM, 1.6 uM,
3.2 uM, and 6.4 uM), cell viability was assessed by MTT assays. Cell lines A1G1, T98G, PDCL#9,
PDCL#13, and X01 showed only a mild reduction in cell viability, whereas LN229, U87MG, and
PDCL#17 exhibited a significant reduction. (B) RSL-3-sensitive LN229 and PDCL#17 cells, and
RSL-3 resistant T98G and PDCL#9 cells were treated with RSL3 combined with ferroptosis inhibitor
ferrostatin and iron chelation DFO; cell viability was determined by MTT assays. Both ferrostatin
and DFO completely abolished the RSL-3 induced cell death. (C,D) RSL-3-sensitive LN229 and
PDCL#17 cells, and RSL-3-resistant T98G and PDCL#9 cells were treated with RSL3, combined
with ferrostatin and DFO, respectively; lipid peroxidation (LPO) induced by RSL3 treatment was
determined using BODIPY C11-581/591 reagent, as shown by green fluorescence. Results are
quantified in (D) (p-values: untreated control vs. RSL3 < 0.005, RSL3 vs. RSL3 + ferrostatin < 0.005,
RSL3 vs. RSL3 + DFO < 0.005). All cell lines showed pronounced induction of LPO that could be
completely blocked by ferroptosis inhibitors.
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The type of RSL-3-induced cell loss was most likely ferroptosis, since concomitant
treatment with ferrostatin-1, a specific ferroptosis inhibitor, and with deferoxamine (DFO),
an iron chelator, completely abolished RSL3-induced cell death (Figure 1B).

Induction of lipid peroxidation (LPO) after RSL3 treatment was measured using
BODIPY staining (Figure 1C). Using this approach, we observed an increase in LPO after
RSL3 treatment at 1 uM in all cell lines, which could be completely reverted by concomitant
treatment with ferrostatin or DFO (Figure 1D).

These results indicate that the RSL3-induced cell death in glioma cell lines is a
ferroptosis-like cell death.

3.2. The Sensitivity to RSL3-Induced Ferroptotic Cell Death in Glioblastoma Correlates with the
Expression of ALDH1a3

We next verified cell death according to LDH release (Figure 2A). Most interestingly,
sensitivity to RSL3-induced ferroptosis correlated with ALDH1a3 expression (Figure 2B).
U87, LN229, and PDCL#17 cells exhibited high amounts of ALDH1a3 protein, T98G,
PDCL#9, X01, and PDCL#13 showed no expression.

A. B.
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Figure 2. The sensitivity to RSL3-induced ferroptotic cell death in glioblastoma correlates with expres-
sion of ALDH1a3. (A) Relative LDH release (1.0 = untreated controls) after RSL3 treatment confirmed
the cell viability results. RSL3 induced cell death in LN229, U87MG, and PDCL#17 cells, but not in in
T98G, PDCL#9, PDCL#13, and X01 cell lines. (B) Expression of ALDH1a3 protein was assessed in
seven cell lines by Western blot analysis. RSL-3-sensitive LN229, U87MG, and PDCL#17 cells showed
strong expression of ALDH1a3, whereas RSL3-resistant T98G, PDCL#9, PDCL#13, and X01 cells
showed only weak expression. Vinculin served as a loading control. (C) ALDH1a3 high-expression
U87MG and LN229 cells, and ALDH1a3 low-expression T98G cells, respectively, and their corre-
sponding ALDH1a3 knockout cells were seeded into ultralow-attachment plates and were grown
under primary cell culture conditions for 7 days. All three cell lines showed sphere formation with
much smaller spheres in T98G cells under primary cell culture conditions. Sphere formation was
completely abolished in knockout cells.

To prove the role of the ALDH1a3 subtype as a glioma stem cell (GSC) marker, we
performed sphere formation assays of ALDH1a3 wildtype and corresponding knockout
glioma cell lines. Our results showed that ALDH1a3 knockout cells lost their ability to
form spheres or formed much smaller spheres compared to their ALDH1a3 wildtype
counterparts (Figure 2C).

To further investigate the role of ALDH1a3 in RSL3-induced cell death, we tested the
effect of inhibition of ALDH1 enzymatic activity by the specific inhibitor diethylaminoben-
zaldehyde (DEAB) in ALDH1a3 high-expression (LN229, PDCL#17) and low-expression
cell lines (T98G and PDCL#9). DEAB at least partially reversed cell death induced by RSL3
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(Figure 3A). These results were corroborated by ALDH1a3 knockout cells that showed
similar effects compared with enzymatic inhibition (Figure 3C,D). Moreover, BODIPY
staining demonstrated that DEAB treatment also decreased lipid peroxidation induced
by RSL3 (Figure 3E,F). In line with these results, ALDH1a3 overexpression after stable
transfection in ALDH1a3-negative PDCL#9 cells sensitized the cells to RSL3 treatment, an
effect that could be reversed by DEAB treatment (Figure 3G).
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Figure 3. (A) RSL3 treatment with and without DEAB in T98G and PDCL#9 (0 uM, 1 uM, 2 uM,
4 uM, and 8 uM), and RSL-3 sensitive LN229 and PDCL#17 cells (0 uM, 0.1 uM, 0.2 uM, 0.4 uM, and
0.8 uM); cell viability was determined by MTT assays. All cell lines showed decreased cell viability
(RSL-3-resistant cells at 10-fold higher concentrations), which could be partially reverted by ALDH1a3
inhibition using DEAB (p-values: PDCL#9 8 uM < 0.05; T98G 8 uM < 0.05; LN229 0.8 uM < 0.05;
PDCL#17 0.2 uM < 0.01, 0.4 pM < 0.01, 0.8 uM < 0.05). (B) Western blot analysis in LN229 and T98G,
demonstrating the results of ALDH1a3 knockout. (NG, negative control; KO, knockout). (C,D) RSL3
treatment (0 pM, 1 uM, 2 uM, 4 pM, and 8 pM) in RSL-3 sensitive LN229 and T98G ALDH1a3 wildtype
and knockout cells showed partial reduction in cell death in ALDH1a3 knockout cells (p-values:
LN229 each group < 0.05; T98G 4 uM < 0.05, 8 uM < 0.005). (E) BODIPY 581/591 C11 staining of lipid
peroxidation after RSL3 with or without DEAB treatment demonstrated a significant reduction in
LPO after concomitant DEAB treatment. (F) Quantification of BODIPY 581/591 C11 fluorescence
staining (p-value: LN229 control vs. RSL3 < 0.005, RSL3 vs. RSL3 + DEAB < 0.05; PDCL#17 control
vs. RSL3 < 0.05; T98G control vs. RSL3 < 0.001, RSL3 vs. RSL3 + DEAB < 0.05; PDCL#9 control
vs. RSL# < 0.001). (G) Protein expression after stable ALDH1a3 transfection in ALDH1a3-negative
PDCL#9 cells demonstrated strong ALDH1a3 overexpression in transfected cells. Cell viability was
measured after RSL3 treatment with or without DEAB by MTT assays. ALDH1a3-overexpressing
PDCL#9 cells demonstrated a reduction in cell viability after RSL-3 that could be reverted by DEAB
treatment (p-values: PDCL#9 vs. PDCL#9-A3 OE in 4 uM < 0.001, in 8 uM < 0.001; PDCL#9A3-OE vs.
PDCL#9A3-OE + DEAB in 1 uM < 0.05, in 2 uM < 0.05, in 4 uM < 0.01, in 8 uM < 0.01).
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These results show that ALDH1a3 seems to be involved in RSL3-induced ferroptotic
cell death, and that it might play a role upstream of LPO.

3.3. Autophagy Seems to Be Necessary for RSL3-Induced Cell Death

Autophagy is involved in the induction of ferroptosis, and ALDH1 also seems to
play a role in autophagy. We, therefore, investigated the effect of autophagy inhibition on
ferroptosis in glioma cell lines. The concomitant treatment with the specific autophagy
inhibitor bafilomycin Al rescued glioma cells from RSL3-induced LPO and ferroptotic
cell death (Figure 4A-C). Moreover, autophagy by RSL3 treatment was more pronounced
in ALDH1a3 wildtype cells than in ALDH1a3 knockout cells (Figure 4D). These results
might indicate a role of ALDH1a3 in ferroptosis by autophagy activation. We, therefore,
performed a coimmunoprecipitation assay to investigate the connection of ALDH1a3
protein to autophagosomes. After RSL3 treatment ALDH1a3 protein was complexed with
LC3, while DEAB treatment eliminated the ALDH1a3-LC3 protein complex formation
(Figure 4E). The binding of ALDH1a3 to LC3B-II seems to be relatively weak most likely due
to the high autophagic flux in GBM cells and lysosomal degradation [12]. In addition, there
seems to be also a binding to LC3B-1. Since it has been shown that ferroptosis depends on
the release of iron from ferritin iron storage by autophagy (ferritinophagy), we investigated
the ferritin content by Western analysis demonstrating downregulation of ferritin after
RSL3 treatment that could be reversed by concomitant DEAB treatment (Figure 4F). These
results were corroborated by experiments using ALDH1a3 knockout cell lines (Figure 4G)
that showed higher ferritin levels and no decrease after RSL3 treatment.
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Figure 4. Autophagy in RSL3-induced cell death. (A) Cell viability after RSL3 with or without
Bafilomycin Al in LN229, PDCL#17, T98G, and PDCL#9 showed reversion of cell viability by
autophagy inhibition by bafilomycin Al (p-value: LN229 RSL3 vs. RSL3 + Bafilomycin Al < 0.01;
PDCL#17 RSL3 vs. RSL3 + Bafilomycin Al < 0.01). (B) BODIPY 581/591 C11 staining of lipid
peroxidation after RSL3 treatment with or without Bafilomycin A1 showed a significant reduction

in fluorescence staining after autophagy inhibition. (C) Quantification of lipid peroxidation after
RSL3 with or without Bafilomycin Al treatment. (D) Western blot analysis and quantification
of LC3B/LC3A ratio of ALDH1a3 wildtype and knockout cells showed a pronounced induction
of autophagy in wildtype cells but not in ALDH1a3 knockout cells. Vinculin served as control.
(E) Immunoprecipitation assays of LN229 and T98G cells; protein complexes were precipitated
with ALDHI1a3 antibodies after RSL3 treatment with or without DEAB. Immunoblots showed
ALDH1a3 binding to LC3 after RSL3 treatment that could be reverted by concomitant DEAB treatment.
(F) Western blot analysis of ferritin expression after RSL3 treatment with and without DEAB in LN229
and T98G cells. Ferritin iron storage was downregulated after RSL3 treatment, which could be
reversed by concomitant DEAB treatment. Vinculin served as control. (G) Western blot analysis
of ferritin expression after RSL3 treatment in LN229 and T98G ALDH1a3 wildtype or ALDH1a3
knockout cells. The results corroborated the results of (F), showing ferritin downregulation after
RSL-3 treatment only in ALDH1a3 wildtype cells. (H) Schematic diagram: RSL3 treatment induces
ROS accumulation and activates ALDH1a3-dependent autophagy in glioblastoma cells, leading to
lipid peroxidation and finally to ferroptosis.
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4. Discussion

The fatal clinical course of human glioblastoma despite aggressive adjuvant thera-
pies is due to highly resistant tumor cells, i.e., glioma stem cells (GSC), which express
ALDH1 [3], and ALDHI1 seems to be involved in the biological processes that lead to
therapy resistance by interacting with lipid peroxidation (LPO) [5]. Since ferroptosis is
also LPO-dependent [13], we aimed to investigate a possible connection between ALDH1
and ferroptosis.

Here, we show that RSL3-induced ferroptotic cell death revealed RSL3-sensitive and
-resistant malignant glioma cell lines. Most interestingly, the RSL3 sensitivity correlated
with ALDH1a3 expression; only high-ALDH1a3-expressing cells seemed to be sensitive to
ferroptosis induction. In accordance, inhibition of ALDH1a3 enzymatic activity by DEAB
protected cells from RSL3-induced cell death.

Ferroptosis is a novel cell death mechanism distinct from necrosis or apoptosis [6]. So
far, its role in normal cellular homeostasis is unclear, but it has been shown that ferroptosis
induction could offer novel treatment options in aggressive tumor types including GBM [14].
Glioma stem cells (GSCs) characterized by ALDH1a3 expression seem to be the most
resistant cell type in GBM, and ALDH1a3 enzymatic activity seems to be involved in
the development of the resistant phenotype [10]. Therefore, we expected that combined
treatment with an ALDH1 inhibitor (DEAB) and with a ferroptosis inductor (RSL3) should
increase cell death in GBM cell lines. However, the contrary happened; ALDH1 inhibition
by DEAB nearly completely reverted RSL3-induced ferroptotic cell death. So far, no direct
involvement of ALDH1 family enzymes in ferroptosis has been shown.

Since autophagy is involved in both ferroptosis [15] and ALDH1a3 regulation [10], we
next investigated the role of autophagy in glioma cell response. We showed previously that,
in human GBM, ALDHL1 is involved in therapy resistance against the standard chemothera-
peutic agent temozolomide by detoxifying toxic aldehydes resulting from oxidative stress
and consequent activation of LPO, and that this process seems to be mediated at least in
part by autophagy [5]. The results of the present study also support the view that ALDH1
not only is involved in the regulatory processes of autophagy but could be an important
regulator or sensor for autophagy. Here, we show that inhibition of ALDH1 enzymatic
activity abolished autophagy, and this also was necessary for ferroptotic cell death.

Autophagy plays an important role in ferroptosis [16]. Ferroptosis is an iron-dependent
cell death mechanism, and iron is released from ferritin storage by an NCOA4-dependent
autophagic mechanism known as ferritinophagy [17]. Therefore, the critical biological
process seems to be the release of iron by ferritinophagy. Consequently, ALDH1a3 high-
expression cells exhibited high levels of autophagy and ferritin release compared with
ALDH1a3 low-expression cells. These data indicate that ALDH1a3 is important in the
ferroptosis of human malignant glioma cells by autophagy regulation.

These data are also relevant for clinical consequences, although our results do not
support the hypothesis that ferroptosis and concomitant ALDH1 inhibition could increase
tumor cell death under standard treatment conditions. However, tumor cells highly express-
ing ALDHI represent the most aggressive subpopulation of GSC within GBM. Moreover,
it has been shown that the number of ALDH1a3-expressing cells dramatically increases
in recurrent tumor growth [18], eventually resulting in the high therapy resistance of re-
currences. Our data show that ALDH1a3-positive GSCs that are highly resistant against
standard therapy seem to be most susceptible to ferroptosis induction. Thus, ferroptosis
could be a therapeutic option in recurrent tumors with high amounts of ALDH1-expressing
cells. Therefore, our data might fuel the hope of overcoming resistance to therapy by
ferroptosis induction in GBM.
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Abstract: Temozolomide (TMZ) is standard treatment for glioblastoma (GBM); nonetheless, resistance
and tumor recurrence are still major problems. In addition to its association with recurrent GBM and
TMZ resistance, ALDH1A3 has a role in autophagy-dependent ferroptosis activation. In this study,
we treated TMZ-resistant LN229 human GBM cells with the ferroptosis inducer RSL3. Remarkably,
TMZ-resistant LN229 clones were also resistant to ferroptosis induction, although lipid peroxidation
was induced by RSL3. By using Western blotting, we were able to determine that ALDH1A3 was
down-regulated in TMZ-resistant LN229 cells. Most intriguingly, the cell viability results showed
that only those clones that up-regulated ALDH1AS3 after TMZ withdrawal became re-sensitized to
ferroptosis induction. The recovery of ALDH1A3 expression appeared to be regulated by EGFR-
dependent PI3K pathway activation since Akt was activated only in ALDH1A3 high clones. Blocking
the EGFR signaling pathway with the EGFR inhibitor AG1498 decreased the expression of ALDH1A3.
These findings shed light on the potential application of RSL3 in the treatment of glioblastoma relapse.
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1. Introduction

Glioblastoma (GBM) is characterized by its rapid and infiltrative growth and, conse-
quently, its high rates of recurrence. Despite significant advancements in surgery, radiation
therapy, and chemotherapy, the median survival rate remains discouragingly low, with
an average survival of 12 to 15 months after diagnosis and a five-year survival rate of
7.2% [1]. The diffusely infiltrative nature of GBM makes complete removal by surgery
nearly impossible, and the most disappointing aspect of GBM is its resistance to conven-
tional therapies. Thus, the future of cutting-edge glioblastoma treatment approaches lies in
precision medicine and customized medicines.

Temozolomide (TMZ) is part of the standard treatment regimen for GBM. It is usually
given concomitantly with radiation therapy, followed by maintenance therapy with TMZ
alone [2]. The methylation of the O-6-methylguanine-DNA methyltransferase (MGMT)
promoter is a strong predictor of the therapeutic efficiency of TMZ treatment [3]. However,
for reasons unrelated to their MGMT statuses, patients may undergo tumor relapse and de-
velop resistance to TMZ [4,5]. TMZ generates reactive oxygen species (ROS) as byproducts
of its metabolism and DNA-damaging effects, which contribute to oxidative stress in GBM
cells [6]. Ferroptosis is an iron-dependent form of regulated cell death characterized by the
accumulation of lipid peroxidation [7]. By inducing ROS generation, TMZ may potentially
sensitize cancer cells to ferroptosis.

Aldehyde dehydrogenase (ALDH) 1A3 is a member of the ALDH enzyme family, and
it plays a vital role in cellular detoxification and the oxidative stress response [8]. ALDH1
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is primarily involved in the oxidation of retinaldehyde to retinoic acid, a crucial metabo-
lite involved in various cellular processes, including differentiation and proliferation [9].
ALDH1A3 has been linked in recent studies to resistance to TMZ therapy [10] and to higher
levels in recurrent GBM [11]. Moreover, the high expression of ALDH1A3 has been found
to contribute to the maintenance of glioma stem-like cells (GSCs), a subpopulation of GBM
cells with self-renewal capacities and enhanced resistance to therapies [12]. ALDH1A3 is
regulated in many ways. In addition to direct or indirect transcriptional regulation me-
diated by different signaling pathways [13-15], the expression of ALDH1A3 is intricately
regulated by histone epigenetic modifications at its promoter region [16]. Furthermore,
post-transcriptional processes including autophagy or regulation by microRNA further
contribute to its regulation [10,17].

The epidermal growth factor receptor (EGFR) plays an important role in the devel-
opment and progression of GBM. EGFR activation triggers a cascade of signaling events,
including the PI3K/AKT pathways, regulating cell growth, survival, and migration. The
aberrant activation of AKT due to EGFR dysregulation contributes to the uncontrolled
growth and aggressiveness of glioblastoma cells [18].

Emerging evidence has implicated the role of ALDH1AS3 in conferring resistance to
TMZ, accompanied by its influence on the autophagic process. Recent studies have placed
significant emphasis on the association between ALDH1A3 and reactive oxygen species
(ROS) metabolism, as well as its role in sensitizing glioblastoma cells to ferroptosis. The
induction of ferroptosis appears to be a promising novel therapeutic strategy in the context
of glioblastoma therapy.

Our previous results showed that TMZ induces ROS accumulation [8] and ALDH1a3
sensitizes GBM to ferroptosis [19]. Here, we demonstrated that TMZ-resistant (TMZ-res)
LN229 clones were resistant to ferroptosis, although lipid peroxidation was induced by
the ferroptosis inducer RSL3. We further discovered that ALDH1A3 was downregulated
in TMZ-resistant LN229 clones in an EGFR-dependent PI3K-pathway-mediated manner.
After the discontinuation of TMZ, cells up-regulated ALDH1A3 and became re-sensitized
to ferroptosis induction. This might provide a glimpse into the potential future application
of ferroptosis in glioblastoma treatment.

2. Materials and Methods
2.1. Cell Culture, Reagents, and Antibodies

The LN229 glioblastoma cell line (PTEN wild-type, p53 mutation, MGMT activity-
deficient) (10.1111/jnc.14262) was obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with
10% FBS (Gibco, Dreieich, Germany) under standard cell culture conditions (37 °C and 5%
COy). The RSL3 (Sigma, Munich, Germany) was dissolved in dimethyl sulfoxide (DMSO)
at a 10 mmol/L stock concentration and stored at —20 °C.

2.2. Cell Viability Assay

The LN229 cells were seeded in 96-well plates (5000 cells/well). Treatments were
performed at different concentrations for 24 h, and the controls received 0.5% DMSO
only. The proportion of viable cells was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma, Munich, Germany) assays following the manu-
facturer’s recommendations. Absorbance was examined by an Infinite F200 pro Microplate
Absorbance Reader (Tecan, Maennedorf, Switzerland).

2.3. Cell Migration Assay

Three thousand cells were cultured without serum for 24 h and then seeded onto a
transwell chamber, which was subsequently placed in a 24-well plate for an additional 24 h.
Following the incubation period, the cells on the bottom side of the chamber were stained
with crystal violet to visualize and quantify cell attachment and migration. A total of
five photographs were taken for each transwell chamber, capturing different areas of the
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cells on the bottom side. The images were then used to count and analyze the number
of cells in each photograph. This allowed for a comprehensive assessment of the cells’
behavior and distribution under the specified experimental conditions.

2.4. Lipid Peroxidation Assay

Cells were seeded on the cover slides and treated 24 h before performing the lipid
peroxidation assays. The cells were stained with BODIPY® 581/591 C11-Reagens (Thermo
Fisher, Bremen, Germany) for 30 min and washed with PBS. The cells were either fixed
by 30% PFA to perform fluorescence imaging or trypsinized into single cells to perform
fluorescence-activated cell sorting (FACS). The FACS parameters were set according to the
BODIPY® 581/591 C11-Reagens kit’s guidance, and each group had 20,000 cells that went
through the flow cytometer. The compensation was set as follows: FL1 —0.8% FL2; FL2
—29.8% FL1; FL2 —0.0% FL3; FL3 —19.3% FL2; FL3 —0.0% FL4; and FL4 —16.4% FL3. The
FACS fluorescence images were taken using a Zeiss LSM780 fluorescence microscope (Zeiss,
Munich, Germany) and analyzed using Image ] software version 1.53k (National Institutes
of Health, Bethesda, MD, USA). The FACS results were analyzed by Flow]o version 10.4
(Flow]Jo Inc., Ashland, OH, USA).

2.5. Oil Red O Staining Assay

The Oil Red O stain (1320-06-5, Sigma, Munich, Germany) was pre-prepared 10 min
before the experiments. Cells were seeded into a 6-well plate for 24 h and received Oil
Red staining for 1 min, and they were subsequently washed with 60% isopropanol for 15 s.
Images were taken with a Nikon microscope (Melville, NY, USA).

2.6. RNA Isolation and Rt-PCR Assay

The RNA samples were isolated using Trizol Reagent (15596026, Thermofisher,
Waltham, MA, USA) and chloroform and subsequently purified by isopropanol and cleaned
with 70% ethanol. The purified RNA was eluted in nuclease-free water. The RT-PCR assay
utilized the following materials: the total RNA extracted from the LN229 parental and
TMZ-resistant cell lines, and the reverse transcription was completed using a Takara re-
verse transcription kit (RR037B, Takara, Saint-Germain-en-Laye, France). The ALDH1A3
forward primer (CACCTTCCACGGCCCCGTTAGCGG) and reverse primer (AAACC-
CGCTAACGGGGCCGTGGAA) were prepared for target amplification. A real-time PCR
master mix (RR066A, Takara, Saint-Germain-en-Laye, France) was used and it contained
all the necessary components for the PCR amplification. B-actin (Fw: GAGCTACGAGCT-
GCCTGACG, Rev: GTAGTTTCGTGGATGCCACAGGAC) was used as the control. The
instrument used for amplification and data analysis was a Zytomed.

2.7. Western Blotting

The cells were lysed in RIPA buffer with phosphatase inhibitors (5 mM sodium ortho-
vanadate), and the protein lysates were separated using 10% SDS-PAGE and transferred
onto a PVDF membrane. The membrane was blocked in 5% BSF and subsequently in-
cubated with primary antibodies at 4 °C overnight. After washing three times, each for
5 min, in Tris-buffered saline containing 1% Tween-20 (TBST), the membrane was then
incubated with peroxidase-conjugated goat anti-rabbit IgG (7074P2, CST, Leiden, Ger-
many) and visualized using a super ECL detection reagent (GERPN2106, sigma, Munich,
Germany). The anti-ALDH1A3 (1:2000, Rabbit polyclonal,) was obtained from Abcam
(ab129815, Berlin, Germany), and the anti-p-AKT (#4060, 1:3000, Rabbit monoclonal) and
anti-AKT (51125, 1:3000, Rabbit) were obtained from Cell Signaling Technology (Leiden,
Germany). Vinculin (abcam, ab129002) was used as the loading control. Quantification of
the results was performed using Image] version 1.53k.
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2.8. Colony Formation Assay

The LN229 glioblastoma cells were seeded in 10 cm dishes at a low density (500 cells
per well) and incubated for 14 days. After the incubation period, the cells were washed
with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 15 min at
room temperature. Following fixation, the cells were stained with crystal violet solution
(0.5% crystal violet in 20% methanol) for 10 min. The excess stain was washed off with
distilled water, and the plates were air-dried. Photos were taken with a smartphone (Lens:
26 mm; Pixel Pitch: 1.7 pm).

2.9. Cell Viability Assays

The LN229 cells were seeded in 96-well plates (5000 cells/well). Treatments were
performed at different concentrations for 24 h, and the controls received 0.5% DMSO
only. The proportion of viable cells was determined using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Sigma, Munich, Germany) assay following the
manufacturer’s recommendations. Absorbance was examined by an Infinite F200 pro
Microplate Absorbance Reader (Tecan, Maennedorf, Switzerland).

2.10. Statistical Analysis

Three independent experiments for each assay were conducted to validate the re-
sults. T-tests were used for the normally distributed data from the two unpaired groups.
GraphPad Prism 8 (GraphPad Software Inc.; San Diego, CA, USA) was used to perform the
analysis, and p-values of <0.05 were regarded as statistically significant.

3. Results
3.1. TMZ Long-Term Treated LN229 Cells

Ten clones of the LN229 cells were treated with gradually increasing concentrations of
TMZ. Briefly, the cells were treated with TMZ for five days, followed by three weeks in a
standard medium. The TMZ concentration was raised from 100 pM to 500 uM per cycle
(Figure 1A). Five cell lines (TMZ-R#1, #2, #4, #7, and #8) survived the procedure and devel-
oped resistance to TMZ treatment (Figure 1B), and they were used for further experiments.
The long-term treatment with TMZ resulted in morphological changes, with a transition
from spindle-shaped to oval-shaped cells with cytopodia (Figure 1C). Additionally, the
TMZ-resistant cells exhibited the formation of transparent vacuole structures.

Further investigation of their functional characteristics revealed that the TMZ long-
term-treated cells exhibited enhanced migratory activity (Figure 2A,B). However, the colony
formation assays and cell viability tests conducted over a period of 96 h demonstrated that
their proliferation decreased compared to the parental LN229 cells (Figure 2C,D).
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Figure 1. (A) The construction of the TMZ-resistant LN229 clones. (B) The cell viabilities of the
LN229 cells and the five LN229 TMZ-resistant clones under increasing dosages of TMZ (100 uM,
250 uM, 500 uM, and 1000 uM) (* p < 0.05 and *** p < 0.001). (C) The cell morphologies of the LN229
cells and the five LN229 TMZ-resistant clones after 6 months of TMZ treatment.
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Figure 2. (A) The LN229 cells and the five LN229 TMZ-resistant clones were seeded into a Transwell
chamber for the migration assay, and the cells on the bottom of chamber that were stained by the
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crystal violet were considered to be migrated cells. (B) Quantification of A (* p < 0.05, ** p < 0.01, and
***p < 0.001). (C) Clone formation assay of the LN229 cells and the five LN229 TMZ-resistant clones
under a normal medium (without TMZ). (D) Cell proliferation rates of the LN229 cells and the five
clones (TMZ #1, TMZ #2, TMZ #4, TMZ #7, and TMZ #8) after 24 h, 48 h, 72 h, and 96 h, as measured
by the MTT assay (* p < 0.05, ** p < 0.01, and *** p < 0.001).

3.2. The TMZ Long-Term Treated Cells Formed Higher Amounts of Lipid Droplets and Showed
Elevated Lipid Peroxidation but Did Not Respond to RSL3-Induced Ferroptosis

Previously, we observed that TMZ treatment led to the accumulation of reactive
oxygen species (ROS), indicating a potential therapeutic target for triggering ferroptosis.
Building on this finding, we investigated lipid metabolism and lipid peroxidation in TMZ-
resistant cell lines in further detail. Oil Red O staining of the TMZ long-term treated cells
revealed a significant increase in the accumulation of lipid droplets as the cause for the
cytoplasmic vacuoles in these cells (Figure 3A). To further investigate the lipid peroxidation
(LPO) state in the TMZ long-term treated cells, we stained the cells with BODIPY 581/591
dye. The BODIPY staining results indicated that long-term TMZ treatment induced a
higher level of LPO compared to the parental LN229 cells (Figure 3B,C). When we treated
the cells with the ferroptosis inducer RSL3, the parental LN229 cells showed a pronounced
ferroptotic response, whereas all the TMZ long-term treated cells did not show ferroptosis
(Figure 3D). Using Western blotting analysis, we next verified the ALDH1a3 in the TMZ
long-term treated cells and found a down-regulation of the protein compared with the
parental LN229 cells (Figure 3E).
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Figure 3. (A) The LN229 cells and the five LN229 TMZ-resistant clones were stained by Oil red O
under a normal medium (TMZ removed before the cell seeding). After Oil Red O staining, the images
showed bright red coloration in the lipid droplets. The lipid droplets were uniformly distributed
and exhibited well-defined round shapes. (B) The BODIPY staining in the LN229 cells and the
five LN229 TMZ-resistant clones as analyzed by FACS. X axis, density of fluorescence; Y axis, cell
count of the fluorescent cells. (C) Quantification of B. (D) The cell viabilities of the LN229 cells and
the five LN229 TMZ-resistant clones under the RSL3 treatments (0.5 uM, 1 uM, 2 uM, and 4 uM)
(p-value: LN229 vs. TMZ #1, #2, #4, #7, and #8 in 4 uM: (*** p < 0.001)). (E) The protein expression of
ALDHI1a3 in the LN229 cells and the five LN229 TMZ-resistant clones as analyzed by Western blotting.
(F) Quantification of E, measured and analyzed using Image] version 1.53k. *** p < 0.001.

3.3. TMZ Withdrawal Recovered ALDH1A3 Expression and Sensitivity to RSL3

After removal of the TMZ, the presence of the lipid droplets remained stable in all the
TMZ long-term treated cells (Figure 4A). However, using Western blotting analysis, two
out of the five clones (#4 and #8) showed re-expression of the ALDH1A3 protein (Figure 4B)
that had been transcriptionally upregulated since the TMZ withdrawal (Figure 4C). Only
these two clones also exhibited a reversal of the sensitivity to RSL3 (Figure 4D).
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Figure 4. (A) After one-month of TMZ withdrawal, the LN229 cells and the five LN229 TMZ-resistant
clones were stained with Oil red O. After Oil Red O staining, the images showed bright red col-
oration in the lipid droplets. (B) Protein expression of ALDH1a3 in the LN229 cells and the five
LN229 TMZ-resistant clones after TMZ withdrawal, as analyzed by Western blotting. (C) Quantifi-
cation of B, measured and analyzed using Image] version 1.53k (*** p < 0.001). (D) Quantification
of the ALDH1a3 mRNA in the LN229 cells and the five LN229 TMZ-resistant clones after TMZ
withdrawal, as analyzed by RT-PCR (p-value: LN229 vs. TMZ #1, #2, and #7: ***; LN229 VS TMZ #4:
#E(*** p < 0.001)). (E) Cell viabilities of the LN229 cells and the five LN229 TMZ-resistant clones
under the RSL3 treatments after TMZ withdrawal (0.5 uM, 1 uM, 2 uM, and 4 uM) (p-value: LN229
vs. TMZ #1, #2, and #7: *** (*** p < 0.001)).

3.4. ALDH1A3 and Sensitivity to RSL3 Are Regulated by EGFR-Dependent Akt-Activation

We observed a down-regulation of Akt-phosphorylation in the TMZ long-term treated
cells (Figure 5A). After TMZ withdrawal, Akt was phosphorylated, but only in two of the
clones (#4 and #8) (Figure 5B) that exhibited ALDH1A3 re-expression and RSL3 sensitivity
after TMZ removal. To learn more about the upstream regulation of ALDH1A3, the parental
LN229 cells as well as the #4 and #8 cells were treated with and without AG1478, a specific
EGEFR tyrosine kinase inhibitor. With the AG1478 treatment, both Akt phosphorylation
and ALDH1AS3 expression were inhibited in the LN229 cells, as well as the #4 and #8 cells
(Figure 5C), and ALDH1A3 was regulated at the transcriptional level (Figure 5D).
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Figure 5. (A) The phosphorylation state of AKT in the LN229 cells and the five LN229 TMZ-resistant
clones under the TMZ culture medium, as analyzed by Western blotting. (B) The phosphorylation
state of AKT in the LN229 cells and the five LN229 TMZ-resistant clones after TMZ withdrawal, as
analyzed by Western blotting. (C) The phosphorylation state of AKT and the protein expression
of ALDH1a3 in the LN229 cells and the five LN229 TMZ-resistant clones after TMZ withdrawal,
with/without AG1498 treatment, as analyzed by Western blotting. (D) Quantification of the ALDH1a3
mRNA in the LN229 cells and in the TMZ #4 and TMZ #8 cells with/without AG1478, as analyzed by
RT-PCR (p-value: LN229: *; TMZ #4: *; and TMZ #8: * (* p < 0.05 and *** p < 0.001)).
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4. Discussion

Glioblastoma (GBM) is one of the most lethal brain tumors, with limited treatment
approaches. Temozolomide (TMZ) is commonly used in the standard therapy for GBM, but
its efficacy is often transient due to the development of resistance. A majority of patients
experience recurrent GBM growth within two years [1]. Consequently, there is an urgent
need to explore new treatment strategies to overcome therapy resistance.

Previously, we demonstrated that ALDH1a3 enhanced TMZ resistance in GBM and
that this process was dependent on autophagy [10]. At the same time, we showed that
ALDHI1AS3 sensitizes GBM cells to autophagy-dependent ferroptosis [19]. We could also
show that ALDH1A3 and the ferroptosis elements were upregulated in relapsed GBMs [11].
By targeting the ALDH1A3-mediated autophagy-dependent ferroptosis pathway, we might
be able to develop innovative and effective treatments to combat the therapy resistance in
this devastating disease.

The aim of the present study was to investigate the potential of using the ferroptosis
inducer RSL3 to generate ferroptotic cell death in GBM cells that were resistant to TMZ.
Therefore, we generated several LN229 cell clones that were resistant to TMZ. Surprisingly,
these TMZ-resistant LN229 clones also showed resistance to ferroptosis induction even
though lipid peroxidation was evident. Upon further investigation, we identified the
downregulation of the ALDH1a3 gene in the TMZ-resistant LN229 clones. Remarkably,
when ALDH1A3 was up-regulated, these clones became re-sensitized to ferroptosis as
induced by RSL3. Notably, this phenomenon appeared to be regulated by the EGFR-
dependent PI3K pathway since the phosphorylation of Akt was EGFR-dependent and
up-regulated specifically in the ALDH1a3-high clones.

Our previous results showed that ALDH1AS3 is highly expressed in GBM cells, leading
to resistance against TMZ treatment, but it is degraded by TMZ-induced autophagy [10].
Additionally, we observed that TMZ treatment induced the accumulation of reactive oxygen
species (ROS) in GBM cells [8]. However, the expression of ALDH1AS3 sensitized the GBM
cells to ferroptosis, and this process required autophagy [19]. Therefore, the expression of
ALDH1A3 appeared to be a key target in the crosstalk between TMZ-treatment and the
induction ferroptosis in GBM. Here, we further proved that ALDH1A3 played an important
role in therapy resistance and presented a new therapy approach to GBM. We showed
that TMZ-resistant clones with low ALDH1A3 expression were resistant to RSL3, despite
the presence of LDs and ROS accumulation. Furthermore, we could also demonstrate
that when the expression of ALDH1A3 was reversed, the LDs accumulated TMZ-resistant
clones and became sensitive to RSL3. These findings revealed the possibility of inducing
ferroptosis in relapsed GBMs.

In GBM,, the presence of lipid droplets (LDs) has been found to be closely linked to
prognosis and treatment outcomes. Feng Gend et al. [20] demonstrated that LDs are highly
accumulated in GBM cells but not in normal brain tissues or low-grade gliomas. GBM
cells appear to utilize LDs to store excess fatty acids and cholesterol, thereby protecting
themselves from lipotoxicity and endoplasmic reticulum (ER) stress. Furthermore, it has
been shown that oxidative stress can induce the accumulation of LDs [21]. These results
indicated that the TMZ treatment induced LD formation in GBM, and it potentially could
be a therapy target for the ferroptosis inducer RSL3. However, our TMZ-resistant clones
showed resistance to RSL3, which could be attributed to the significant role of LDs in
cancer cells. These LDs act as scavengers for reactive oxygen species (ROS), offering
protection to cancer cells against oxidative-stress-induced damage [22]. This protective
mechanism enables cancer cells to survive and resist the oxidative stress induced by
therapeutic treatments. These findings could indicate an alternative mechanism to explain
RSL3 resistance in TMZ-resistant clones.

In our previous results, a five-day TMZ treatment suppressed the expression of
ALDHI1AS3, followed by a rebound to higher levels after TMZ withdrawal. In this study,
a similar pattern emerged, with ALDH1A3 expression being suppressed following TMZ
treatment, and notably, two out of five TMZ-resistant cell lines showed a substantial re-
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covery of ALDH1A3 expression within one month of TMZ withdrawal. These findings
indicated that the recovery of ALDH1A3 could depend on the duration of TMZ withdrawal.
During prolonged TMZ exposure, there is a drastic reduction in cell numbers, leading to
the survival of TMZ-resistant clones through selective single-cell-like proliferation. In this
case, the intrinsic heterogeneity within glioblastoma cells was a crucial consideration as it
could have significantly impacted the experimental reproducibility and the interpretation
of our results. Therefore, acknowledging the existence of heterogeneity is imperative when
drawing conclusions from our findings.

Interestingly, we observed a correlation between the EGFR pathway activation and the
recovered expression of ALDH1A3. Two ALDH1A3-recovered, TMZ-resistant clones ex-
hibited activated Akt signaling, and the expression of ALDH1A3 could be down-regulated
by EGFR-inhibition using the highly specific EGFR pathway inhibitor AG1478. The EGFR
pathway promotes cell proliferation and metastasis and drives tumor recurrence. Aber-
rant EGFR signaling, often caused by overexpression, gene mutations, or amplification, is
frequently observed in various cancer types, including GBM. The EGFR pathway exhibits
abnormal activation in approximately 30% of glioblastoma patients, and it is associated
with poor prognosis and tumor invasion. A study conducted by Nobuharu Inaba revealed
that inhibiting the EGFR pathway led to a deceleration in cell proliferation and did not
enhance sensitivity to TMZ treatment [23]. Gong et al. provided evidence that EGFR
deficiency is associated with chemotherapy resistance in glioblastoma [24]. These studies
support our findings, suggesting that the EGFR pathway may indeed be suppressed in
TMZ-resistant cell lines. Moreover, phosphorylated AKT triggers the production of nitric
oxide (NO), thus mediating cell proliferation, migration, ROS metabolism, and therapy
resistance [25]. Additionally, based on our previous results, we found ALDH1A3 to be
highly expressed in relapsed GBM, further supporting its role in tumor recurrence. These
compelling findings collectively suggest a hidden connection between an activated EGFR
pathway and ALDH1A3 expression in relapsed GBM, making them potential targets for fer-
roptosis. However, due to our limited findings, confirming EGFR’s regulation of ALDH1A3
at the transcriptional level remains challenging. Additional experiments are necessary to
unravel the underlying mechanism linking an activated EGFR pathway and the regulation
of ALDH1A3. Targeting these pathways could offer a novel therapeutic strategy to combat
treatment-resistant and recurrent GBM. Further research and exploration of these pathways
might lead to the development of innovative therapies aimed at improving outcomes for
patients with recurrent GBM.

In conclusion, our study sheds light on the complex interplay between lipid metabolism,
ALDH1A3 expression, and TMZ resistance in glioblastoma. Nevertheless, our findings
were constrained by the in vitro experiments conducted in an established cell line and the
limited insights. Further investigations are essential for exploring the hidden mechanisms
related to manipulating the EGFR pathway, therapy resistance, and the induction of ferrop-
tosis in glioblastoma. Understanding these mechanisms may lead to the development of
novel therapeutic strategies to overcome TMZ resistance and improve treatment outcomes
in relapsed glioblastoma patients.
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